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CHAPTER I

INTRODUCTION

G eneral
s

Although many ad van ces have been  made in tunnel e x ca v a tio n  in rock 

in the p a st few d e c a d e s , improvements have been  b u ilt around e sta b lish ed  

p ra c tic e s  o f d rillin g , b la s tin g , loading and hau lage o f broken ro ck . Loading 

and h a u lag e , a s  w ell as  drilling and b lastin g  have been  im proved u ntil lit t le  

fe a s ib le  in c re a se  in  e ffic ie n c y  or time sav in g  appears p o s s ib le .  New and 

fa s te r  m ethods o f tunneling are n e ce ssa ry  if  planned h ig h sp e e d  ground tran s­

portation is  to becom e a re a lity .

One o f the current d isad van tages o f co n v en tio n al e x p lo s iv e  ex ca v a ­

tion  sy stem s is  th at they  are c y c l ic  in n atu re , involving ind ivid ual opera­

tion s w hich cannot be performed sim u ltan eou sly . Some fa c to rs  w hich cau se 

d elay s in clu d e: (1) The method does not perm it sim u ltan eou s and continuous 

b re a k a g e , loading and haulage; (2) There is  a d e lay  to c le a r  out g a s e s  from 

e x p lo s iv e s ; (3) Turnaround tim e is  required in  moving d rillin g  equipment;

(4) There are d elays in track  haulage due to  moving in  em p ties; (5) Other 

d e la y s .

O b je c tiv e

Several approaches have been  made to so lv e  th e b a s ic  and engineer­

ing problem s o f d ev isin g  new rapid tunnel e x ca v a tio n  s y s te m s . Tunnel bor­

ing m achines have been  developed w hich w ill e x ca v a te  tu n n els  o f circu lar 

c r o s s -s e c t io n  at rapid ra tes  in so ft rock su ch  a s  s h a le . C on ven tion al d rillin g ,

1
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b la s tin g  and loading methods have been  improved by ingenious m e ch a n iz a tio n . 

Low v e lo c ity  je ts  are in u se  for rapid mining o f so ft m ateria ls su ch  as b itu m i- 

nous c o a l. How ever, each^of th e se  methods appears to be reach in g  an e c o ­

nom ic or te ch n ica l lim it of im provement.

New methods are being continu ou sly  sou gh t, w hich w ill not have som e 

of th e  d isad vantages o f the above sy s te m s , and w hich w ill ra d ic a lly  in c re a s e  

the ra te s  of tunnel e x c a v a tio n . Attention has turned to the u se  o f h y p erv e lo c­

ity  im pact as a m eans o f cutting and breaking ro ck , as  w ell a s  the u se  o f  

la s e r s ,  e le c tr ic  cu rren t, ex p lo siv e  d rillin g , high frequency v ib ra tio n , e t c .  

M any of th e se  tech n iq u es are currently under in v e s tig a tio n .

The inform ation in th is  report w as assem b led  and an a ly zed  to g iv e  a 

s ta te  o f the art summary o f h yp ervelocity  tech n iq u es w hich show  prom ise for 

u se  in cutting and breaking ro ck . T hese inclu d e the u se  o f w ater je t s ,  m e­

t a l l i c  je ts  and hyp ervelocity  p r o je c t i le s .

H istory

In vestigation  o f w ater je t s  has been  carried  on e x te n s iv e ly  in th e  

USSR for w ell over a d ecad e . Low v e lo c ity  je t s  are used s u c c e s s fu lly  to m ine 

c o a l ,  and high v e lo c ity  cap illa ry  je ts  have been  employed to  cu t and break  

ro ck s under laboratory co n d itio n s . V elo city  ranges for breaking  and cu ttin g  

are dependent upon rock p ro p erties, w hile  pulsed  je ts  appear to  break  som e 

rock s more e a s ily  than continuous je t s .  S p e cta cu la r re su lts  h ave b een  re ­

ported for breakage o f some ro c k s . Sev era l a g e n c ie s  in th e  USSR have re ­

ported r e s u lts . C om p ressors, pressu re m u ltip lie rs , g as e x p lo sio n  cham bers
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and w ater cann on s have been used to gen erate  je t s .

Jet p ro p erties , including co n tin u ity , unit p re ssu re , to ta l p re ssu re , 

and s ta b ility  have been  measured by various m ean s. R esu lts  appear to agree 

with th eo ry , although the la tte r  has been  e s ta b lish e d  only for low v e lo c ity  

flow,. Speed o f  trav ersin g  and frequency o f pulsed  je ts  are item s o f b a s ic  in ­

te r e s t .

In v estig a tio n s  have a lso  been  carried  out in B rita in ,-bu t th is  work w as 

lim ited  to som ew hat so fter rock and low er v e lo c it ie s .  In terestin g  d isco v e r­

ie s  have been  made concerning the continu ity  o f je t s ,  i . e .  , the core is  more 

continuous than previously  b e lie v e d . Lower lim its  o f v e lo c ity  for rock cu t­

ting w ere found for the rock in v e stig a te d .

Shaped ch arg e je ts  were d iscovered  in  1888 by C h arles  M unroe, and 

have long been  known as the Munroe e ffe c t  in  the U nited S ta te s  and England. 

Early shaped ch arg es were unlined and produced only in d e n ta tio n s .

W ith th e  em phasis on armor in W orld W ar II th ere  w as a need to d e­

velop a n ti-ta n k  w e a p o n s. The "B a z o o k a ,"  em ploying lin ed  shaped charge 

p r o je c t i le s ,  proved very e ffe c tiv e  for armor p en etra tion . A g reat d eal o f re ­

se a rch  has been  done with th em , prim arily for m ilitary  ap p lica tio n s  . They 

have found in d u stria l ap p lication  in tapping iron fu rn aces and perforating o il 

w ell c a s in g s . Attempts to u se  them for mining or excav atin g  rock in the la te  

1 9 4 0 's  fa ile d , la rg e ly  b e ca u se  o f the c o s t  o f th eir u s e .

H yp ervelocity  p ro je c tile  stu d ies developed m ainly b e c a u se  o f the in ­

te re s t  in the im pact o f m eteorites on m etals and ro c k s . One co n cern  has been  

with th e e f fe c t  o f p a rtic le  im pact on aluminum sp a ce  v e h ic le s .  A secon d  area
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of in te re st is  the e ffe c t  of m eteorite im pact on rock  on the moon. The phe­

nomena of im pact on rock and m etal are s im ilar in many r e s p e c ts ,  although 

cra ters in rock are larger b e ca u se  o f the b r it tle n e s s  and low te n s ile  strength 

o f ro ck . M ost p ro je c tile s  are a cce le ra te d  by m eans o f the lig h t gas gun w hich 

was developed a t the New M exico  Sch ool o f M ines in the 1 9 5 0 's .

Report O rganization

The u se of h yp ervelocity  ag en ts for e x ca v a tio n  purposes has been un­

der in v estig atio n  for only a re la tiv e ly  short tim e , and re se a rch  re su lts  are 

som ewhat fragm eptary. H en ce , in m ost c a s e s  the in v e s tig a tio n s  are d escrib ed  

by the author under the appropriate s u b je c t . Sum m aries and a n a ly se s  have 

been  made where p o s s ib le .

If hyp ervelocity  sy stem s can  be s u c c e s s fu lly  em ployed to perform s i ­

m ultaneous "d rillin g  and b la s t in g ,"  no other la rg e  s c a le  d rilling  equipm ent 

may be requ ired . D rilling and turnaround tim e for d rills  could be e lim in a te d . 

For p ra c tica l a p p lica tio n s a t a working fa c e  a c r o s s - f a c e  conveyor is  v is u ­

a liz e d , w hich would feed  a larger conveyor lead in g  aw ay from th e fa c e .  Id e­

a lly , seq u en ces should be arranged so th at th e  broken m aterial w ill be loaded 

on the cro ss  conveyor by the excav atin g  p r o c e s s . W ith proper d esign  o f a 

load ing-hau ling  system  (conveyors) at the fa c e ,  m ucking and haulage would 

proceed sim u ltan eou sly . Such methods should be a p p lica b le  to a ll  typ es o f 

ro ck , strong and w eak , w et or dry, and la rg e ly  independent o f the com p osi­

tion and structure o f the ro ck .

O the r p roposed  sys tem s do n o t e n jo y  th is  a d v a n ta g e . Flame je t  p ie rc ­

in g  is  m a rked ly  dependent on the  q u a rtz  c o n te n t and c o m p o s itio n  o f the  ro c k .
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Boring methods o f tunneling are only a p p lica b le  to  so ft r o c k s . Laser and 

ch em ical methods are  s e n s itiv e  to rock com p osition  and structure and prob­

ably  w ill only supplem ent primary excav atio n  m ethods if  they  are te ch n ica lly  

and econ om ica lly  a p p lic a b le .

The theory of shock w aves and n e c e ssa ry  equ ation s of s ta te  are pre­

sented  to lay  a groundwork for understanding som e of the p h y sica l p ro ce sse s  

of hyp ervelocity  phenom ena. The theory of w ater je t  s ta b ility  has been d e ­

veloped in the litera tu re  for only low order sh o ck s and sm all pressure d iffer­

e n ce s  betw een reserv o ir and atm ospheric p re ssu re . The low pressure theory 

in d ica te s  some of the b a s ic  s ta b ility  phenom ena, how ever, and sh ock  w aves 

undoubtedly play a dom inant ro le  in s ta b ility  of h y p erv elo city  w ater je t s .

U sefu l m easurem ents have been made on v e lo c ity  and momentum d is ­

tribution  in w ater je t s  at m oderate v e lo c it ie s .  C om p ressors and w ater ca n ­

nons have been  employed to produce high v e lo c ity  j e t s .

The accep ted  tw o-d im ensional theory o f shaped charge and augmented 

w ater je t  form ation is  p resen ted , togeth er w ith the in e r tia l theory of penetra­

tio n . H ypervelocity  p ro je c tile  generation  and term inal b a l l i s t ic s  have been  

d escribed  and th eir e ffe c ts  on rock an aly zed . The th eory  of ligh t gas guns 

and w ater cannons is  given in  ap p en d ices .

The com piled inform ation fu rn ishes a re a so n a b ly  good b a s is  for co n ­

c lu s io n s  on the s ta te  of the art and recom m endations for future co n sid era ­

tion in developing rapid e x cav atio n  p r o c e s s e s .

Q



CHAPTER II

EQUATIONS OF STATE

Appropriate equ ations o f s ta te  cover a w ide range o f p ressu res for 

g a s e s ,  liquids and s o lid s . For g a se s  the id ea l equ ation  is  u sed  a t low 

p re ssu re s , and Van der W a a ls ' a t in term ediate p re s s u re s .

For very high p ressu res  (detonations) v ir ia l eq u ation s e ith e r  in term s 

o f g as pressure or s p e c if ic  volum e, the K is tia k o w sk i-W ilso n -B rin k le y , or 

m odified Abel e q u atio n s, w hich attem pt to a cco u n t for covolum e and other 

e f fe c t s ,  may be u sed .

The pressure v ir ia l equation o f s ta te  w as derived from the k in e tic  th e ­

ory o f g a se s  consid ering  the m olecu les a s  hard sp h eres  (R ef. 1 ), and has 

been  modified for high tem peratures:

pVg/RT = 1 + x + .625 x2 + .2869 x3 + .1928 x1* (2-1)

where

x = b/V b = y x.b.
L i i

b^ = molar covolume, ith specie
x̂  = mole fraction, ith specie
V = molar volume of gas mixture gp = pressure 
T = temperature 
R = gas constant

The bi are taken  a s  being equal to four tim es th e m olecu lar volum e 

m ultiplied by Avogadro's number. How ever, the equ ation  has been  found

• 6
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to be som ewhat in accu rate  for ca lcu la tio n  of detonation  p ro p e rtie s .

The v iria l exp an sion  in terms of p ressure is  o f s im ilar  form:

pVg = RT + bp + cp2 + dp3 (2 -2 )

where the co n sta n ts  a , b , c  and d were found em p irica lly  by u se  o f m ea­

sured detonation v e lo c it ie s  for TNT. The equ ation  has not been  w idely 

used b e ca u se  TNT does not have thermodynamic p roperties rep resen ta tiv e  

of a ll  condensed  e x p lo s iv e s .

F ick et and Cowan (Ref. 2) proposed a m od ification  o f the w ell-know n 

K-W -B equation to s e t  it  in the form:

pV /RT = 1 + xe3x (2 -3 )

where

x = K jx .k ./V g (T + 0 )“ (2 -4 )

and where a , 3 and < are ad ju stab le  co n sta n ts  determ ined from d etonation  

data and 0 is  a co n sta n t tem perature.

This equ ation  has been used e x te n siv e ly  and is  th e  b a s is  o f se v e ra l 

computer c o d e s . H ow ever, no sin g le  se t of co n sta n ts  has been  found to 

fit a l l  C -H -N -O  condensed e x p lo s iv e s .

A modified Abel equation o f s ta te  w as u sed  by Cook (Ref. 3):

p(v-a) = RT (2 -5 )

where a is  an e f fe c t iv e  covolum e and the other le tte rs  have th e ir  u su al

m eaning. The v a lu e s  o f a are determined from m easurem ents of d e to n a tio n  

v e lo c it ie s  through the hydrodynamic co n serv atio n  equ ations and appropri­

ate therm odynam ic e q u a tio n s . It appears to g ive re a so n a b le  approxim a­

tions for most e x p lo s iv e s .
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For liquids , p-V -T data from Bridgman or o ther so u rce s  is  often em­

p loyed , or formulas taking v isco s ity  into co n sid e ra tio n . So lid s  may behave 

in  an e la s t ic ,  v is c o e la s t ic ,  p la s t ic  or rh e o lo g ica l m anner, and a t high p re s­

su res as fluids . Under shock  con d ition s p re s s u re -d e n s ity -v e lo c ity  data serve  

to define behavior, in  con ju n ction  w ith the hydrodynam ic (shock) equations 

and Ch'apman-Hugoniot co n d itio n s .

Shock W aves

B ecau se o f the high v e lo c it ie s  and p ressu res  encoun tered  in hyper­

v e lo c ity  p r o c e s s e s , shock w aves are g en erated  in a lm ost a l l  o f th e  media a s ­

so c ia te d  with an experim ent. In lig h t g as guns n o n -re a c tiv e  sh o ck w av es are 

g en era ted in  the p isto n , the g u n , th e driving g a s ,  and th e  p r o je c t i le .  Im pact 

on the target produces sh ock s in the p ro je c tile  a n d th e ta rg e t . R eactiv e  sh ocks 

o ccu r in m ost c a s e s  when high e x p lo s iv e s  are em ployed. Shock  w aves a lso  

o ccu r in co m p resso rs, w ater cannons and other ty p es o f  d e v ic e s  for producing 

w ater je t s  % None o f th e se  sh o ck s assu m es a stead y  s ta te  co n d itio n , e x ce p t 

perhaps for a short tim e in e x p lo s iv e s .

A nalysis o f the equ ations of flow  m ust ta k e  sh o ck  co n d itio n s into a c ­

cou n t, with appropriate equ ations o f  s ta te  o f the m ateria ls  in v o lv ed , inclu d ­

ing g a s e s ,  liquids and s o lid s . Chapm an-H ugoniot co n d itio n s provide one of 

the b a se s  of m ost a n a ly s is  for both flow  and energy p artitio n in g .

Solutions of flow  in lig h t g as  g u n s, com p ressors and w ater cannons
(

u su a lly  require the u se  of (1 ) a con tin u ity  eq u ation , (2 ) a momentum equ ation , 

and (3) an equation o f s ta te . T h ese are com bined into c h a ra c te r is t ic  equa­

tio n s w hich are solved  by the method of nets or s im ilar  nu m erical p ro c e s s e s .
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In lig h t gas guns the id ea l equation of s ta te  is  o ften  em ployed. For w ater a 

p re ssu re -d e n sity  re la tio n sh ip  from Bridgman data has b een  u sed .

This study and a number o f re lated  in v e s tig a tio n s  in d ica te  that a great 

deal o f re sea rch  w ill y et be required in the u n stead y  flow  of hyp ervelocity  

p ro c e sse s  before th ey  w ill be su sce p tib le  to s u c c e s s fu l engineering a p p lica ­

tions .

Much of the in it ia l  exp lan ation  o f sh ock  w ave phenomena w as developed 

ind ivid ually  by Chapm an (Ref. 4 ) ,  Jouget (Ref. 5 ) , and B ecker (R ef. 6)in  con­

ju n ction  with observ ed  exp lo sio n  phenomena o f g a s e s .

A shock w ave may be e ith er n o n -re a c tiv e  or r e a c t iv e . If a shock is  

in itia ted  in an in ert m a teria l, su ch  as a ir , th e  energy is  soon d issip a ted  by 

d isp ers io n , fr ic tio n  and other m ech an ism s. W hen su ch  a sh o ck  is  accom panied  

and supported by a ch em ica l re a c tio n , su ch  a s  o ccu rs  in  certa in  ex p lo siv e  

g a s e s ,  liquids or s o l id s ,  it  is  a re a c tiv e  sh o ck  or a d eto n ation , and w ill pro­

pagate in d efin ite ly  under s ta b le  co n d itio n s .

The p h y sica l-m a th em a tica l treatm ent is  id e n tic a l for both types o f 

sh ock  w av es, e x c e p t for the energy eq u atio n , and is  re s tr ic te d  larg ely  to 

p lan e w aves in m ost a n a ly s e s .

A plane sh o ck  w ave rep resen ts u nstead y  flow  i f  i t  is  n o n -re a ctiv e  b e ­

ca u se  of its  d e ca y . A s ta b le  d eton ation , on th e o th er hand, is  u nsteady with 

re sp e c t to a fixed  o b s e rv e r , but co n stitu te s  s tea d y  flow  w ith re sp ec t to an o b ­

server traveling  w ith the sam e speed  a s  the d eto n atio n .



_sJvelocity | 
of gases

D m
detonation
velocity

(c) Velocities in fixed coordinate system
D-W=u

(d) Velocities in coordinate system moving with velocity D

Fig. 2-1. Shock wave nomenclature for non-reactive or reactive shock 
wave .
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If a sh ock  w ave is  moving to the right w ith a v e lo c ity  D , (F ig . 2 -1 ) 

an observ er moving w ith the wave would note th at

(1 ) from th e con servation  of m ass

uipi = u2p 2 or ^ H2.
v2

(2- 6)

where

ui = v e lo c ity  o f  m ateria l moving in to  wave fro n t 

u2 = v e lo c ity  o f  m ateria l moving out o f  wave fro n t 

v i = s p e c i f ic  volume = 1 /p i 

v2 = s p e c i f ic  volume = l /p 2

(2 ) the co n serv atio n  o f momentum y ie ld s

Ui 2 u? 2
Vi + P 1 -  v2 + P2 (2-7)

and fin a lly

(3) the energy b a lan ce  g iv es for a n o n -re a c tiv e  sh o ck

2. 2.Ei + ^  + Plvi = E2 + + p 2v2 (2-8)

From th e se  equ ations there follow s

Ul = D = Vl y  (2-9)

E2 - E: = 1 /2 (p!+p2) (v 1 - v2) (2-10)

■ The la s t  e x p ressio n  is  often known a s  the Hugoniot eq u atio n .

)
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If the developm ent is for a d e to n a tio n ,th e n  the h eat of re a ctio n  Q o f 

the exploding m aterials must be added to the right sid e o f equation (2 - 1 0 ) . 

A lso , i f  i t  is  noted that for assum ed a d ia b a tic  conditions

r zE2 - Ej = J CvdT = Cv(T2-T!D (2-11)
or Ti

E2 - Ej = Cv(72-TO - Q2 

then equation (2 - 1 0 ) becom es

C^CTg-T^ = l/2(p1+p2) (vr v2) + Q (2-12)

For w eak sh ocks in g a s e s  th e  id e a l equation o f s ta te  is  u su a lly  em­

ployed for ca lcu la tio n s  of sh ock  p aram eters. For detonations .an equation o f 

s ta te  m ust be employed w hich w ill ta k e  in to  acco u n t the im p erfection s o f g a s e s  

a t high tem peratures and p re ssu re s .

The equation of s ta te  for sh o ck  cond itions can tak e  variou s form s. 

R inehart (Ref. 7) points out th at m ost o f the em pirical data u sed  for e s ta b ­

lish in g  H ugoniot curves for various m ateria ls  is  obtained from v e lo c ity  m ea­

su rem en ts. In early  research  sh o ck  and p a rtic le  v e lo c it ie s  w ere m easured 

sim u ltan eou sly  and the b a s ic  hydrodynam ic con servation  equ ations w ere em­

ployed to compute p re ssu re , volum e and therm odynam ic re la tio n s h ip s . Later 

an im pedance match method becam e more popular b e ca u se  only th e sh o ck  v e ­

lo c ity  must be m easured. M easurem ent o f d en sity  ch an ges are  made u sing 

x - r a y , and p ie z o e le c tr ic  m easurem ents ca n  be made to 40 k ilo b a rs . Shocks 

are gen erated  with e x p lo s iv e s , im pactor p la tes  and gun im pactor d e v ic e s . 

Sev era l tech n iqu es are used to m easure sh ock  v e lo c it ie s .
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It has been  found for a large number o f su b sta n ce s  th at sh o ck  v e lo c ity  

and p a rtic le  v e lo c ity  are lin early  re la ted :

v = a + bu (2-13)

where v is  the sh o ck  v e lo c ity  and u the p a rtic le  v e lo c ity , and .ci and b are  co n ­

stan ts for a g iven  m ateria l.

R inehart (Ref. 7) s ta te s  it  holds for io n ic ,  m olecu lar, and m e ta llic  

c ry s ta ls  and in c lu d es liquids , so lid s  and a l lo y s .  (Sand has been  found to be 

an e x ce p tio n .)  The slop e changes with a p h ase  ch an ge.

The b a s ic  sh ock  equations may be w ritten :

C on serv ation  o f m ass -(v-u)p= p0u (2-14)

C on serv ation  o f momentum p-pD = p0uv (2-15)

C on servation  o f energy pu = p0 v (E -E 0 + u2 /2 )  (2-16)

where p and 0 are th e d e n sities  behind and in front o f th e sh o ck , and E and M K ° o
E are the en erg ies  o f the m aterial before and in  th e  sh ock  front. Com bina­

tion o f equ ation s g iv es  the w ell-know n R ankine-H u goniot re la tio n :

(E - E0) = 1 /2 (p + p0) (2-17)

These equ ation s may a lso  be so lved  for sh o ck  and p a rtic le  v e lo c it ie s :

v = [  ( ^ r )  Cp '  Po)/Cp " po)]  % (2-:

and

u = [(p -  P o ) / p ]  v (2 - 1 9 )
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For atm ospheric p ressu res (po=:0 ) the e x p re ssio n s  fo rv  and jd are com ­

bined to g ive:

p = p0u (a + bu) ( 2 - 2 0 )

Equation (2-18) may a lso  be w ritten:

p0/p = [a + (b -l)u ]/(a + b u ) ( 2 - 2 1 )

Elim ination o f u g ives

p = p0 a2 n /( l -b n ) 2 (2 - 2 2 )

where

n = 1-po/p (2 -23)

Equation (2-21) m aybe u tiliz e d  as an equation o f s ta te  and holds only  

for the lin e a r  relation sh ip  of equation (2 -1 3 ) .  N on -lin ear equ ation s have b een  

em ployed by some in v e stig a to rs .

The im pedance m atch method c o n s is ts  e s s e n t ia lly  o f gen eratin g  a 

sh ock  o f known strength in a m aterial o f known Hugoniot p ro p e rtie s , and a l ­

low ing the shock to re fle c t into an unknown medium, and m easuring th e  tr a n s ­

m itted sh o ck . This is  repeated  for sh o ck s o f se v e ra l d ifferen t stren g th s to  o b ­

ta in  se v e ra l points for a cu rve.



CHAPTER I I I

WATER JETS

JET STABILITY -  THEORY

S ta b ility  o f je t s  of w ater is  a prime factor in th e ir e f fe c t  on rock ta r­

g e ts ,  although probable ca u se s  o f in s ta b ility  of h yp ervelocity  je t s  are not a ll  

c le a r ly  d efin ed . P ai (Ref. 8 ) has assem b led  th eo re tica l a n a ly se s  o f sev era l 

typ es o f je ts  and th e ir  s ta b il ity , includ ing: (1 ) id eal in v is c id , n on com p ress-

ib le  su b so n ic  flow , (2) in v isc id  co m p ressib le  su bson ic flow , (3) lam inar, in ­

co m p re ss ib le , v isco u s  flow , (4) tu rbu lent, in com p ressib le  flow , (5) turbu lent, 

co m p ressib le  flo w , and (6 ) su p erso n ic , co m p re ssib le , in v isc id  flow , inclu d ­

ing sh ock  w aves and n eg lectin g  h eat cond u ction . All of th e se  have p o ss ib le  

e lem en ts o f a p p lica tio n .

For an id e a l (incom p ressib le) fluid Rayleigh (Ref. 9) assum ed a s lig h t 

d istu rb an ce  o f an  axisym m etrica l liquid  body, su rface  te n sio n  being the s ta ­

b ility  force*

where rQ is  the radius defining in varian t v olu m e, bn are v a ria b le  c o e ff ic ie n ts  

and 6 and z are  cy lin d rica l c o o rd in a te s .

where rc is  the radius o f the undisturbed cy lin d er, and n = 1 , 2 , 3 .  . .  ,

r = r0 + b cos n0 cos mz (3-1)n

For co n sta n t volume

(3-2)

15
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and .

1 L'°
To = r I 1 - ----

c 1 4 9
(3-3)

for n = 0 .

The exp ressio n  for p oten tia l energy due to ca p illa r ity  is  found to be

PE = T £ (m2r 2 + n2 - 1) —  s 4 c J rc
(3-4)

where Ts is  the su rface  te n s io n .

If m =  0 , PE has tw ice  th is v a lu e , and i f  n =  0

PE = T ^ (m2r 2 - 1)s 2 c r
b 2 o (3-5)

The solution o f L a p la ce 's  equation for v e lo c ity  p o te n tia l g iv es  th e k in e tic  

energy in terms of B e s s e l functions , and the equ ation  o f motion for bn= c o s  (tot-e)

is

T imr J '(imr )
9 S C n  C , 9  9 9  i s

= -------!---------- + mzr z - 1)
3 T ^ CPrr J fimr ) n c J

(3-6)

for s ta b le  v ib ra tio n s . For bn =  e + a t , the e x p re ss io n  is

T imr J '(imr ) s c n c
Prc3 Jn (imrcP

(1 - m2r 2) v c (3-7)

or v ibration  is  u n sta b le . Addition o f d eterg en ts (Ref. 10) w as a c tu a lly  found

to in c re a se  the e ffe c t iv e n e ss  o f je ts  a t 600 atm p re ssu re .
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For high v e lo c ity  in v isc id  g a s e s  co m p re ssib ility  is  not n e g lig ib le , and 

may a f fe c t  high v e lo c ity  w ater je t s .  A so lu tion  (Ref. 8) for th e c a s e  where 

the je t  p ressu re  is  equal to th at o f the surrounding medium is  o f in te r e s t . The 

flow  equation in terms o f v e lo c ity  p o ten tia l and M ach number ( le s s  than one) 

is  so lved  in term s o f a B e sse l fu nction  o f zeroeth  order. The increm ent o f 

v e lo c ity  d e c re a s e s  exp on en tia lly  with d is ta n c e . The grad ien t in c r e a s e s  with 

je t  v e lo c ity  and lin e s  o f co n stan t v e lo c ity  are c lo s e r  to g e th e r . W hen the je t  

v e lo c ity  eq u als  the v e lo c ity  o f sound in  the medium, the to ta l v e lo c ity  change 

ta k e s  p la c e  a t the n o z z le . Thus, a su b so n ic  co m p ressib le  je t  sh o rten s as th e 

re se rv o ir  p ressu re  in c r e a s e s .

Pai in d ica te s  th at the je ts tru c tu re  for lam in ar, v ia co u s ,in co m p re ss ib le  

flow  may be divided into (1) a mixing re g io n , and (2) a p o ten tia l c o r e , th e la t -  

te r  being the continuous cen ter o f the je t  near the n o z z le . The m ixing region 

b eg in s on th e boundary o f the je t  and w idens downstream  (F ig . 3 -1 )  . R u ssian  

s c ie n t is ts  u tiliz e  three sim ilar zones (Ref. 1 1 ). I fv is c o s i ty  is  im portant, d is­

continu ou s su rfa ce s  do not o ccu r and tra n sfer phenomena o f  th e  m ixing region 

becom es im portant. For sp e c ia l c a s e s  the c o e ff ic ie n t  o f v is c o s ity  m aybe a s ­

sumed to  be c o n sta n t, Prandtl's number equal to one and th e  re la tio n sh ip  o f 

v e lo c ity  to tem perature may be determ ined.

For g iven  boundary con d ition s a so lu tion  is

/ct - 2  2
e a XJ (Ar)Ji(Ar )dA (3-8)

o v o v J

w here u^ is  the a ctu a l v e lo c ity  and u jg  is the e x it  v e lo c ity . V elo city  d is tr i­

butions (F ig . 3 -2 ) are sim ilar to th o se  observed  for high v e lo c ity  w ater je t s
(see  below) .
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“ 10

Fig. 3-2. Velocity distribution in jet with laminar viscous flow, 
solution by means of small perturbations. (Pai).
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For turbulent com p ressib le  flow  the e ffe c t  of d en sity  can n ot be n e ­

g lec te d  , and co rre la tio n s  must be made betw een v e lo c ity , pressure and d e n s ity . 

V elo city  and tem perature fie ld s must both be co n sid e re d . In 1954 th ere w ere 

no m eans of m easuring flu ctu ations in su p erson ic turbulent flow (Ref. 8 ) . Un­

der ce rta in  co n d itio n s the so lutions for turbulent je t  mixing are sim ilar to la m i­

nar je t  m ixing. Theory has beenfound to  be in agreem ent for ob serv ation s in  

the turbulent m ixing region .

Turbulent in com p ressib le  flow s are ch a ra c te riz ed  by high Reynolds num­

b ers . M otidh is  s tead y  only in  terms of mean v a lu es of v e lo c it ie s  and p re s ­

s u re s , flu ctu ation  being random in n atu re .

The problem of a sm all axisym m etric je t  in a medium at re s t  w as so lved  

by Tollm ien (Ref. 12) for the mixed low  v e lo c ity  re g io n . The p ressu re in  th e 

je t  is  assum ed co n sta n t and a d ifferen tia l equ ation  obtained  from the c o n s e r ­

vation  of momentum. A se r ie s  solution may be u tilized  for ce rta in  boundary 

co n d itio n s . The resu ltan t norm alized v e lo c ity  d istrib u tio n  is  shown in  F ig . 3 - 3 ,

where t

y = Mean v e lo c ity  in  x d ire c tio n  

v = Mean v e lo c ity  in  y d ire c tio n  

X  = y /x  .

y = Radial d istance 

x = D istance along ax is  o f j e t  

c = Constant

The mixing length  for th is  p articu lar c a s e  w as found to be

Z = cx = 0.0158x = 0 .729y r  (3 -9 )

where y^ is  the valu e of equal to the radius of the je t .  H ow ever, th e above

so lu tio n s are held to be valid  only for Region III (F ig . 3 - 1 ) .  In Region I th e



or

5 = x k ? '
Fig. 3-3. Distribution of mean velocity components for 

turbulent incompressible flow, u being axial 
flow and v being radial flow. (Pai).
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co n e-sh ap ed  cen tra l core l ie s  in th e cen ter with the m ixing region  betw een  

the core and the surrounding medium. In Region I I , the v e lo c ity  p ro file  ch an ges 

u ntil sim ilarity  is  e sta b lish ed  in Region III where m ixing is  co m p lete . At v e ­

lo c it ie s  of 340 m /s e c  co res  were found to be p e rs is te n t but not continu ou s 

for d is ta n ce s  up to 100 diam eters (Ref. 10 , s e e  below) .

It is  pointed out (Ref. 8) th at the work o f R ayleigh  and Tollm ien d e­

scrib ed  above fu rn ishes the n e ce ssa ry  and su ffic ie n t co n d itio n s for th e e x is ­

te n ce  of a d istu rbance o f an in v isc id  in co m p ressib le  flu id  je t ,  s e l f - e x c i t e d ,  

neutral or dam ped. The n e c e ssa ry  cond ition  for the o ccu rren ce  o f a s e l f -  

e x c ite d  or neutral d istu rbance of fin ite  w avelength is  the e x is te n c e  o f a point 

o f in fle c tio n  in the v e lo c ity  p ro file . For the c a s e  o f a n eutral d is tu rb a n ce , 

the phase v e lo c ity  must be c  =  w (ys ) , where y s is  th e point o f in f le c t io n .

Su personic (in v iscid  co m p ressib le ) flow  o ccu rs  when the m edium / 

reserv o ir p ressure is  low er than a c r it ic a l  v a lu e , and th e  exp an sion  and com ­

p ressio n  w aves are accom panied by sh o ck  w a v e s . Th is type o f flow  is  o f 

g re a te s t in te re st in high v e lo c ity  j e t s .

Sauer (Ref. 13) n otes th at when je t  v e lo c it ie s  becom e la rg e  and th ere  

is  an in c re a se  in the ratio  of the stream  v e lo c ity  to th e v e lo c ity  o f sound, th e 

in flu en ce  of the co m p ressib ility  on the stream  lin e s  becom es stro n g er. W hen 

the je t  v e lo c ity  e x ce ed s the v e lo c ity  o f sound new phenom ena ap p ear. D is ­

tu rbances no longer propagate through the w hole fie ld  of flo w , but only in th e  

downstream reg io n . There are continuous v e lo c ity  and p ressu re  c h a n g e s ,a s  

w e lla s  continuous chan ges o f s ta te  ch a ra c te riz ed  by "co m p ressio n  s h o c k s " .

A m athem atical d ifferen ce  l ie s  in the fa c t th at w hile the p o ten tia l equation for
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su b so n ic  flow is  e ll ip t ic  (for in com p ressib le  media) th a t for su p erso n ic  flow  

is  h y p erb o lic .

Pai (Ref. 8) tre a ts  the c a s e  o f a su p erson ic axisym m etric  c ircu lar je t .  

The flow  equation ta k e s  the follow ing form:

o2 32<J> _ 32$ 1 3$
3 r2 ~ 3 r2 + r  3r (3-10)

in  w hich 32=M2-1 (M =  M ach number) and r is  th e rad ia l d is ta n c e  from the a x is  

o f th e je t .  Its  so lu tion  is

$ = AJQ(A3r) s in  Ax (3-11)

w here JQ is  a zeroeth  order B e s s e l function o f th e f ir s t  k ind . The boundary 

con d ition  is  th at the p ressu re a t the boundary o f th e  je t  r =  rj is  equ al to th a t 

o f th e surrounding medium. This requires th at = 0 for a l l  x  a t r =  n . 

H e n c e ,  the so lution  becom es

J o (A8rj ) = 0 (3-12)

Its  f ir s t  root is  z =  2 .4 0 5  and hence

A: = 2 .4 0 5 /3 ^  (3-13)

and th e approxim ate w avelength o f the je t  is

L = p -  = 2.613 r . * ^ T  (3-14)
A1 J J

A gen eral so lu tion  o f the problem is  g iven  by

00

* ■ w v v  sin v  <3- is>

where the v a lu es o f  A are determ ined by the n o z z le  co n d itio n . Pai n o tes thatn

Lord R ayleigh (Ref. 9) showed th at the g re a te s t sw ellin g  o f the je t  occurs
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w here the pressure a t th e a x is  is  le a s t : 

Take

h e n ce ,

and

4> = AJo(Xx3r) sin Aix

8$gY = AAiBJM (AiPr) sin Aix

dJ (z)
J: U) = -4:o v ' dz

The radius o f the je t  v aries  from its  mean value £ b y

(3-16)

(3-17)

(3-18)

rx i /»*\ .  AWo t J i Sr4
5ri - J  r . r  dx ------------0----- L  c°s X'x

j

(3-19)

w here J ■ (2 .4 0 5 ) =  -0 .5 1 9 1 .

H en ce, the v aria tion  in the pressu re a t the a x is  is  approxim ately

-2— = constant - -x— = USu = - UAAi cos Aixp 2 1 i1av
(3-20)

w here J (0) =  1 and 0 is  the average d ensity  . Su is  the v aria tion  in the o av

v e lo c ity  com ponent p a ra lle l to  the a x is .  The ratio  o f 3 .1 8  to 3 .1 9  y ie ld s

6ri ft2rv",3— , = - 0.2158r.
(«sp/pav) J ^

(3-21)

Thus, the param eters 6 r . and 6p/p are of op p osite  sig n  and the g re a te s t
3 3.V

sw ellin g  is  accom panied by th e low est a x ia l p ressu re .

For a large p ressu re  d ifferen ce  betw een the je t  and the medium an in ­

cre a s in g  number of sh ock  w aves o ccu r in the je t .  As th e p ressu re d ifferen ce  

in c re a s e s  a shock pattern is  se tu p  in the je t .  That shown (Ref. 1 3 , F ig . 3 -4 )
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Fig.

E- = 0.221
V n

3-4. Supersonic parallel axisymmetric jet into medium at lower 
pressure at Mach 1.305 showing generated and reflected 
shock waves. (Sauer).
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is  for a pressure ratio of 0 . 3 6 3 .  For the much sm aller pressure ra tios  in th e  

range of 10 or 10 the shock  pattern is  very com plex . No experim ental o b ­

servations have been found in the l i te ra tu re , but the sh o cks  undoubtedly c o n ­

tribute to je t  u n stab ility .

Summary

For low v e lo c it ie s  a small d isturbance c a u s e s  an o s c i l la t io n  of the je t  

w hich may be held in balan ce  by su rface  t e n s io n . At moderately high v e lo c i ­

t i e s  shock waves are generated in the portion of a je t  downstream from the 

n o z z le .  Turbulence a lso  appears to a f fe c t  s ta b il i ty  on both the upstream and 

downstream “sid es of the n o zz le .  No com plete theory has been  developed for 

large  Mach numbers, but it appears that (1) tu rbu lence , (2) a ir  fr ic t io n ,  and

(3) sh o ck w av es  in the je t  are c r i t ic a l  factors  in je t  s t a b i l i t y . A lso , there was 

no theory found for water je ts  where the je t  approaches the sp eed  of sound in 

w ater .

JET STABILITY -  EXPERIMENTATION

Considerable experimentation has been performed on th e  s ta b i l i ty  of 

high speed water je ts  and m echanisms which ca u se  in s ta b i l i ty ,  breakup, mix­

ing and d isp ers io n . However, no meaningful corre la tio n s have been  made 

with the theories which have been presented above excep t in lim ited  ran g es .

The resu lts  of experimentation are d escribed  under th e  principal in ­

v e s t ig a to r 's  name. P ro jects  which have been performed are som ewhat diver­

s i f ie d  in research  a im s, approach and the em pirical formulas and data d e v e l­

oped .
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Vereshchagin, et al.

By means o f a su itable  device to measure conductivity  of je t s  from a 

1 mm n o zzle , V ereshchagin , e t a l . ,  (Ref. 14) m easured je t  continuity for p re s ­

sures varying from 9 to 1000 atm. The number o f p u lses  in the c lo se d  c irc u it  -  

ry (by the jet) w as measured and the probability  w o f  its  length being co n t in ­

uous plotted a g a in s t  j e t  length for various p ressu res  (Fig . 3 -5 ) . The re su lts  

of te s ts  in terms o f pressure and length are g iv en  in F ig . 3 - 6 ,  and the m axi­

mum length of j e t  v ersu s  pressure shows a f irs t  peak at about 7 atm and a 

second peak at 200 atm . The in itia l part of th is  curve ag rees  w ell with re ­

su lts  obtained at low pressures by other in v e s t ig a to rs .  No theory is  employed 

to explain the o bserved  phenomena.

Khamyak

This th e o re t ic a l  paper (Ref. 15) d is c u s s e s  a previously  w ritten a r t ic le  

by Vivdenko and C h ab a lin ,  maintaining an opposing view that the breakup o f 

je t s  is  not due to a new mechanism but to v ibrations o f  the j e t ,  and. that d i s ­

turbances originating at the front end of the j e t a r e  not re sp o n sib le  for the d is ­

integration . The work of Rayleigh is  used to show that d istu rbances o f various 

lengths may grow with different v e lo c i t ie s .  He showed that a d is tu rb an ce  

may grow as

e = exp qt (3-22)

where e is  an in it ia l  disturbance.o
Kuklin and Shtukaturov

The methods employed by Kuklin, et a l .  , (Ref. 16) involved m easu re­

ment of the e le c t r i c a l  re s is ta n c e  of the je t ,  its  v e lo c i ty ,  d e n sity ,  dynamic 

pressure and l o s s e s  to determine in turn a quality  c o e f f ic ie n t  of structure o f
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01 01 U)

Fig. 3-5. Curves of probability of continuity of the jet for various 
pressures. (Vereshchagin).
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F i g .  3 - 6 .  C u rv e  o f  th e  dependence o f  th e  le n g t h  _£ o f  th e  c o n t in u o u s
p a r t  o f  a j e t  o f  w a te r  on th e  p r e s s u r e .  ( V e r e s h c h a g in ) .
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the je t  and no zzle .

The je t  nozzle and a movable net of s te e l  wire in the je t  (F igs . 3 -7  

and 3 -8 ) were used as  e le c tro d e s .  Je ts  varied in diameter from 1 to 25 mm 

with pressures of 0 .5  to 30 atm . R e s is ta n c e  along the je t  fo rflu id s  with and 

without surface tension in d ica te  that the one with su rface  ten sio n  breaks up 

more rapidly:

The ideal velocity-^pressure re lationship  of a je t  for co n sta n t density

is

v = (2P/p) (3-23)

However, th is  g ives a " f ic t io n a l"  v e lo c i ty .  The "partia l expenditure" £  and 

pressure p_were measured a t  a g iven  point (Fig. 3 - 9 ) .

They are related by

q = Avgp (3-24)

where A is  the c r o s s - s e c t io n a l  a r e a .  Other parameters are re la ted  by

v = (3-25)q

H-q,
H .qO 0 ^

p =
2g2pA2

q 2Hp__ 2__ o
P o q2.Hno

(3-26)

(3-27)

(3-28)

where pQ, H0 , v Q, q0 and pQ are  the p re ssu re , dynamic p re ssu re ,  v e lo c ity ,  

partial expenditure and density  o f the je t  a t the nozzle e x i t .

/
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Fig. 3-7. The electrical resistance of a jet with a film of 
surface tension. (Kuklin and Shtukaturov).

surface tension. (Kuklin and Shtukaturov).



Fig. 3-

O J

9. The scheme of the experiments on measuring the pressure and partial pressure 
loss expenditure in a jet. (Kuklin and Shtukaturov).

I
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The c o e ff ic ie n t  of structure of a je t  is  given by

a. = CjOi  ̂ + C 2 & 2 ^g (3-29)

where and C 2 are constant c o e f f ic ie n ts ,  ct]_ is  the quality  c o e ff ic ie n t  of

the n o zz le ,  a 2 is  quality c o e ff ic ie n t  of the hydromonitor and Re is  Reynolds 

number of the water in the pipe in front of the monitor. The co e ff ic ie n t  a is 

a ls o  related  to the length of primary sectio n  a ^  and the je t  diameter dc  in 

the com pressed se c t io n  by

a = dc/£ H (3-30) .

These quantities  are measured experimentally and a_ c a lc u la t e d . The unknowns

in equation (3-29) are then determined as follow s: The nozzle  is  p laced in a 

pipe equivalent to the monitor p ipe. If the nozzle entrance is  smooth, then

ax = C i a i  (3-31)

if  turbulence is  n e g l ig ib le . For turbulent entrance c»2 is  taken equal to one and

. a2 = Cia i  + C2Re (3-32)

For the nozzle in the monitor a third equation is obtained

a'3 = Ci<*i + C2a2Re (3-33)

The c a s e  for a 2 =  1 is  for an aperature in a thin membrane, and i f  experiments

are repeated for th is condition, the equations in Table 3 -1  are obtained.

The first four equations are solved, and the la s t  two used for v e r i f ic a ­

tion to give =  0 . 0 2 5 ,  C 2 = 1 . 2  x 10- 8 , <*1 =  0 . 4  and a2 =  9 - This value 

of a 2 for a hydromonitor (GMDTS-2) ind icates that its  design makes the qual­

ity of the je t  w orse. The Smaller the value of a ,  the greater the length of the 

primary se c tio n  o f the je t .

The above method may be used to determine the quality  of hydromon- 

itors and nozzles and to predict je t  structures.
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TABLE 3-1

Determining the coefficient of the structure of a jet

Condition of the Coefficients 
experiment

“ 1 “ 2 mm a Equations

A nozzle in a 
pipe with a 
smooth contrac­
tion ? 0 1500 0010 ai = C 104

A nozzle in an 
ordinary pipe ? 1 1250 0 0 12 a 2 = clal + C2Re
A nozzle with
hydromonitor
GMDTs-2 ? ? 540 0028 a3 = Ci<xi + C2a2R
An aperature in 
a thin membrane, 
placed in a smooth 
contraction 1 0 600 0025 ai+ = Cx
The same, in an 
ordinary pipe 1 1 560 0027 a5 = Ci + CoR z e
The same, in an
hydromonitor
GMDTs-2 1 ? 350 0043 a6 = Ci + C2a2Re

/
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Sem erchan, et a l .

A liquid je t  of supersonic velo city  is  d escribed  (Ref. 17) as a liquid 

"rod" as it le a v e s  the n o zz le ,  quickly becom es a rod surrounded by a mixture 

of air and droplets and at a certa in  d istance  the continuous liquid d isap p ears , 

the je t  becoming a cone of droplets and a i r . The v e lo c ity  d e cre a se s  both along 

the ax is  from the nozzle  and away from the a x is  in the c ro ss  s e c t io n ,  with a 

corresponding distribution in momentum and energy.

The method of investigating  th ese  distributions was to record the mo­

mentum by means o f a pendulum (sand behind scre e n  for target) which would 

com pletely absorb  the momentum of the je t .  M easurem ents were made o fp o r -
t

tions of the je t  p ass in g  through circu lar o r if ic e s  of 30 to 100 mm diameter at 

varying d is ta n ce s  from the n o zzle , screening out part o f  the je t .

Experiments were carried out using the nozzle  in Fig . 3 -1 0  u tiliz ing  

w ater, g ly cerin , and 10%,  20% and 40% mixtures o f g lycerin  with water.

The momentum of the je t  is  given by

mv = ppv2 (3-34)
and

v2 = 2 p/p (3-35)

where

m = mass flow rate 

v = velocity of efflux 
p = density of liquid



Fig. 3-10. Nozzle and Diaphragm. Systematic measurements were
carfied out with D = 30, 40, 50, 70 and 100mm. Separ­
ate measurements close to the nozzle were made with 
D = 10 and 20 mm. (Semerchan).

/
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From equations(3-34) and (3-35)

mv = 2 pp (3-36)

that i s ,  the momentum per unit time is d irectly  proportional to the nozzle  p re s ­

sure.

Subsonic to supersonic v e lo c it ie s  (340 to 540 m 's e c )  were u tilized  in 

experiments and good reproducibility was obtained . For water the th eo retica l  

curve (Fig. 3 -1 1 )  for force versus pressure is  shown as a dashed l in e ,  and 

the other force curves for F = mv for five screen ing  o r if ice s  for d is ta n c e s  vary­

ing from 100 to 1000 mm. Force d e cre a se s  rapidly with travel d is tan ce  

(F igs. 3 - 1 2  and 13) 'and approaches a maximum with in c re a se  in o r if ice  s iz e  

(Fig. 3 - 1 4 ) .  The distribution of momentum is  shown in Fig. 3 - 1 5 .

There is  a l e s s  rapid d ecrease  in force versus d is tan ce  for mixtures 

of g lycerin  and w ater and for g lycerin . This is  be lieved  due to a d e cre a se  in 

"co n ic ity "  of the je t  with in crease  in v is c o s i ty .

Leach and W alker

Leach and W alxer (Ref. 10) studied the s ta b il i ty  of je t s  from a 1 mm 

nozzle at p ressu res  of 130 and 600 atm. Flash  tube and spark photography 

showed a d isp ersing  je t .  X-ray photos, however, ind icated  a continuous c e n ­

tral core which contained most of the mass of the w ater. .

The pressure distribution of the cro ss  se c t io n  of the je t  was found to

be

(3-37)

/
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Fig. 3-11. Dependence of F - the force of reaction of the jet
on an obstacle - on the pressure £ ahead of the nozzle, 
a: I) £ =  100 mm, II) £ =  300 mm, III) Z  = 400 mm, IV)
Z = 500 mm, D = 30 mm. b: I) Z  =  100 mm, II) Z  = 300 
mm, III) Z  = 500 mm, IV) Z  =  600 mm, D = 40 mm. c: I)
£ = 100 mm, II) £ = 300 mm, III) £ = 500 mm, IV) £ =
700 mm, V) £ = 800 mm, D = 50 mm. d: I) £ = 100 mm,
II) £ = 500 mm, III) £ = 700 mm, IV) £ = 900 mm, D =

; 70 mm. e: I) £ = 100 mm, II) £ = 500 mm, III) £ = 700
mm, IV) £ = 800 mm, V) £ = 1000 mm, D = 100 mm. 
(Semerchan).
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£ , m m  £ , m m

Fig. 3-12. Dependence of F - the force of reaction of the jet on an obstacle - on the dis­
tance £ between the obstacle and the nozzle for jets of different liquids, a) p = 
1000kg/cm2, D = 30 nun; b) p = 1500 dg/mm2, D = 30 nun. I) water; II) 10% solution 
of glycerin in water; III) 20% solution of glycerin in water; IV) 40% solution 
of glycerin in water; V),glycerin. (Semerchan).
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Fig. 3-13. Dependence of F - the force of reaction of the jet 
on an obstacle - on the distance i  between the ob­
stacle and the nozzle, a) p = 50 kg/cm2; b) p = 
1000 kg/cm2; c) p = 1500 kg/cm2. For a, b, c,: I) 
D = 30, II) D = 40, III) D = 50, IV) D =’70, V) D 
100 mm. (Semerchan).
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D,mm
Fig. 3-14. Dependence of F - the force of reaction of the jet 

on an obstacle - on the diameter of the diaphragm 
D. a) p = 500 kg/cm2; b) p = 1000 kg/cm2; c) p = 
1500 kg/cm . For a, b, c: I) £ = 200, II) £ = 300, 
III) £ = 500, IV) £ = 600 mm. (Semerchan).

/
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Fig. 3-15. Distribution of momentum in a jet of water flowing
continuously from a circular opening of diameter d = 
0.595 mm under a pressure p = 1500 atmos. (Semerchan).

f



where

p = water density 
p = pressure at target 
p = ambient pressure 
r = radial distance 
u = mean jet velocity 
R = distance from where p = po

which was in su b stan tia l agreement with measured v alu es and in qualita tive  

agreement with theories for low velo city  j e t s .

Dunne and C a sse n  .

Dunne and C a sse n  (Refs. 18 and 19) u tilized  an in je c to r  with n o zzles  

o f 0 . 1 3  and 0 .2 0  mm diam eters to produce je ts  of various liquids of v e lo c it ie s  

up to 460 m / s e c .  By imposing a step function impulse on an ex is tin g  je t ,  the 

-e ffe c t  of a fa s te r  je t  impinging on a slower one was found to produce d is c s  

or nodules of fluid in the je t  stream . The assum ptions were made that surface 

and v isco u s  forces  were n eglig ib le  compared to inertia l fo r c e s .  The down­

stream impingement of a higher v e lo c ity  je t  on a lower v e lo c ity  stream repre­

sen ts  one sp e c ia l  type or source of in stab ility .

Zelenin, et a l .

In sp ite  of d ispersion  and mixing, total impact pressure  of je t s  was 

found to be p ra c t ica lly  constant with increased d is tan ce  by Zelenin (Ref. 20) 

for re ce iv e r  pressures up to 1000 atm (Table 3-2) . Thus, w hile there is  co n ­

sid erab le  dispersion of je ts  over re latively  short d is t a n c e s ,  the length of 

continuous je t  depends upon the nozzle pressure , but the to ta l pressure is
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not seriou sly  d e cre a se d .  However, for je ts  from a nozzle  of 0 .5 9 5  mm and a 

pressure of 1500 atm , Sem erchan, e t  a l .  , (Ref. 17) found that the momentum 

and unit pressure d ecreased  rapidly with d is tan ce  (Fig. 3 — 15) in general a g re e ­

ment with theory, although no s p e c i f ic  com parisons appear to have been made

TABLE 3-2
Total Pressure of Jet

Receiver
Pressure, Atm l  = 3 cm 5 cm 12 cm 25 cm 45 cm

300 4.0 7.0 3.5 3.4 3.5
500 9.0 7.0 7.0 7.5 10.0

700 10.0 11.0 11.5 11.0 12.0

1,000 15.0 14.0 14.0 15.5 15.0

PULSED TETS -  THEORY AND EXPERIMENT,

Aside from the report of resu lts  of breakage of rock by pulsed je t s  by 

Zelenin (Ref. 20) and a very brief report on th eir  u se  by C ooley  (Ref. 3 1 ) ,  

there is  no detailed  description  of the m echan ics  of their  production or their  

underlying theory published in av a ilab le  l i te ra tu re .  As indicated above, they 

are reported to require le s s  power than steady je t s  and to be more e ffe c t iv e  

in breaking of certa in  types of friable  ro ck . At'very high v e lo c i t ie s  their  te r ­

minal b a l l is t ic  e f fe c ts  are probably sim ilar to th o se  of low density  hyperve­

lo c ity  p ro je c t i le s .
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NOZZLES

Nozzle design  is  a c r i t ic a l  factor in minimizing turbulence in high v e -  

v ocity  j e t s .  N ozzle t e s t s  for firefighting  with water a t re la tiv e ly  low v e lo c i ­

t ie s  ind icate  that the b e s t  design for large s c a le  flow a t  low v e lo c i t ie s  is  

somewhat sim ilar  to that for cap illary  je ts  (Ref. 21) . An internal channel de­

signed for stream line flow would be most d e s ira b le .  However, the d iff icu lt ies  

in machining curved interiors in small nozzles  do not appear to ju stify  improve­

ments in r e s u lts .  M ost of the research  on sm all n o z z le s  has been performed 

in England and the USSR.

Leach and W alker

In t h e i r t e s t s  on ro ck L ea ch a n d  W alker (Ref. 10) in v estig ated  a se r ie s  

of 1 mm n o zzles  whose internal openings (longitudinal) were in the form of 

a contraction  followed by a 3 mm length o f 1 mm diam eter s e c t io n .  The sim ­

p le s t  nozzle  was found to be one with a sm all angle  cone (6 to 20°) followed 

by a straight se c t io n  o f  2 to 4 nozzle  diameters in len gth . Pressu res to 80% 

of the in it ia l  pressure e x is t  a t  d is tan ce s  up to 100 n o zzle  diam eters.

Although the re sea rch  o f Leach and W alker (Ref. 10) was performed at 

re la tiv e ly  low p re ssu re s ,  their  resu lts  are the most com plete described in 

English . They measured pressures on target p l a t e s , observing fluctuations 

a t d is ta n c e ,  probably due to impact of drops , ind icating  a discontinuous co re .  

W ater hammer p ressu res  were not measured.

The b e s t  resu lts  from five different n o zzles  (Fig. 3 -16 )  were (a) with 

a 13° co n ica l  se c t io n  followed by 2 .5  diameters o f  stra ight s e c t io n .  Four­

teen  other shapes were te s ted  (Fig. 3 -1 7 ) .  Several gave good r e s u lts ,  large
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NOZZLE SHAPES

( a )  •

2-5 mm —•) \ * ~

—  1 0  nun » |

Cb) O 118'

Inlet Diameter 4-5 mm 
Outlet Diameter 1 mm 
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Distance from nozzle (nozzle diameters) 
Fig. 3-16. Effect of nozzle shape on performance. (Leach and Walker)
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contraction angles giving the poorest and sharp internal corners .are better 

than rounded. The e ffe c t  of length of straight se c t io n  (Fig. 3 -18) in d ica tes  

that the b est  resu lts  are obtained with a straight se c t io n  o f about three mm 

for a one mm opening.

A change in the driving pressure changes Reynolds, W eber and Mach 

numbers, the d ifference in je t  pressure for two driving p ressu res  being shown 

in Fig . 3 - 1 9 .  Surface ten sio n  was changed with a detergent and v is c o s i ty  

with sodium carboxymethyl c e l lu lo s e ,  both of which improved performance, 

indicating that surface ten sio n  has a minor e ffe c t  in je t s  o f  the v e lo c ity  range 

te s te d  (340 m /sec.,  Fig. 3 - 2 0 ) .

Data for pressure distribution a cro ss  the je t  a t two d is ta n c e s  from the 

nozzle  at two different driving pressures shows a v ariation  which is  s im ilar 

to the th eo retica l values represented  by the curve (Fig. 3 - 2 1 ) .

Farmer

...v. In his early work, Farmer (Ref. 22) employed a nozzle  with a 4 5 ° e n -  

trance  angle (Fig. 3 -22) and a cy lin d rica l portion 1 /1 6  inch diameter and a -  

bout one inch long. Hu found that th is induced tu rbu lence , and that for noz­

z le s  below 1/16  inch diam eter the je t  tended to breakup c lo s e  to the n o zzle .

In la ter  work Farmer (Ref. 23) measured je t  core continuity by means 

o fa n  e le c tr ic a l  device  and te s te d  the continuous je t  length fo rth e  seven noz­

zle  profiles in Fig. 3 - 2 3 ,  a l l  with outlet diameters of 1 /1 6  in ch es  (1 .5 9  mm) . 

The b e s t  resu lts  were obtained with an entrance angle of 4 0 ° ,  and a smooth 

nozzle  profile (Table 3 -3  and Fig . 3 -2 3 ) .
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Length of nozzle straight section Z (nozzle diameters)

Fig. 3-18. The effect of length of nozzle straight section on performance. 
(Leach and Walker).
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Fig. 3-19. Variation of maximum pressure on plate hole with distance from 
nozzle, for pump pressure of 600 and 130 atmospheres. (Leach 
and Walker).
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Fig. 3-;
i

Distance from axis: (jet radii)
Pressure behind nozzle = 600 atmospheres

1. Pressure distribution on a plate at right angles to the 
jet at 76 nozzle diameters and 560 atm, and 330 nozzle 
diameters and 315 atm. (Leach and Walker).
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I

1

Fig. 3-22. Early design of nozzle. (Farmer).

i



Fig. 3-23.  Nozzle designs.  (a) to (c) streamline nozzle designs,  (d) unstreamlined 
nozzle design, (e) to (g) experimental p r o f i l e s .  (Farmer).
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TABLE 3-3

Nozzle Device Max. J e t  Length (m)

a
b
c
d
e
f
g

0.60
0.55
0.65
0.60
0.40
0.25
0.20
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Zelenin

Invest igators in the USSR (Ref. 20) used smal ler  entrance ang les  in 

their n o z z le s ,  i . e'. , from 9°  to 1 3 ° ,  with the cy lindrical  sec t ion  at the exit

about two diameters in length (Fig. 3 - 2 4 ) .  Nozzles of the diameters shown

in Table 3 -4  were tested for e f fec t  on slotting of rock

' TABLE 3-4

. (See a lso  F i g . 4 - 1 1 ) .

O r i f ice  diameter Cone angle O r i f i c e  Area
mm degrees mm2

0.48 13 0.180

0.73 13 ' 0.416

0.95 12' 0.706

0.98 12 0.832

1.08 9 0.915

1.19 9 1.107

Voytsekhovskiy , e t a l .

One Russian group of researchers  (Ref. 24.) comments (without sub­

stantiating  theory) that nozzles can be designed in accordance  with the re­

lation

k
P -

where

(3-38)

p = pressure 
k = a design constant 
d = diameter
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Fig. 3-24. Nozzle for single slots and method for packing.
1. Orifice
2. Packing washer (Cu, Al)
3. Nozzle housing

(

(Zelenin).
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Vereshchagin ,  e t a l . ,  (Ref. 25)

To approximate the e f fec ts  of  friction in small nozzles  water was c o l ­

lec ted  and its  temperature measured after flow through four s i z e s  of nozzles 

at varying pressures to 2000 atm. Nozzle e f fe c ts  are small  below 700 atm 

(Figs.  3 - 2 5  and 3 - 2 6 ) .  It was concluded that nozzle  friction may be neglected 

for diameters larger than 1 . 25  mm or below 700 atm pressure .  Friction loss  

is  dependent upon diameter and pressure.

Schweitzer

In a study of sprays Schweitzer- (Ref. 26) s t a te s  that laminar flow 

through nozzles  is  not l ikely  to occur  in nonviscous f luids,  and consequently  

the Rayleigh theory is not ap p l icab le .  He a lso  concluded that ,  in high pres ­

sure sprays (up to 4000 psi) into atmospheres to 200 p s i ,  v i s c o s i t y  is re co g ­

nized as  having a de c is iv e  inf luence on je t  d is integration.  For the sprays 

te s ted  the surface  tens ion had a minor e f fec t .

Summary -  Nozzles

A variety of nozzles has been tested by British and Soviet in v e s t ig a - .  

tors .  The la t e s t  t e s t s  by both groups indicate that for capi llary  j e t s  the en­

trance  angle  should be about 13° followed by a cylindrical  se c t io n  about two 

diameters in length.  Some te s t s  were conducted using streamline  profiles ,  

but th ese  are too difficult to machine in such small n o z z le s .  American de­

s igns of nozzles  have not been published.

COMPRESSORS

Konyashin gives detailed descr ipt ions of two types of hydrocompros- 

sors which have been used in Russia for research  in cutting r o c k s ,  the first
/
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t,°C

Fig. 3-25. Temperature of water vs. reservoir pressure for nozzle
sizes: 1) d = 0.47 mm; 2) 0.8 mm; 3) 1.0 mm; 4) 1.25 mm.
(Vereshchagin).



d,mm

Fig. 3-26. Temperature of water versus nozzle diameter for seven 
pressures: 1) p = 1 atmos; 2) 500 atmos; 3) 700 atmos;
4) 1000 atmos; 5) 1300 atmos; 6) 1500 atmos; 7) 1700 atmos. 
(Vereshchagin).

/
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being type K -17, a single  cy lind er, 1000 atm, 1000 l i te r /h r  m achine. The 

type GK 2 /2  is  a o n e -s te p ,  three cy lind er machine of tw ice the cap ac ity  and 

pressure (see  Table 3-5) . A pressure multiplier was a lso  employed in some 

experiments (Ref. 27) .

TheK -33 hydraulic com pressor was used by V ereshchagin (Ref. 14) and 

is  described as  a one cylinder piston machine o f 980 strokes per minute, d ia ­

meter 33 mm and length of stroke 20 mm. The whole is  powered by a 240 kw 

motor.

Leach and W alker (Ref. 10) used a' 90 hp motor to drive a pump of 

45£/m in cap ac ity  a t a  pressure o f6 0 0  atm. F o rp ressu res  to 5 0 0 0  atm a p re s ­

sure multiplier was u sed .

WATER TET PRODUCTION

In addition to the com pressors d escribed  a b o v e , which operate in c o n ­

junction with a reservoir  or re ce iv e r ,  severa l types of mechanisms are em­

ployed to create  high v e lo c ity  water j e t s .  These include pressure m ultipliers , 

" b a l l i s t ic  stand" water cannons , hydraulic rams and other d ev ices  . M ost large 

s c a le  te s ts  have been conducted in the USSR.

O strovskii ■

■ . O strovskii (Ref. 28) summarized much of the Russian re sea rch  that had 

been done to 1960 . The first Russian experiments in breaking rock with liquid
r\

je t s  (2 mm diameter) indicated that p ressures  as  high as  4000 kg/cm  with 

energy requirements of 1500 horsepower for continuous je ts  were needed. 

This figure was considerably  reduced for interm ittent j e t s .



TABLE 3 - 5

Specifications of the Hydrocompressor KG-2/2
Number of cylinders 3
Bore diameter in mm 22
Stroke in mm ' 60
Crankshaft, rpm 735
Capacity of hydrocompressor in Jl/hr 2000
Pressure maximum in atm 2000
Electromotor, asynchronous, type AM6-138-8:

Power in kilowatt 245
Pressure at the inlet pipe branch, guaranteed

by auxiliary pump in atm 3-10
Pumping liquid - filtered water with the t° = 20°

Weight, in kg:
Hydrocompressor 1500
Electric motor 2100
Whole aggregate 4500

Specifications of Hydrocompressor K-17 
Number of cylinders 1
Bore diameter in mm 22
Stroke in mm 70
Crankshaft, rpm 975
Capacity of hydrocompressor in 1/hr 1000
Pressure, maximum in atm 1000
Electromotor power, kilowatt 95
Electromotor, rpm 975
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The la tter  type of flow was a lso  generated by means of a " b a l l i s t ic "

stand . Combustion of burning powder or liquids developed pressures (Fig . 3 -2  7)

2
from 3000 to 8000 kg/cm  which in turn created  a 2 mm diam eter je t  (100 ml)

which cut a hole through severa l m illim eters of m eta l .  Typical pressure time

2records indicate chamber pressure of 6350 kg/cm  and impact pressure of 

2
3420 kg/cm  (Fig. 3 - 2 8 ) .  Theliquid  fu e l , oxidizing agent and water are p res­

sure fed into the chamber by pistons measuring predetermined amounts of e a c h .  

Frequency stated to be in tens of c y c le s  per minute.

A m echanical pressure multiplier has a ls o  been  employed . . It c o n s is ts

primarily of a hydraulic pump with a pneumatic drive (Fig . 3 -2  9) using a standard

2pressure multiplier d e s ig n . It c r e a te s  a je t  at 5000 kg/cm  , two c y c le s  per

2minute, or 1000 kg/cm  at 75 c y c le s  per m inute. Arrangements are suggested 

for using both types of d e v ice s  in the bottoms of deep drill h o le s .  

V ereshchagin , et a l .

Jet experiments were carried out assuming that the w ater pressure from

a com pressor was co n stan t (Ref. 2 9 ) .  Actual pulsations of the com pressor

stroke and the damping e f fe c t  of the reservoir  and co m p ress ib il ity  of the water

were d e s ire d .

Notations are:

p = pressure
t = time
d = diameter of nozzlen
v = velocity through nozzle
d = diameter of piston
l = length of stroke of piston 
w = speed of motion of piston 
t = time of single stroke 
V = volume of reservoir
a = coefficient of compressibility of water 
P = ̂ density of water
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1

~\

\

Fig. 3-27. Combustion chamber of the jet device. 1) Entrance for 
oxidizing agent; 2) combustion chamber; 3) entrance for 
fuel; 4) supply of water; 5) pressure transmitter; 6) 
nozzle. (Ostrovskii).
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Fig. 3-28. Oscillograms of pressure. 1) In the combustion chamber 
of the ballistic stand (P = 6350 kg/cm2) ; 2) in the
high pressure liquid jet where it encountered the bar 
^max = kg/cm2) . (Ostrovskii).
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Fig.' 3-29. Stand with mechanical pressure multiplier., 1) High- 
pressure piston; 2) nozzle; 3) check valve; 4) low- 
pressure piston; 5) main valve; 6) escape valve; 7) 
cam shaft; 8) hydraulic shock absorber; 9) globe valve; 
10) lubricator; 11) receiver; 12) compressor; 13) block 
of rock. (Ostrovskii).

/
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The following equation may be written for the half-period  of com pres­

sion:

ird 2 ird 2
^  wdt = ■ ^n— vdt + aVdp (3-39)

For the suction period the le f t  s id e  of the equation is  zero .

The following simplifying approximations are made: The no zzle  v e lo c i ­

ty is  assum ed to be constant a c r o s s  the c r o s s - s e c t io n a l  a re a ,  and equal to 

14 v'p! • The speed of the piston is  assum ed co n stan t and w =  2 i / r .  F in a lly ,

a=— ri£-) x i S taken as  0 .0 3 5  x  10 For 1000 rpm equation (3 -39) tak e s
P op 
V

the following form:

100 ird 2dt + — -------^ ----------------= o
n /p - 0 .16 d 2/d 2

*  p n
0 < (3-40)

100 ird dt + ^ 2 .  = 0 ~  < t  < (3-41)n ^  32 — — 16 v J

and the solutions are :

50ird2t  + Vt'p’ = 0 .16  —  Vln J /p - 0 .16  —  J = c* (3-42)
d2 d2

SOnd 2t  + v/p = c2 (3-43)

Results  of ca lcu la t io n s  for various parameters are given in Tables

3 -6  and 3 - 7 .  For a given reserv o ir  p u lsations in c rea se  with both dp and out­

put. Percentage variations of p ressure  decreased  with the magnitude o f the 

total pressu re . On the other hand p u lsations d ecrease  markedly with in crea se  

o f reservoir volume. Experimental re su lts  are given in F ig s .  3 - 3  0 and 3 - 3 1
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TABLE 3-6

^max P ■r min ^min
prmax

pr av A
P

Ap o.
P ’ ° *av

D = 22 mm
1690 1310 0.775 1550 ± 190 + 12.7
2475 2095 0.848 2285 ± 190 + 8 .1

D = 27 mm
1925 1355 0.705 1640 ± 285 + 17.4

D = 30 mm
2160 1460 0.675 1810 ± 350 ± 19.3

D. = 33 mm
1925 1075 0.558 1500 ± 425 ± 28 .3
3095 2245 0.726 2670 ± 425 + 15.9

D = 38 mm
2570 1430 0.556 2000 ± 570 ± 28.5
3570 2430 0.681 3000 ± 570 + 19.0  -

d = 
P

TABLE 3-7

38 mm Pmax = 2000 kg/cm2

V ^min
P • r mm p A Ap 9., 'Op r av p p-max r av

i 870 0.43 1430 ± 570 ± 0 .28

2 1430 0.71 1710 ± 290

o+1

4 1720 0.86 1860 ± 140 ± 0 .07

6 1810 0.90 1900 ± 100 ± 0.05

10 1890 0.94 1940 1+ O' o ± 0 .03



0 x x x
1000 2000 
p . , kg/cm2
M m y ’

■ ■ ■____ I____ I____I____I-------L x

Fig- 3-3ft. Dependence of Pmin on the pressure for various reservoir
ax

volumes. 1) 1 1: 2) 3.3 1; 3) 4 1; 4) 5.85 1.
CBowles Eng. Corp.).

Fig. 3-31. Dependence of 2̂- % on 
Pav

voir volumes. 1) 1 1; 
(Bowles Eng. Corp.).

the pressure for various reser- 

2) 3.3 1; 3) 4 1; 4) 5.85 1.
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and a comparison with th eo retica l  ca lcu la tio n s  shows a fair  agreement for 

pressure and volume re la tionsh ip s (F igs. 3 -3 2  and 3 - 3 3 ) .  Some o f the differ­

ence  is  probably due to the symplifying assum ptions made in th e  solution of 

the equation.

Semerchan and Plotnikov

These inv estigato rs  (Ref. 30) describe  an apparatus which has a free 

liquid (oil) j e t  b low -out a t a v e lo c ity  o f 2000 m / s e c  and h igher. It c o n s is ts  

e s s e n t ia l ly  o fa  pres sure multiplier with two c o a x ia l  cy lind ers w ith a  multipli­

cation  c o e f f ic ie n t  o f  2 5 ,  a u sefu l volume of the high p ressure  chamber of

1 .5 7  cm and a burst diaphragm for oil re le a se  in the low p ressure  cy lind er.

After the diaphragm b u rs ts ,  the piston moves irregularly for 0 .0 1  s e c ,  

com pressing the oil to a given pressure and d en sity , 5 p e rc e n to f  the o i l l e a k -  

ing through the n o z z le .  A period (0 .0 5  to 0 .1 4  sec)  o f  uniform piston move­

ment and fluid flow fo llo w s. The true values l ie  betw een th o se  ca lcu la ted  

from Bernoulli 's  equation and a flow ca lcu la ted  on the b a s is  of co n stan t pre­

flow d en sity ,  i . e . ,  p =  c  exp Bp0 , where g_is p ressu re , B.and c  are constants  

determined from Bridgman's high pressure data and p0 is  the preflow o il d en si­

ty .  The m icrocanal of the nozzle  has a length to diam eter ratio  of one. 

Cooley

Perhaps the most com plete description of je t  producing mechanisms 

has been published by C ooley  (Ref. 31).  Several methods o f producing je t s  

o f  w ater, se m i-so l id s  such a s  'wax, and m eta llic  p a r t ic le s  have been studied 

for various purposes.
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Fig. 3-32. Dependence, of ̂ min on the volume .of the reservoir.
Prmax

1) theoretical; 2) experimental. P 2000 kg/cm2.

Fig. 3-33. Dependence of -2- % on the working pressure, 
^av

retical; 2) experimental. V = 5.85 liters.
1) theo-

/
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Water je t s  are produced by means of com pressors , water cann on s, and 

hydraulic ram je t s  . Jets of wax are produced by im pactinga  sem i-h o llo w , co n ­

fined cylinder by a p is to n , causing the cylinder to c o l la p se  and form a je t  

from the "lin ing" o f the ca v ity ,  by means of cum ulation. C o o ley , et a l . ,  

c la s s i f y  the methods of producing liquids je t s  a s :

(a) Piston impact extrusion -  water cannon
(b) Cumulation -  je t s  from ca v it ies  (see Chapter VI)
(c) W ater hammer (hydraulic ram)

One form of w ater cannon has a large piston in a heavy cy lind er, with

or without a sm all diameter plunger on the downstream sid e  o f the p is to n ,

(Fig. 3 - 3 4 ) .  The piston is  a cce le ra te d  by an e x p lo s iv e  charge or pneumatic
<

fo rce ,  and when it  im pacts the water a shock wave is  produced both in the 

piston and the w ater , the la tter  being re flected  back  and forth in the w ater un­

til-extru sion  is  com plete, and the piston has stopped or rebounded.

The extrusion p ro cess  can be analyzed by means of four different 

m odels, (1) full c ru sh , (2) half crush, (3) p iston impact with no a ir  and

(4) piston impact with a ir .

In the full crush c a s e  shock w av es, n e g lig ib le  w ater e sca p e  is  a s ­

sumed, and after impact a shock is  initiated and multiply re fle c te d .  At peak 

pressure the piston s to p s ,  and the pressure is  assum ed to be the same as  in 

s te e l  impact on a rigid target:

pR '  p svoDs *  " s V s (3-44)

h



i ifkii

12-1-1/2 Bolts 
equally spaced

•**0to

•5s

Fig- 3-34. Exotech Incorporated Hydraulic Cannon. (Cooley).



73

where

Ps = density of steel 
vq = impact velocity

= shock velocity in steel 
ĉ  = speed of sound in steel

Steady flow from the nozzle is  found in terms o f enthalpy:

c Q =  v e lo c ity  o f sound in H^O at one atm.

For the h a lf  crush c a s e  the pressure is  assum ed to be that of s te e l  on

where
(3-45)

hQ = enthalpy at 1 atm pressure • 
h^ = enthalpy at reservoir pressure

The equation o f s ta te  for water is of the form

which g ives

p + 3000 
3000

7
(3-46)

(3-47)

where

s te e l

(3-48)



74

The reserv oir has a resid u al v e lo c ity  o f vQ/ 2  a fte r  p iston  im pact and 

the v e lo c ity  o f the je t  is  g iven  by

v . = T
3 0 2 (3-49)

where uQ is  defined in equation (3 -4 7 ) . For p iston  v e lo c it ie s  up to 300 f t / s e c  

je t  v e lo c it ie s  for fu ll crush cond itions are greater than h a lf cru sh , but le s s  

than the v e lo c ity  o f cum ulation je ts  for the sam e p iston  v e lo c ity  (Fig. 3 - 3 5 ) .  

The re la tio n sh ip s betw een p ressu res and v e lo c it ie s  a lso  appear to favor cumu­

la tio n . (F ig s . 3 -3 6  and 3 - 3 7 ) .

For a n a ly s is  o f the more p ra c tica l c a s e  o f p iston  w ater im pact with no 

a ir  in the cy lind er the hydrodynamic theory for the fu ll and h a lf crush c a s e s  

is  extend ed. Here the re la tiv e  volume of w ater and a re a s  o f the n ozzle  are

la rg er , and the p iston  may have som e resid u al v e lo c ity . (See Appendix C ) .

The Exotech w ater cannon (Ref. 31) c o n s is ts  o f a heavy cy lin d er 84 

in ch es long with a p iston  o f 2 0 0 ,0 0 0  p si y ie ld  maraging s te e l  (Fig. 3 - 3 4 ) .  

It j.s powered by w ater a t p ressu re o f 200 to 2000 p s i .  The w ater co ck s  a 

pneum atic gun and co m p resses en clo sed  g a s .  At the d esired  pressure the 

n ozzle  and vent v a lv es are open ed , the moving p iston  entraps a sm all quan­

tity  o f w ater ahead of the plunger and extrudes i t  through the n o z z le . L o sse s  

o ccu r due to throttling o f in le t w ater and e sca p e  o f w ater when the p iston  is  

a c c e le ra te d . E ffic ie n c ie s  are not reported , although th ey  are  sa id  to be re la ­

tiv e ly  high i f  the resid u al v e lo c ity  o f the piston ap p roaches zero .

An approxim ate work a n a ly s is  is  made n eg lectin g  th e lo s s  due to w ater 

th rottlin g . However, it  was assum ed th at m ost com p ression  p ro ce sse s  are 

lin ear and that average p ressu res and v e lo c it ie s  can  be employed a s  f irs t ap­

proxim ations."1 This ignores th e n e c e s s ity  o f assum ing an equation o f s ta te
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Fig. 3-35. Jet velocities attainable. (Cooley).
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Fig. 3-36. Pressures attainable versus jet velocity. (Cooley).
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Fig. 3-37. Presssures attainable versus piston velocity. (Cooley).

v
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for both gas and w ater, and does not tak e  h eat lo s s e s  into a cco u n t. An av er­

age v e lo c ity  is  assum ed for the je t ,  w hich is  a p o ss ib le  source o f larg e  error. 

Inasm uch a s  k in e tic  energy v aries a s  th e v e lo c ity  squared , an av erag e v e lo c -  

ty co n cep t appears su b je c t to co n sid e ra b le  error. Average p ressu res  l ik e ­

w ise  have l i t t le  s ig n ific a n ce  u n le ss  the com pression  p ro cess  is  lin e a r  in the 

n e ce ssa ry  param eters. E ff ic ie n c ie s  in  the p ro ce sse s  in d ica ted  never ap ­

proach high p e rce n ta g e s . H en ce , the fin a l estim ate  th at 200 horsepow er 

stored  in com pression could y ie ld  1 0 0 ,0 0 0  horsepow er in a je t  i s  a ls o  su b je c t 

to some q u estio n .

The Exotech Hydro-Ram (Ref. 31) c o n s is ts  of a th ick  rig id  cy lin d er 

w ith a n ozzle  a t one end w hich has a sp rin g-load ed  v alve  th at o s c i l la te s  

during o p eration . It opens large p o rts , c lo s e s  them , opening a sm all port 

through w hich w ater p a sse s  under th e w ater hammer p re ssu re . A model b u ilt 

by Exotech with an in le t p ressu re o f 70 p s i d elivered  5 to 10 p u lse s  per s e c ­

ond a t 600 p si through a 1 /1 6  n o z z le . It is  claim ed th at the supply p ressu re 

m aybe sc a le d  up to 3 0 ,0 0 0  p si and the je t  pressu re 1 4 5 ,0 0 0  p s i for the Hydro- 

Ram, in w hich five  tim es more w ater is  pumped than ex p e lle d .

The rep etition  rate th e o re tic a lly  depends on the tim e to e s ta b lis h  flow  

a t 1255 f t / s e c  in a pipe 0 . 0 7  in ch es  in diam eter and 10 fe e t lo n g . A 6 gpm 

pump would be required a t 3 0 , 0 0 0  p s i and 125 hp.

A w ater hammer extru sion  is  a ls o  d escribed  w hich in volves firing a 

slug of w ater a t high v e lo c ity  a g a in s t a co n stric tio n  with a n o zz le  e s c a p e . 

According to ca lcu la tio n s  a slug w ater pressu re o f 5 3 , 0 0 0  atm with a slug 

v e lo c ity  o f 4 , 0 0 0  fps would re su lt in a je t  v e lo c ity  o f 9300 f t / s e c .
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C o o ley , et a l .  (Ref. 31) conducted (p iston -im pact) experim ents with 

a 20 mm gun to fire p iston s o f 4 . 4 1 ’ and 9 . 4 2  inch len gth s on an en clo sed  

volume of w ater (F ig . 3-313) at v e lo c it ie s  to 490 f t / s e c .  M easured peak w ater 

cham ber p ressu res were as high as 5 0 , 0 0 0  to 1 0 0 , 0 0 0  p si and durations o f

0 . 5 6  to 0 . 7  ms.  W ood, rock and co n crete  targ ets  were u sed  and sm all c ra ­

ters were made in b rittle  m ateria ls with te n s ile  fractu res and sp a lla tio n  around 

the c r a te r s .

An approxim ate method o f ca lcu la tin g  expu lsion  e ffic ie n c y  is  a lso  pre­

sen ted  (Ref. 31) .  G iven area ra tio s , je t  p ressu re , pu lse and p iston  v e lo c ity , 

the period o f the pulse above the c r it ic a l (crushing) p ressu re is  ca lc u la te d . 

The pu lse is  then approxim ated by a parabola and the energy o f the p iston  

and the je t  c a lc u la te d . For assum ed experim ental con d ition s it w as found 

th at the propulsion e ffic ie n cy  varied  betw een approxim ately 4 7 - 5 9  p ercen t.

Je t p ressure and power are ca lcu la ted  as follow s (Ref. 31) .  For high 

p ressu res the relation sh ip  betw een reservoir pressure pQ and je t  v e lo c ity  is  

to a very c lo s e  approxim ation:

where g. is  the dynamic flow p ressu re . It is  approxim ately equal to the s ta g ­

nation p ressure excep t for rapid ra tes of p enetration .

The rate of m ass flow is  the v e lo c ity  tim es the e ffe c tiv e  cro ss  s e c ­

tion al area of the nozzle or

(3-50)

d2
III = p 7T —  v (3-51)



Closure

Cylinder

Fig. 3-38. Sketch of two diameter piston impact extrusion section for large water cannon. 
(Cooley).
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The rate of k in e tic  energy or power becom es

N. = 
J

mr
2g

)7Td2V 38g
11

#  *  d V
3 / 2 (3-52)

Thus, for a 2 mm je t  a t 7 0 ,0 0 0  p si requirem ents are in e x c e s s  o f 2000 hp for 

continuous op eration .

FLUID JET AUGMENTATION

The Bow les Corporation (Ref. 32) has conducted re se a rch  on extern al 

augm entation o f je t s  of w ater by shaping and fixing the re la tiv e  d irection s o f 

two w ater " s lu g s "  o f square c r o s s -s e c t io n s  and plane fro n ts . (F ig . 3 -3 9 ) .  

A pplication o f B ern o u lli's  theorem g iv e s :

v. = v + v j a r
and

a sm a

v =r tan a

(3-53)

(3-53a)

(3-53b)

Su bstitu ting  in equation (3-53) the follow ing is  obtain ed :

v.j  _ 1 + cos a
v ~ sin a (3-54)o

where

vQ =  v e lo c ity  o f slug

vr =  v e lo c ity  o f slug re la tiv e  to moving in te rse c tio n  

va =  v e lo c ity  o f in terse ctio n  

v g =  v e lo c ity  o f fa s t  je t
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Fig. 3-39. Control volume - early stage of impact. (Bowles Eng. Corp.).

/
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The ratio  o f the two v e lo c it ie s  is  ca lled  the v e lo c ity  augm entation and is  

plotted as a function o f the angle a in Fig . 3 - 4 0 .  The resu lting  je t  is  w ed ge- 

shaped and for com plete je t  formation the slug v e lo c ity  must be inward alm ost 

lin early  with the im pact a n g le . (Fig. 3—41). The m ass o f the je t  is  given by

phb2 . ,m. = —  tan a (1 - cos a)
J 2 (3-55)

where

iik = fa s t  j e t  v e lo c ity  

p = density

h = depth o f the je t  wedge 

b = width o f the je t  wedge

The length o f the slug needed is  that required to permit form ation of the w edge. 

A fla t or only a s lig h tly  curved fa ce  of the slug is  n ecessary , for fa s t  je t  for­

mation .

By sim ple ca lcu la tio n s  it  can be shown th at the ratio  o f the k in e tic  

en erg ies o f the fa s t  je t  and the minimum required slug is  given by:

KE. .f  1 + cos a
KE 4s

(3-56)

where

KE  ̂ = k in e tic  energy o f j e t  

KEs = k in e tic  energy o f slugs

The maximum value of th is ratio  is  th e o re tica lly  0 .5  a t 0 °  im pact and 

it d e cre a se s  to 0 .2 5  a t 9 0 °  im pact (Fig. 3 - 4 2 ) .  No fa s t  je t  is  formed a t 0 °

and 9 0 ° ,  how ever, so the graph is  of in tere st betw een 5 °  and 6 0 ° .  Thus,
/

the maximum energy to be obtained from such a je t  is  only 50% under optimum
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Fig. 3-40. Jet velocity augmentation vs. impact angle. 
(Bowles Eng. Corp.).
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Fig. 3-41. Fast jet prediction for water. (Bowles Eng. Corp.).

/



Fig. 3-42. Effect of impact a on the efficiency of delivery of 
kinetic energy to target. (Bowles Eng. Corp.).
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cond itions and it  would be con sid erab ly  sm aller u n less  the slug producing 

m echanism  could furnish slu gs o f ju s t  the right len g th . A s p e c ia l n ozzle  is  

required to produce slu gs with f la t  f a c e s .  Driving p ressu res o f 750 p s i are 

reported giving augm entation ra tio s  a s  high a s  1 3 . 5 .  A ten  degree n ozzle  was 

found to produce a v e lo c ity  augm entation o f 1 1 . 6  and the je t  penetrated  3 /4  

in ch es o f p araffin . Driving p ressu res or energy requirem ents were not r e ­

ported .

HIGH PRESSURE FREEZING OF WATER

Although some in v estig ato rs  have proposed that w ater w ill freeze  when 

shocked  a t high p re ssu re s , a study o f p-V data and shock H ugoniots in d ica te
a

th at freezin g  w ill not take p lace  under some cond itions (Ref. 31) .

R esu lts  o f Bridgm an's high pressure p -V -T  m easurem ents on w ater 

(Ref. 33) w ere plotted in the p-V and p -T  p lan es w ith the H ugoniots from W alsh  

and R ice (Ref. 34) .

The Hugoniot approaches th e phase boundary o f ic e  VII a t about 30 

kbars but does not in te rs e c t . H en ce , i t  is  concluded th at ic e  w ill not form. 

In the p -T  plane two isen tro p es are drawn from about 20°C  and 3 8 ° C . T hese 

in te rs e c t  the ic e  VI phase lin e  a t 16 and 27 k ilobars . The a c tu a l path o f non­

shock com pression  is  betw een th e isentrop e and the H ugoniot. Freezing may 

o ccu r, th ere fo re , a t 16 k ilobars or ab o v e . Preheating the w ater or addition 

o f a n tifre e z e  would ra ise  the freezing  p ressu re . The h eat o f com pression  

would a lso  be o f some a s s is ta n c e  in reducing freez in g .
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Snay and Rosenbaum

Snay and Rosenbaum (Ref. 35) have made an a n a ly s is  o f sh ock  w ave 

param eters in fresh  w ater up to 95 k ilobars in con n ection  stu d ies o f d etona­

tion o f high ex p lo siv es  under w ater.

It is  noted th at for the Rankine-H ugoniot re la tio n s to be evalu ated  the 

equation o f s ta te  must be known. Equations o f s ta te  proposed by se v e ra l in ­

v estig a to rs  for d ifferen t ranges o f p ressu re  are  d is c u s s e d . Some con sid ered  

the p o ss ib ility  o f the formation o f ic e  a t high p re ssu re s . The follow ing has 

been  a b stra cte d  in d eta il from Snay and Rosenbaum .

C alcu la tio n  o f Shock Front Param eters

The hydrodynamic co n servatio n  equ ations are w ritten in  the fo llow ing

form: r- ~\ h
D = vQ [Cp-P0)/Cvq-v)J (3-57)

u = D(vo-v )/v q (3-58)

H-Ho =-1/2Cp-P0)Cvo+v) (3-59)

where

D =  wave v e lo c ity  

v =  s p e c if ic  volume 

p =  pressure 

H =  enthalpy
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and the su b scrip t o refers to the undisturbed liq u id . The enthalpy is  a fu n c­

tion  o f the fin a l s ta te  o n ly . For fin al tem peratures above and below  100°C  

enthalpy d ifferen ces can be found in steam  t a b le s . The rem aining enthalpy 

is  c a lc u la te d  from

H(p,T) - H(Pl,T) =
/ '
Pi

dp (3-60)

where p  ̂ is  the p ressu re corresponding to a fin a l tem perature above 1 0 0 ° C .  

The above in teg ral can  be evalu ated  i f  the equation o f s ta te  is  known and i f  

no p h ase  change ta k e s  p la c e . H ow ever,• if  a p h ase change ta k e s  p la ce  and 

ic e  VII is  form ed, i . e . , the pressu re and tem perature pg and Tg are on the 

p h ase l in e ,  then a ll  the w ater is  converted .to  i c e .  For p artia l form ation o f

ic e

H(p,T) - H(p1>T) = /
Pi

dp - qAH^ (3-61)

where

q = fraction solidified
AH^ = specific enthalpy of fusion of ice VII at (p3,T)

and the su b scrip t 3 refers to the liq u id -ic e  VII p hase l in e .

The so lution  o f eq u ation ^3-57) to (3-61) for no phase change requ ires a 

know ledge o f therm al data for saturation  a t 1 atm and the equation o f s ta te  o f 

the liquid  up to the fin a l tem perature and p ressu re . For two p h a s e s , liquid 

w ater and ic e  VII, the solution  o f equations ( 3 - 5 7 ,3 - 5 8 ,3 - 5 9 ,3 - 6 0 )  requ ires 

th e u se  o f the p hase l in e , the enthalpy of fu sion , the s p e c if ic  volume change

/
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(AVf) accom panying the tran sitio n  w hich is  n e ce ssa ry  in evaluating v:

v = (l-q)vx + vE (3-62)

vE = - Avf (3-63)

where \  re fers to the liquid s ta te  and e th e  so lid  s ta te  (ice  V II).

For a sin g le  liquid phase equ ations (3 -5 9  and 3 -6 0 ) are so lved  for £  by 

ite ra tio n . For two p hases both T  and £  m ust lay  on the p hase l in e , and equ a­

tions (3 -5 9  and 3 -6 1 ) can  be so lved  d ire ctly  for £ .  The s p e c if ic  volume v is  ob­

tained from the equation o f s ta te  and D and u from equ ations (3—57 and 3 -5 8 ) .

The co m p ressib ility  or sound v e lo c ity  behind the front can  then be e v a l­

uated from the Rankine-H ugoniot c o n d itio n s . For a liquid  only

c = v ( » ) = v It)
C \ / Tv

(ft). (3-64)

where the su b scrip ts  have th eir u su al m eaning.

The v a lu es of v , T , ( ap/8T)v and ( 3p /3v )i,are  obtained from the equ a­

tion of s ta te ,  w hile Cv is  obtained  from

C = C v p - T ( r f  ( s ? ) (3-65)
P '  ' v

where

cP*(f)p t3-66)
Thus, the v alu es for (H-HQ) are  evalu ated  a t the fin a l p ressu re and 

different tem p eratures, and C p is  th e s lo p e  o f (H-H0 ) a g a in st T.

/■
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For two p h ases the derivation of sound v e lo c ity  is  more com plex and 

is  not given h ere .

Extrapolation o f p-V -T  D ata

The p -V -T  data o f Bridgman (Refs . 3 3 ,3 6 ,3 7 ,3 8  > 39) cover the range of

0 -9 5 ° C  up to 5000 kg/cm ^ a n d 2 5 -1 7 5 °C  from 5000 to 5 0 ,0 0 0  k g /cm ^. Values 

for the liquid s ta te  above 2 00°C  and to 2500 bars is  g iven  by Kennedy (Ref. 40) 

and th at a t the satu ration  lin e  by Keenan and Keyes (Ref. 4 1 ) .

The liq u id -ic e  VII p h ase lin e  may be extrap olated  and equations for 

re la tio n sh ip s betw een A Vf and Tg in term s.o f P3 (F ig . 3 - 4 3 ) .  This does n o ta c -  

count for the p o ss ib ility  o f a new type of ic e  at higher p re ssu re s . The equ a­

tio n s o f s ta te  in p-V are p ro jected  from experim ental data . The procedure to 

determ ine the cu rves is  as  fo llow s:

The valu e o f (3 V /3 t)p a t 5000 kg/cm ^ is  taken  a s  being co n sta n t,

4 .0  x  10- 4 c c / g ° c .  This com es from Bridgman's data and is  used to fix  the 

low er ends o f the 175°C  and other iso th erm s. The extrap olation s from F ig . 3 -4 3  

are used  to obtain  the points on the liquid phase lin e  up through the pressure 

range to 5 0 ,0 0 0  kg/cm  , the phase lin e  for ic e  VII being determ ined from ex^- 

perim ental d a ta . The therm al expansion o f ic e  is  ~ 1 .0 7  x  10 ^ c c / g ° c  a t

o
4 5 .0 0 0  kg/cm ^ ancj the phase lin e  tem perature a s  show n. The s p e c if ic  volume 

o f fu sion  is  taken  from F ig . 3 -4 3  and th is procedure e s ta b lis h e s  the phase lin e  

to 5 0 ,0 0 0  kg/cm ^ with reaso n ab le  a ccu ra cy .

Experim ental valu es o f sp e c if ic  thermal expansion  (F ig . 3 -4 4 ) are e x tra ­

polated  assum ing that a t higher p ressu res it w ill d e cre a se  but rem ain p o s itiv e . 

The change (32 V/3T2 )„ becom es sm aller, is  assum ed to be co n sta n t a t 1 5 ,0 0 0
.H

/•
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PRESSURE (THOUSANDS kg PER cm2) (P )

Fig. 3-4 3 . Extrapolation of the temperature and the specific volume 
change of fusion at the liquid-ice VII phasfeline. Based 
on data from Ref. 30. (Snay and Rosenbaum). I
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Fig- 3-44. Extrapolation of the specific thermal expansion (75-125°C and 125-175°C) as a 
result of the extrapolations of Figure 3-43.
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O O
kg/cm  and to becom e n e g lig ib le  above 4 0 ,0 0 0  kg/cm  . These assum ptions 

permit extrap olation  o f curves in Figures 3 -4 4  and 3 -4 5  to 4 0 ,0 0 0  kg/cm  .

Further extrap olation  is  accom p lish ed  by p ro jectin g  the isotherm s as 

straight lin e s  on a se m i-lo g  p lo t. The s p e c if ic  therm al expansion  is  exp ected  

to d e c re a se , but to remain p o sitiv e  and independent o f tem perature. The e x ­

trapolation in F ig . 3 -4 3  a ls o  g iv es  the in te rse c tio n  o f the isotherm  and the 

phase lin e .

The follow ing equ ations are used  for the p ressu re  ranges in d icated :

9(1) From liquid  a t satu ration  p ressu re to 5000 kg/cm

• (v2 -v) = 2 .303  . 
n l ° g l 0

p+B
p2+B (3-63)

where B and n are fu nctions o f tem perature only:

T (° C) 25 75 125 175 225 275

B 2,940 2,660 1,970 1,570 1,150 650

n . 7.652 7.962 8.280 7.584 ‘ 6 .700 6 . 0 2 0

v2 1.0029 1.0258 1.0655 1 . 1 2 1 1 . 2 0 0 1.3175

(2) Liquid betw een 5000  to 4 0 ,0 0 0  kg/cm ^

, . 2 .303  .( v 3- v )  = — - —  l o g i o p + B
P3+B (3-64)n
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Fig. 3-45. The equation of state as fitted to the experimental data and 
extrapolated to 100,000 kg per cm2. (Snay and Rosenbaum).
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w here B and n are again  fu n ction s o f tem perature only:

T(°C) 75 125 175 225 275

B 2,560 2,470 2,090 1,510 790

n 8.022 7.581 7.327 7.220 7.220

V .893 .913 .933 .953 .973v
p

I
i ;

I

(3) Liquid above 4 0 ,0 0 0  kg/cm ^

logio  p =‘ mv + b

where

m = -3 .8 3 3 7  + 2 .100  x IO-3  T - 9 .05  x 10-7  T2 

b = 7.1648 - 9 .4175 x IO-4  T + 4 .15  x 1 0 '7 T2

(3-65)

(4) For ic e  VII

logio  P ' = m 'v' + b* (3 -66)

where m‘ and b 1 are fu nctions o f tem perature only:

T(°C) 25 75 125 175 225 275 325

m1 -6 .4 6 0 -6 .0 6 6 -5 .7 4 2 -5 .4 3 1 -5 .2 0 6 -5 .0 0 0 -4 .7 7 3

b ’ 8.5226 8.3193 .8.1524 7.9919 7.8774 7.730 7.657

'
t. -

\ .

I
I

For numerical com p ilation s the equations and graphs are adequate to 

so lv e  for shock wave p aram eters . Values for enthalpy ch an ges are g iven  in 

Table 3 -8 : ■

DEPENDENCE OF THE ISOTHERMAL SPECIFIC ENTHALPY CHANGE BETWEEN SATURATION 
PRESSURE (p2) and 40 ,000 kg/cm2 ON THE TEMPERATURE

AH = H(T, 40 ,000  kg/cm2) - H(T,p3)

T°C 100 150 300 250 275
AH 27,620 27 ,563 27,440 27,943 27,665

' AVERAGE AH = 2 7 ,6 4 6  kg/cm  p e r  gram
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TABLE 3-9

SHOCK WAVE PARAMETERS IN FRESH WATER INITIALLY AT 20°C AND 1 ATMOSPHERE
p T V U u c H-Ho q

Liq P.fr. Liq P.fr. Liq P.fr. Liq P.fr. Liq P.fr. Liq P.fr.
kb ■ °C cc/g m/sec m/sec M/sec kg-cm/g fraction

0 2 0 . 0 1.0018 „ _ 1,483 . .  . 0 - .. 1,483 0
10 56.4 - - .8253 — 2,350 — 410 — 2,683 - - 9,250 _ _ _
15 75.3 _ _ .7862 - - 2,643 - - 568 — 3,050 — 13,700 - - _ „
20 94.2 - - .7580 — 2,880 — 700 — 3,313 - - 18,150 ___

25 112.4 — .7358 - - 3,092 - - 823 — 3,501 ■ — 2 2 , 1 2 0 _ _ _ _
26.7 118.8 118.8 .7290 .7290 3,158 3,158 861 861 3,560 2,717 23,500 23,500 0
30 130.9 140.3 .7172 .7100 3,281 3,200 934 937 3,672 2,941 26,300 26,200 .1025
35 150.0 170.1 .7012 .6921 3,446 3,367 1,036 1,040 3,833 3,223 30,330 30,230 .1600
40 169.3 195.8 .6870 .6781 3,597 3,520 1,130 1,138 3,996 3,460 34,400 34,270 .1872
45 188.9 218.0 .6747 .6657 3,728 3,663 1,217 1,229 4,152 3,658 38,400 38,270 .2016
50 208.2 238.0 .6639 .6552 3,860 3,802 1,302 1,315 4,298 3,823 42,500 42,250 .2074
55 226.6 256.1 .6538 .6457 3,986 3,935 1,386 1,400 4,424 3,966 46,450 46,200 .2066
60 244.5 272.5 .6442 .6368 4,107 4,060 1,466 1,481 4-, 530 4,090 50,300 50,100 . 1999
65 260.4 287.9 .6352 .6287 4,221 4,181 1,542 1,559 4,624 4,211 54,240 54,000 .1890
70 276.2 302.2 .6269 .6212 4,332 4,297 1,620 1,633 4,710 4,328 58,120 57,880 .1752
75 292.0 315.2 .6197 .6146 4,438 4,410 1,693 1,705 4,788 4,442 62,000 61,780 .1591
80 307.6 327.7 .6120 .6086 4,541 4,518 1,766 1,772 4,859 4,553 65,830 65,720 .1410
85 323.5 339.6 .6051 .6026 4,642 4,622 1,836 1,840 4,922 4,661 69,640 69,600 .1208
90 339.7 350.4 .5985 ; 5970 4,742 4,724 1,904 1,908 4,981 4,763 73,470 73,420 .0962
95 355.5 361.0 .5921 -.5916 4,842 4,820 1,972 1,972 5,038 4,863 77,300 77,250 .0637

CD
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D iscu ss io n

N um erical v alu es (Table 3 -9 ) show from 2 6 . 7  k ilobars up v alu es for 

both supercooled  liquid and p artia l fre e z in g . From th e p o sitio n  of the R ankine- 

Hugoniot curve (Fig. 3 -46 ) i t  is  se e n  th at a t 2 6 . 7  k ilobars th is  curve c ro s s e s  

the phase lin e  and above th is  point su percooling  or p artia l in stan tan eo u s fre e z ­

ing may occu r a t the shock front.

Snay and Rosenbaum do not d isc u ss  w hether a ctu a l freezin g  o c c u rs . 

(Freezing does take p lace  in ca rb o n te tra ch lo rid e ). H ow ever, the c a s e s  of 

p artia l freezing  and su percooling  are presented  a s  p o ss ib le  ex tre m e s. The 

R-H curve and the w a te r -ic e  VII p h ase  lin e  are never far a p a rt, and a t 100 

k ilobars the R-H curve again  en ters the liquid  reg io n . Thus, i t  is  reason ed  

th at the question  of freezing can n ot be se ttle d  by o b serv ation  o f sh ock  w ave 

prop agation .

P artic le  v e lo c ity  c a lc u la t io n s  (F ig . 3 -4 7 ) are in good agreem ent with 

other in v e s tig a to rs , but d isagreem en t o ccu rs in v a lu es o f propagation v e lo c i­

t ie s  . Sound v e lo c ity  is  changed by freezing  with a d is tin c t d iscon tin u ity  at

2 6 . 7  kbars (Fig. 3 - 4 8 ) .

/
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Fig- 3-46. Temperature at the shock front as a function of pressure. 
(Snay and Rosenbaum).

/



Fig. 3-4 7 . Propagation velocity of the shock wave and particle velocity at the shock front 
as a function of pressure. CSnay and Rosenbaum).
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Fig. 3-48. Sound velocity at the shock front as a function of pressure. (Snay and Rosenbaum).



CHAPTER IV

WATER JET IMPACT ON ROCK

There is  a rich fund of information concerning hypervelocity  impact on 

m eta ls ,  by w ater, by p ro je c t i le s  and by je t s  from shaped ch a rg e s .  However, 

the theory and data for water impact is  for re la tiv e ly  low v e lo c i t i e s ,  i . e .  , 

maximum v e lo c i t ie s  are near 1200 k m /s e c .  Numerous p ro je c t i le  studies have 

been made in efforts to determine the e f fe c t s  of microm eteorites on sp a ce  v e ­

h ic le s  outside of the earth 's  atm osphere. Shaped charge data is  concerned 

largely  with e f fe c ts  on m e ta ls ,  but provides some informative com parisons.
4

Many o f  the phenomena for various m aterials used for impacting agents 

and for targets  are s im ilar ,  but there are important d ifferen ces betw een water 

je ts  and metal je t s  or p r o je c t i le s ,  and betw een the behavior o f du ctile  m etals 

and brittle  rock ta r g e ts . W hile  a fair  number of t e s t s  have been performed 

utilizing water je t s  and rock ta r g e ts ,  l i t t le  b a s ic  theory has been  derived to 

d escribe  the m echanics of im p a ct. Valuable data and empirical id eas are a v a i l ­

a b le ,  however, and th ese  are d escribed  below . There is  not enough informa­

tion in p a rt icu la r  areas to lead to com plete a n a ly s e s ,  so resu lts  are d escribed  

under the names of particular in v estig a to rs  whose work is  pertinent. 

O strovskii

In his report (1960) O stro v sk ii  (Ref. 28) made a summary of some of 

the la te s t  developments in Russian methods of drilling, with fragmentary but 

useful information on use of high v e lo c ity  j e t s .  He reports that t e s t s  had been 

made on lim estone and dolomite with p ressu res  of 5000 kg/cm ^ and v e lo c i t ie s

102
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to 1000 m / s e c .  These experiments showed that breaking o f rocks by high v e ­

lo c ity  je t s  depends upon the p h y sica l-m e ch an ica l  properties , mineral com posi­

tion , and small s c a le  structural fea tu res . Strong rocks such a s  granites 

(Fig. 4 - 1 ) ,  lim eston es and dolom ites , are slabbed off in large fragm ents, re ­

sulting in the formation of co n ica l  craters o fa p e x  angle  g rea terth an  9 0 ° .  In­

homogeneous' rocks such a s  sandstone are shattered without ap p reciab le  s p a l l ­

in g , resulting  in a cy lind rica l c ra ter .  The e f fe c ts  in c la y s  are sim ilar to 

th o se  in san d sto n e . When b lo cks  o f hard rock (1 x  1 .5  x  1 m) were impacted 

by pulsed je t  the b locks were fractured as  w ell as  cratered .

The e f fe c t  of standoff on penetration of je t s  in a ir  and in w ater for a

o
granite  with a u niaxia l com pressive strength of 2000 kg/cm  (Fig. 4 -2 )  indi­

c a t e s  that the peak penetration is  obtained a t  about 55 mm standoff fo ra  com ­

bustion chamber pressure of 3500 k g /cm ^, je t  diameter 3 .1 5  mm in a ir  and

3 .1 0  in a layer o f w ater.

According to O stro v sk ii ,  the Russian experiments in d ica te  that the op­

timum diam eter of je t s  is  0 . 8  to 1 .0  mm at a standoff o f  4 to 5 cm for the range

2of p ressu res  and v e lo c it ie s  in v estig a ted , i . e . ,  to 5000 kg/cm  . The width 

of cu t v ar ies  from 3 to 5 mm and depth in c re a se s  as  a l in e ar  function o f p re s ­

sure in strong rock such as  g ran ite . At a nozzle pressure of 2000 k g /cm ^, 

a tran sv e rse  cutting rate of 1 .4  c m / s e c ,  the depth of cut for granite  (compres­

siv e  strength 1 3 0 0 -1 5 0 0  kg/cm^) was 30 mm, for marble (800 kg/cm ^) it  was 

74 mm and for lim estone (600 kg/cm^) 97 mm. As ind icated  e lsew h ere ,  cu t­

ting depths vary widely with type of je t ,  nozzle p ressu re ,  s tandoff, nozzle

/
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CO

Fig. 4-1. Relation of volume of excavated cavity in granite to 
diameter of nozzle (movement of liquid jets through a 
layer of water). (Ostrovskii).

l

I

Fig. 4-2. Relation of depth of cutting granite to the distance 
between nozzle and rock. 1) With the liquid (water) 
jets traveling in air and through a layer of water 
(diameter of nozzle, 3.15mm); 2) with the liquid jets 
moving through a layer of water (diameter of nozzle, 
3.10mm); 3) same as last with a nozzle diameter of 
2.25mm. ) Movement of jets through a layer of water;
+) movement of jets in air. (Ostrovskii).
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diam eter, je t  v e lo c i ty ,  cutting speed , as  w ell as  other v a r ia b le s .  For exam ­

p le ,  some types o f sh a le s  are not su scep tib le  to cutting with nozzle  pressures 

of 2000 k g /c m ^ .

Farmer and Attewell

Farmer and Attewell (Ref. 22) postulate that in low v e lo c ity  water im­

pact a two wave structure is  se t  up, a leading d ilatation  wave and a follow ­

ing sh ear  wave (Fig. 4 - 3 ) .  A lso , a small area  su b je c t  to a high pres sure je t  

c a u s e s  erosion b e ca u se  of the instantaneous com pression . Rock under impul­

siv e  load is  said  to gain in strength under high rates  of loading. For s u s ­

tained je t s  the com pressive force  exce ed s  the dynamic strength o f the ro ck , 

which is  degraded and the p a rt ic le s  flushed out by the w ater . Fracturing by­

je t s  is  re lated  to G riffith 's- theory , and the fa c t  that adsorption of a gas or  

liquid on the surface of a rock d e cre a se s  its  surface energy.

Farmer, e t a l . ,  used a pressure in te n s if ie r  o f  volume ratio of 2 . 5 : 1 ,

O
(Fig. 4 -4 )  with an input pressure of 1 0 ,0 0 0  p si and a yolume of 5 . 6  in .  of 

w ater was delivered a t  2 5 , 0 0 0  p s i .  The nozzle was com posed o f  a 30°  and 

4 5 °  cone leading down to a cy lin d rica l opening o f 1 /1 0  inch diam eter. Re­

duction in diameter is  l e s s  for larger n o z z le s ,  and sm aller  j e t s  than 1 /1 0  inch 

were found to break up.

The g re a te s t  penetration was achieved at zero standoff (Fig. 4 -5 )  , 

while crater  diam eters in creased  with an in crea se  in standoff (Fig. 4 - 6 ) .  At 

low v e lo c i t ie s  there is  a lso  a marked dependence of penetration on com pres­

s iv e  strength (Fig. 4 - 7 ) .  W ater v e lo c it ie s  were found to have a mean value 

o f 2 , 8 0 0  f t / s e c ,  and the impact pressu re , ca lcu la ted  from p =  pcv was found
t

to be 14 k i lo b ^ r s .



Jet Impact

Fig. 4-3. Propagation of spherical wave structure in a semi-in­
finite medium, showing contribution of shearing effects 
to crater formation. Thickening of wave boundary de­
notes relative intensity of particle displacement. 
(Farmer) .
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Fig. 4-4. Pressure Intensifier. '(Farmer).
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Fig. 4-5. Loss of penetration at increased stand-off. (Farmer)

Fig. 4-6. Graph showing abrupt increase in crater diameter. (Farmer).

Fig. 4-7. Relationship between penetration and "static" compressive strength 
at zero stand-off. (Farmer).
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T ests  w ere a ls o  made on three re la tiv e ly  so ft ro ck s for v e lo c it ie s  b e ­

tween 200 and 500 m /s e c  (Fig. 4 - 8 ) .  The tran sitio n  v e lo c ity  betw een 250 and 

300 m /s e c  is  b e liev ed  to be due to turbulence in the c ra te r . Maximum p en e­

tration is  not n e c e s s a r ily  obtained with sm aller je t s ,  in d icatin g  that k in e tic  

energy o f the je t  is  im portant (Ref. 4 2 ).

In a com parison o f je ts  and p r o je c t i le s , for low v e lo c ity  p ro je c tile s  

Farmer, e t a l .  , (Ref. 23) su g g ests  that the penetration  is  proportional to the 

momentum:

h = — mv (4-1)a o '

where

m = mass of projectile
vq = impact velocity
a = cross section of projectile
k = a constant dependent on projectile and target projectiles

Equation (4-1) may a ls o  be w ritten:

h = -V (4-2)

where

vg =  c r i t ic a l  (minimum) v e lo c ity  for p en etration .

The s ta t ic  com p ressiv e  strength o f the rocks te s te d  by Farmer and A tte - 

w ell is  given in  T able  4 - 1 .

/•

s '
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Fig. 4-8. Rock penetration by water jet impact. (Fanner)



I l l

Rock
TABLE 4-1

Static Compressive 
Strength kg/cm2

Wave Velocity 
m/sec

Ferruginous sandstone 270 2400
Darley Dale sandstone 580 2400
Oolitic limestone 540 3900
Carrara marble 1090 4900
Anhydrite 1200 4600

W ith th e p ressu res and v e lo c it ie s  a v a ila b le  it  was found th at larger 

diam eter je t s  would not penetrate the two stro n g est ro ck s .

It w as found th at above a certa in  c r it ic a l  v e lo c ity  the rate o f p en etra­

tion was le s s  for higher v e lo c it ie s .  The penetration equation for the region 

above 300 k m /se c  w as found to be

2 / 3h = kdc(vQ/c) (4-3)

Je t in s ta b ility  (Ref. 23) is  sta ted  to be due to su rface  w aves and a 

turbulent mixing zo n e. Some behavior is  v a r ic o s e , but at higher v e lo c itie s , 

is  sinuous or h e l ic a l .

Konyashin and V ese lev

Konyashin (Ref. 27) used two typ es o f hydrocom pressors and a p re s­

sure m ultiplier for research  in cutting ro ck s; type K-17 with a s in g le  c y lin ­

der, 1000 atm , 1000 lite r /h r  c a p a c ity , and a type GK 2 / 2 ,  a o n e -s te p  three 

cylind er m achine with tw ice the volume and p ressu re .

Continuous je ts  were obtained with the m ultiplier at 500 atm with noz­

z les  of 1 mm.' W ithout a m ultiplier p ressu res of 150 to 200 atm were obtained
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with a 3 mm n o z z le . The la tte r  w as a lso  employed with ab ra siv e  m aterial in 

the je t ,  but it cau sed  too much w ear in the n o z z le . The primary purpose of 

the m ultiplier was for obtaining prelim inary d ata .

In com parative exp erim en ts, specim ens were mounted on a la th e  so 

that they could be moved with a tra n sv e rse  v e lo c ity  v n . All three typ es of 

equipment were em ployed, i . e .  , p ressu re m u ltip lier, K-17 and GK 2 /2  com ­

p re sso rs , to determine cutting a b ility  on two types o f lim e sto n e . (Table 4 - 2 ) .

The K-17 pulsating je ts  gave b e tter re su lts  than the co n sta n t je t s  from 

the m u ltip lier, and pulsating je t s  from the GK 2 /2  were poorer than both the 

o th e rs .

Further te s ts  were conducted w ith the K-17 w ithout a re c e iv e r  ( la s t 

lin e  Table 4 - 2 ) .  The nozzle p ressu re  w as m easured, as w ell a s  the power co n ­

sumption o f the motor (1516 kw ). Both the K-17 and GK 2 /2  w ere con stru cted  

so  th at part o f the w ater only w ent through the n o z z le . That flow ing through 

the nozzle  is  given by:

Q = av (4-4)

and
v = <j)/2gp (4-5)

where

Q = quantity of water m3/sec 
v - velocity of flow, m/sec 
<p = coefficient of velocity, 0.9 
g = gravity
p = pressure, meters water
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TABLE 4-2

Results of Cutting Tests

Equip. Standoff
cm

JetType Dia. Rock Depthmm Width % Increase mm (c-P)/c vncm/sec Pressatm Pulses/sec

M 5.0 C 0.98 I 65 - - 1.0 400 -
K-17 5.0 P 0.98 I 90 ■ - 38.5 1.0 400 16
M 5.0 C 0.98 I 35 1.5 - 10.0 500 -
K-17 5.0 P 0.98 I 43 1.5 22.8 10.0 500 16
M 5.0 C 0.98' I 26 2.5 19.0 500 -
K-17 5.0 P 0.98 I 38 2.5 46.0 19.0 500 16
M 1.0 c 0.73 I 48.7 - - 1.0 550 -
K-17 1.0 p 0.73 I 49.3 - + 1.2 1.0 550 16
GK 2/2 1.0 p 0.73 I 40.5 - -16.8 1.0 550 12

M 1.0 c 0.73 K 11.8 • - - 1.0 550 -
K-17 1.0 p 0. 73 K 13.0 - + 10.2 1.0 550 16
GK 2/2 1.0 p 0.73 K 8.4 - -28.8 1.0 550 12

GK 2/2 1.0 p 1.08 K 37.0 - - 1.4 1000 12

K-17 1.0 p 1.08 K 44.8 - (K17-GK)/GK 1.4 1000 16
(K-17 1.0 p 0.78 K 28.0 - + 21.1 1.4 1000 16
£w/o rec.

/



1 1 4

The magnitude o f pressure is  lim ited . For the K -17 o f Q =1000 l i t e r s /h r ,  

high p ressu res are not obta in ab le  w ith n o zz les  greater than 1 .1  mm. From the 

above equations

p = Q2 (4 -6 )
a2<j)22g

and for a n ozzle  1 .3  mm diam eter the corresponding pressure is  277 atm . Due 

to the lo s s  through re le a s e  v a lv e s  the a c tu a l re la tiv e  power in th e  je t  could 

not be obta in ed .

The power in the je t  is

N V
n "3 6 7 .2 (4 -7 )

where

Nr =  power in je t ,  kw

Qn =  liquid through n o zzle  m ^/hr

TheSharym ov method of ca lc u la tin g  u sefu l work by m ultiplying vn x h 

w as u sed , or m ultiplying the la te ra l v e lo c ity  o f cutting by the depth o f cu t. 

On th is  b a s is  the re la tiv e  energy c a p a c ity  o f the K -17 w ithout and w ith a re ­

ce iv e r  w as found to be 40 p ercen t.

The magnitude o f the u sefu l power w as determ ined by .

N = N (4 -8 )
n ° %where

N0  =  power consum ption o f motor

Q0  =  production ca p a c ity  o f com p ressor, m ^/hr

/



115

The power in the je t  was determined by ca lcu lation  and v erified  by an e s p e c i ­

a l ly  designed experiment.

The cutting cap ac ity  of the K-17 (1) with and (2) without a rece iv er  

was found by determining the pressures n e ce ssa ry  to produce the same depth 

of cut for both conditions at the same value of vn . The same depth of cut 

(Table 4 -3 )  was obtained for approximately the same maximum p ressu re , but 

the energy ca p a c ity  and minimum pressure were greater for the com pressor 

with a re c e iv e r .  It is  recommended, therefore , that for pulsating je t s  greater 

f lu ctu ations in the nozzle  pressure are d esirab le  for v e lo c i t ie s  vn up to

1 .4  c m / s e c .

TABLE 4-3
Pressure Required for Same Depth of Gut

Pressure, atm
Equipment Gage Max. Min. Ave.

K-17 with receiver 1000 1310 932 ' 1130
K-17 without receiver __ _ 1365 0.75 754

In experiments conducted with vn up to about 20 c m / s e c  only co n ica l  

holes were formed with pulsating je t s  . For such high tran sv erse  speeds higher 

je t  v e lo c i t ie s  are recommended. It is  a lso  concluded that pulsed je t s  m aybe 

inadequate for cutting ro ck , but may be better for rock b reak age .

The productionof pulsed je t s  a lso  was found to in c re a s e  the breakage 

of machinery p arts .  The final recommendation (1963) was therefore that hy­

drocompressors be constructed  with small re c e iv e rs .

/
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Zelenin, et a l .  (Ref. 20)

Maximum slotting  is  obtained at 9 0 °  in c id en ce  of impact with 9 - 1 3 °

nozzle  (Fig. 4 - 9 ) .  Rocks te s ted  are:

Type of Rock
Protodyakonov 
hardness, f

Limestone 5 to 6
Marble 8 to 10
Granite 12 to  14

Jet cutting e f fe c ts  were recorded, in terms of s lo t  depth h in mm in ten  

completed c u ts .  Maximum s lo t depth was obtained with minimum stand off,  

(Fig. 4 - 9 ) .  In cre a se  in depth with re ce iv e r  pressure (Fig. 4 -1 0 )  was g re a te s t  

for the so f te s t  ro ck , while depth o f cut approached a maximum for in c re a se  

of nozzle opening (Fig. 4 -1 1 )  a s  w ell as  with the number o f p a s s e s  by the 

je t  (Fig. 4 - 1 2 ) .  The in it ia l  percentage in c r e a s e  is  g re a te s t  for harder ro ck . 

The feed speed (traverse speed of the nozzle  p ara lle l to the rock surface) in ­

c r e a s e s  the cutting e f fe c t iv e n e ss  in soft rock up to 180 c m / s e c .  In very hard 

rock the optimum feed speed is  betw een 4 and 8 c m / s e c .  The relationship  b e ­

tween hardness and s lo t  depth for s e le c te d  rocks (Fig. 4 -1 3 )  shows a rapid 

d ecrease  in cutting power with in creased  h ard n ess .

The breaking power of je t s  was a lso  in v estig ated  with nozzles  of 1 .1 1  

and 0 .9  8 mm at 1 ,0 0 0  atm pressure and a standoff of 5 cm . Tough limestones- 

were not broken, but holes were drilled . Granite  and sandstone b locks 

5 x  3 0 x 1 0  cm were broken by a je t  impacting a t  the center  of the larger fa c e .  

M arble b locks ^0 x 30 x30 cm were l ik ew ise  broken. However, some hard
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0.1 1 2 5 10 25 . 5 0
a , cm

1. Red granite 2. Marble 1 3. Limestone

Fig. 4-9 Relationship between the slot depth - h and the distance between nozzle and speci­
men - 1. (P - 2,00 atm.; d - 1.08 mm.; - 1.4 cm/sec). (Zelenin).
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Fig. 4-10. Relationship between the slot depth - h and water pressure p at the receiver. 
(Nozzle d - 1.08 mm.; vn - 1.4 cm/sec; Si - 1 cm). (Zelenin)?
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Dependence of slot depth - h on the area of the nozzle 
openings - to (p - 2,000 atm; nozzle d - 1.03 mm; -
1.4 cm/sec, l  -^cm). (Zelenin).
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4-12. Dependence of slot depth - h on the number of pass 
ages by water stream in the same slot - n.
(p - 1.500 cm; nozzle d - 1.03 mm; v - cm/sec, Z  
cm?. (Zelenin). n
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Fig. 4-13. Relationship between the slot depth cut by water jet - 
h and the coefficient of rock hardness - f, (p - 1,000- 
atm; nozzle d - 1 mm. v - 1 cm/sec; SL - 5 cm̂ . (Zelenin)

/
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la*.-,.

and b r i t t le  ro cks  w ere n o t b roken  b y  je ts  im p a c tin g  from  30 to  60 se co n d s .

The fo rm u la  fo r je t  energy is  g iv e n  by

E = Qprt
367.2 x 3600 kw-hr (4-9)

where
3Q = quantity of water, m /hr 

pr = receiver pressure, meters 
t = time of jet action, sec.

However, a comparison of crushing energy of the rock with c a lc u la te d  energy 

gave-too wide a sca tte r  of data to e s ta b l is h  any u sefu l re la t io n sh ip s .  (This 

method of t e s t  was d iscon tin u ed .)

A device  was designed to .measure the to ta l force o f a w ater je t  a tv a r y -  

ing standoff d is t a n c e s . R esu lts  (Table 4 -4 )  show that the force  is  approximately 

c o n s ta n t ,  probably due to l i t t le  lo s s  in j e t  v e lo c ity  in d is ta n c e s  to 45 cm . The 

d e cre a se  in s lo t  depth h with in c re a s e  o f standoff is  due to the growth o f je t  

c r o s s - s e c t io n  with d is tan ce  tra v e led . It is  concluded that the s lo t  depth is  

proportional to the water j e t  p re ssu re .

TABLE 4-4
Pressure

in
receiver

Acting force of water stream p, kg

H  = 3 cm % = 5 cm CMII = 25 cm l = 45 cm
300 4.0 4.0 3.5 3.9 3.5
500 9.0 7.0 7.0 7.5 10.0
700 10.0 11.0 11.5 11.0 12.0
1000 15.0 14.0 16.0 15.5 15.0
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It was found that for a given traversing speed there is  a defin ite  c r i t ­

ica l  s p e c i f ic  pressure for a given rock at which s lo t  cutting is  in it ia te d .  This 

value is  d irectly  proportional to the c o e ff ic ie n t  of hardness of the ro ck , i . e .  ,

p . = 13 frmm
and the c r i t ic a l  re ce iv e r  pressure is  given by

(4-10)

P c = 25 f (4-11)
It was a lso  found that the product of the working area of a j e t ,  w ^ , 

and the cut depth h is  constant for a given m aterial and is  independent of 

standoff. A lso , h x w, is  inversely  proportional to f .  Thus, for £ = 1 0 0 0  atm, 

vn = 1 c m / s e c  and d = 1 mm, for rocks of f_= 5 to 16 ,

h-w- f ~ 0.5 (4-12)
For rocks where f_ varies from 5 to 20 the following range of operational

v alu es for rock cutting were recommended:

(a) Pressure: 800 to 1500 atm
(b) Nozzle dia. : 0.8 to 1.5 mm
(c) Standoff: 1 to 5 cm
(d) v = 40 to n 170 cm/sec

For rock breakage standoff should be zero.

L ysch ev skiy

L ysch ev sk iy  (Ref. 11) notes that a theory for fracturing o f rocks by 

water je t s  had not been e s tab lish ed  (1963), and therefore law s must be based 

on resu lts  of experim ental research .

r-~'



124

A method of dimensional a n a ly s is  is  therefore proposed 

parameters s e le c te d  are-

fa = depth of cut
Pl = density of jet
Ml = dynamic viscosity of jet
a  = surface tension of jet
P2 = density of target material ,

= dynamic viscosity of target material
\

uc = nozzle velocity of jet 
it =  distance from nozzle 
v = transverse velocity of target 
f = Protodyakonov hardness 
0 = angle of incidence of jet

Thus,

h = fcp i ; yi; o; pz> ^2 ? uc; dc; •&; v; e ;  f)

To obtain d im ension less q u a n t i t ie s , the units of L, G 

for length , time and gravity in the cg s  sy s te m , and

hL = Fj

L , T u ~ ; d L c T c JtL v y  ; 6 f 105 —

/

. The pertinent

(4-13)

and T are used

i

( 4 - 1 4 )
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One s e t  of d im ension less quantities is  given by

h „ 
d “ = F2

Pl P 2 P2

Pl /p xd a
;

p i < c a
a • d ’ c

(4-15)

V — -  ; 6 ; 1 0 5f  - C

.However, pj and p2 are analogou s, and the following exp ress io n s  are u tilized :

o pidr J PldcW = u 2 ---- ; W = v "  ---- ; = lCPf —  ; M =c a v a a
p i '

pi dca
(4-16)

which g iv es

P2 P2 

Pl * Pl
= F3 ( M ; —  ; —  ; W ; ; W„ ; 0 ; <f> (4-17)

The s e c t io n s  of the je t  are (1) the in it ia l undispersed je t  i x,

(2 ) the tran sitio n  se c t io n  i 2 > and (3) the final or d isp ersed  s e c t io n  z3.

The following empirical equation has been obtained from data for the

length
c

d

w hile the value of z 2 / &  i s given by

l z  „ W0 * 25  M°,tf
d C = Cl / P 2 \  0.24

(4-18)

( 4 - 1 9 )
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for variation o f the parameters W , M and p1 /p 2 ;-

(p2 /p i)  W = 60 to  7000; M < 0 .2 5 ;  ( p 2 / p O  = 0 .014  to 0.0095.

For n o zzles  designed with a c o n ic a l  entrance and cy lin d rica l e x i t ,

C =  1096 , and C]_ tak e s  on different v a lu e s .  For water je t s  on a given rock 

(p 2 /p i)  and (p2/y j  ) have co n stan t v a lu e s .  Also p12 /p 1dc varies  in a minor 

way and it  may be n e g lec te d . Equation (4 -17) may then be written as

h _ =  M  W; a -  ; Wq ; 0 ; * (4-20)

Utilizing px =  1 . 0 2  x 10 ^ g /s e c ^ /c m " 1, p 1 = 1 0 . 2 x 1 0  ° s e c / c m ° ,

and a_= 0 . 0 7 2  g /c m ,  p2 =  1 . 2 5  x  10- ® g /s e c ^ c m ^  and considering that

2
a uc  =  -2p2p/pi where p. is  the pressure o f  the liquid in kg/cm  and p is  the

C G

.2 /__ 4 >-6

los s: e o e ff ic ie n t

and *

5,! s  3 9 .5 (p c 2 p)
■0.71

(4-21)

&2 = 1 4 . F p 2 p 4 d ^-85 c ^ c (4-22)

R esearch re su lts  of Zelenin, e t a l .  , (Ref. 20) were obtained with n oz­

z les  of 0 . 4  to 1 .2  mm diam eter, p_ varying from 400 to 2000 atm and t r a n s -  

v erse _v e lo c it ies  o f  1 to 2 0  c m /s e c  on l im e sto n e ,  marblq, g ran ite , labrad or- 

ite  and other rocks with f_varying from 0 . 0 0  to 16.  The criterion Wp. is  em­

ployed b e cau se  of the importance of jp, and is  obtained by substitu ting  W for 

p^, i . e .  , Wp =  p2pdc/cr • For a range of v a lu es  of Wp from 5 x 10^ to 

26 x 10^ the data may be represented  by (Fig. 4 -14 )

-r— = const W d pc r
1 . 6 (4-23)
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A lo g -lo g  plot of h /cL  a g a in s t  <j> (Fig. 4 -1 5 )  a lso  g iv es  the re lationship

<p = const (4-24)ac
2 2for a range of va lues of <f> from 9 . 9 x 1 0  to 224 x l 0  .

The plot o f  the e ffe c t  of angle  of inc id ence  (Fig. 4 -1 6 )  g iv es  the fo l­

lowing for lim estone and marble

h \  A-6
J (s ine) (4-25)

c /max

L ikew ise , the influ ence  of Wv on the d im en sion less  depth of the cut 

(Fig. 4 -17 )  is  exp ressed  a s :

li _ const (4-26)

dc ~ W ° - 31 v

The e f fe c t  of the d is ta n ce  from the nozzle  to the rock is  different for 

the three c h a ra c te r is t ic  se c t io n s  of the je t  (Fig. 4 - 1 8 ) .  For the so lid  core 

se c t io n  the force is  v irtually  unchanged, i . e .  , there is  l i t t le  attenuation or 

d isp ers io n . B ecau se  of d ispersion  and other p ro c e sse s  there  is  a d e cre a se  in 

pressure and cutting e f fe c t iv e n e s s  (Fig. 4 - 1 9 ) .  The rate  o f d e cre a se  in the 

la s t  se c t io n  is  even greater .  The boundaries betw een the se c t io n s  are indi­

cated  by equations (4-21  and 4 - 2 2 ) .  The empirical e x p re ss io n s  ap p licab le  to 

the se c t io n s  are

. Transfer se c tio n

-j— = const Wp
1 . 6

( s in 0 )
1 . 6

h
d ( 4 - 2 7 )

/
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Fig. 4-14. The re la tio n sh ip  o f  h/d = f(W ) fo r  d i f fe r e n t  rocks.c p
d = 0 fcm; £ = 1 cm; v = 1 . 4  cm/sec; 6 = 90°. 
(Lyschevskiy).

Fig. 4-15 . The re la tio n sh ip  h/dc = f (<j>). pQ = 1000 atm; d£ = . 1 
cm /set; £ = 5 cm; 0 = 90°. (Lyschevskiy).

t
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Fig. 4-16. The relationship of h/d = f(0) for limestone and 
marble, limestone f = 7, p = 1000 atm, £ = 10 cm, 
d =0.1 cm, v = 20 cm/sec, - marble f = 10, p =
8&0 atm, d = 8.1 cm, vn = 1 cm/sec; h/dc = (sin 0)1.6 
for both rocks. (Lyschevskiy).

F i g .  4 - 1 7 .  The r e l a t i o n s h i p  o f  h / d  <j> = f(W. ) ;  d = 0 . 1  cm;
p Q = 1000 atm. ( L y s c h e v s k i y ) .  V C



Fig. 4-18. The relationship of h/d $ = f(£/d ). d 
p = 1000 atm. (Lyschevikiy). C

/

= 0.1 cm
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CM
CM

P.

Fig. 4-19. The general relationship for the transfer section of the 
jet. (Lyschevskiy).

Data for Figure 4-19

cm______ cm/sec_____ cm
marble 10 5.0 1.0 0.072 0
limestone ' 5 5.0 1.0 0.072
marble 10• 5.0 1.0 0.04 -o-
limestone 0.7 10 20 0.1
marble 10 5.0 1.0 0.118 0

0.099 -6-
limestone 5 5.0 1.0 0.099 - i -

0.118 *granite 16 1.0 1.4 0.1 +
marble 10 o
limestone 5-6 •
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and dispersed se c tio n

h const
d (4-28)

Cutting should therefore be performed by the je t  at d is ta n c e s  le s s  than 

the end of the transfer s e c t io n .

Also, the exp ressio n s for cutting for a given angle  of in c id e n ce  is  for

(a) the transfer se c t io n

V =  0.305 x 10"2 — (WgsinB) 1 . 6

<pW 22 (4-29)

(b) the non-d isp ersed  se c t io n

= 0.23 x 10"2 (Wpsine)
c 4> W ° - 31v

(c) the dispersed se c t io n

1 . 6 (4-30)

h_
d 21.5 x 10 ■2 ____(Wpsin 9)1 *6

0 . 31  / o  \ 1 . 1 4<pW

(k)

(4-31)

Inserting the parameters for cutting by cap illa ry  je t s  o f  water a t nor­

mal in c id en ce  (0 = 90°) for depth o f  cut is  

(a) for the non-d isp ersed  se c tio n

-2  (U^ P) 1 - 6^ 1- 41*5h = 1.405 x 10
£y 0.31

(4-32)

(b) for the transfer se c t io n

h = 1.865 x 10
(y 3p)*•®d 1*665 -2 c c
fv0-31 Z 0 - 2 2

(4-33)
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and

(c) for the dispersed se c tio n

? Oi 2p ) 1 . 6 d 2 . 5 8 5
h = 131 X  10 —------------- ---------- (4-34)

fv 0 - 31* 1 - 14

in which the l in e ar  measurements are in ce n tim e te rs ,  the v e lo c ity  in c m / s e c ,  

and the pressure £  in atm ospheres. Thus, standoff does not enter in for c u t ­

ting at sm all v a lu es of,.£_and cutting is  most e f f ic ie n t  in th is  region . 

V oytsekhovsk iy , et a l .

The IV-4 pulsed water je t  was developed in 1961 (Ref. 24 ) ,  the je t  d e -  

veloping approximately 5000 kg/cm .

Hardness of b locks of sandstone 13 x 1 1 x 7  cm was determined and 

th ese  were shot a t  d is ta n ce s  of 8 5 -9 0  cm from three coordinate d ire c t io n s .  

Normal to the s tra t i f ic a t io n ,  small c rack s  and sp a lls  occurred with the f irs t  

3 to 5 s h o ts .  Subsequent shots penetrate th ese  c r a c k s ,  form hydraulic wedges 

which break the rock to form co n e -sh ap e d  cra ters  with a com pressed rock 

n u c le u s .  The angle  of fracture of the side of the cone v aries  from 26°  to 

3 0°  for the sand stone te s te d .

For the full se r ie s  of shots a to n e  position sm all volumes up to 100 cc- 

were broken out (Fig. 4 -20 )  by 3 to 5 s h o ts ,  and in creased  sharply th ere a fte r .  

In shots p ara lle l to s tra t if ica t io n ,  the f irs t  shot broke 25 c c ,  and the p re s ­

ence of ex is t in g  cra ck s  enhanced the b reak age . The 37th shot broke the 

b lo ck . A second group of te s t s  was made on lim estone o f hardness f_= 7 to 8 . 

The firs t  sh o t,  a t normal in cidence  and a standoff o f  1 .1  to 1 .5  m eters , made 

a hole of h =  16 to 18 cm and diameter 19 to 21 cm , and a second shot in ­

creased  the depth to 19 to 21 cm. Shots at 8 2 . 5 °  in c id en ce  formed holes
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Fig. 4-20. Relationship between the volume of destroyed sandstone 
and the number of shots directed to one point. 
(Voytesekhovskiy).
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h =  13 cm and 4 to 5 cm diam eter.

The average breakage per shot varied from 2 to 2 .9  cm . The power re ­

quired per shot is  given by

A = vp (4-35)

where

v =  30 l i t e r s ,  volume per shot

p = 6 5  atm =  average pressure supplied to w ater je t

A =  1950 l i te r  -  atm or 0 .0 5 4  kw-hr 

This in d ica te s  a power consumption of 18 to 27 k w -h r/cu  m eter.

The co n c lu s io n s  were:

1 . The IV-4 pulsed w ater je t  developing 7000 kg/cm ^ dynamic 

pressure w ill s u c c e s s fu l ly  break rocks o f  f_= 5 to 6 co n ­

taining c r a c k s .

2 .  E ffective  breakage requires from 3 to 5 shots in the same 

p o sit io n , or one shot where crack s  are presen t.

3 .  L ess  unit power is  required for higher pressure j e t s .

In th e s e  te s t s  a l l  rocks were made with b lo ck s  in the laboratory . Com­

p lete  fracture of such b lo cks  is  not analogous to the type o f  fracture which 

would o ccu r  in a so lid  fa c e .

C hastov itin  and Cherkasov

In 1960 C hastovitin  (Ref. 43) noted the p o ss ib le  use of high speed 

w ater je t s  in tu n n e ls .  Pressures varied from 1000 to 1500 atm forcing water 

through n o zz les  o f 1 to 3 mm diameter with speeds of 300 to 45 0 m e t e r s / s e c .  

Transverse  cutting speeds varied from 5 to 30 c m / s e c .  S lo ts  are cut in the
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working face  and the rock between sp lit  by "known m eans" . Further studies 

on the productivity, energy and o th e rfa c to rs  were reported to be in p ro g ress . 

Konyashin and V eselev

Konyashin and V eselev  (Ref. 27) report re su lts  of rock cutting exp eri­

ments with pulsed je t s .  Pressures were varied from 400 to 1000 atm , nozzle  

diameter from 0 .7 3  to 1 .0 8  mm and pulse ra te s  were 12 to 16 per s e c .  Two 

types of l im estone were used for targets  and traversing speeds were varied 

from 1 .0  to 1 9 .0  c m / s e c .

At trav erse  speeds of 20 c m / s e c  only c o n ic a l  holes were obta in ed . 

A lso , producing pulsed je ts  in c re a s e s  machinery b re a k a g e . It was concluded 

thatfpulsed je t s  are adequate for rock breakage and not cu tting .

.. This co n clu sio n  was borne out by Voytsekhovskiy (Ref. 24) who c o n -  

:clucked that pulsed je t s  developing 7 0 0 0 ,k g /c m ^  dynamic pressure w ill s u c ­

c e ss fu l ly  break moderately hard ro ck . • L ittle  is  given on the m ech an ics  of 

breakage. However, the fractures produced by the f irs t  few shots provide 

a means for crack  penetration and fracture by subsequent sh o ts .

Kuklin

Kuklin (Ref. .16) s ta te s  that the fracturing o f rock by water je t s  d e -  

pends upon the following factors :

1 . . The p h y s ic a l-m e ch a n ic a l  properties of the rock and the in situ

stru ctu re .

2 . The te ch n ica l  p ro c e s s e s  and the method of hydraulic fractur­

ing; and

/•
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3 . The combination of the action  of hydraulic fracturing with me­

c h a n ic a l ,  b lasting  and other methods.

Four types of hydraulic fracturing are indicated:

1. The hydro-washing of s lightly  cemented m a te r ia ls ,  or grains

or fragments, such a s  san d s, broken co a l  or other granu­

lar  m aterial.

2 . W ashing.off of laminated san d y -c la y  ro c k s ,  accom panied by

filtration into the fo rce ,  in m aterials such a s  are mined by 

open pit m ethods.

3 . Hydrofracturing o f cracked  or fragile  rocks due to cutting a c ­

tion and p ressu re , particularly by pulsed je t s  , ch arac terized  

by large sp a lls  or fragm ents.

4 .  The cutting of dense or lengthy fraction al rocks by pulsed or

continuous j e t s ,  ch aracterized  by formations o f sm all frag­

m ents, u tiliz ing pressures to 2500 a tm o sp h eres .

These ca te g o r ie s  may overlap co nsid erab ly .

Kuklin sta ted  in 1962 that the primary o b je c t iv e  of further research  

should be the development of combined methods o f fractu rin g . He recom ­

mended (a) the adoption of a unified term inology, (b) determination of energy 

and other parameters of the j e t ,  and (c) production o f re s e a rc h  re su lts  o fro ck  

properties and methods of te s t in g .

Leach and W alker

Leach and W alker (Ref. 10) studied the e ffe c t  of 1 mm w ater je t s  at 

about 1000 m /s e c  (Mach number 3 .5 )  on 30 cm cubes of three sa n d sto n e s ,
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a marble and a g ran ite . Com pressive strength R s s -3 3 0  atm, D D s s -6 7 0  atm , 

P s s -1 4 6 0  atm, C marble 1100 atm, and A granite  1370 atm.

Jets u sually  produced a h o le ,  with o c c a s io n a l  large crack s  or shallow  

c ra te rs .  The holes for a l l  rocks were 5 ^ 1  mm diam eter. For harder rocks 

penetration did not take  p lace  below a (suggested) c r i t ic a l  pressure of 2000 

atm. Hole diameter did not vary s ig n if ic a n tly  with depth.

Rock strength e ffe c ts  hole depth, which in c re a s e s  with pressure  

(Fig. 4 - 2 1 ) .  Repeated shots a t 5000 atm su g g e st  a c r i t ic a l  depth for D D ss ,  

(Fig. 4 - 2 2 ) .  Simulated pressures (Fig. 4 -2 3 )  a t the hole bottoms were m ea­

sured for 130 and 600 atm n o zzles  with a s p e c ia l  device  and were found to 

d e cre a se  to a co n stan t value of about o n e-ten th  the pump pressure for hole 

depth greater than 10 hole diameters . A s im ilar  phenomenon is  thought to o c ­

cur for p ressures  o f 2000 atm to acco u n t for lim iting hole depths.

" Assuming spaced  geom etrical w ater j e t  cutting normal and p a ra lle l  to

a fa ce  of ro ck , an estim ate  o f 40 kg/m in for Rss is  e stim ated , which produc­

tion is  not a s  great a s  m echanical methods for the same horsepower (500) a t 

the nozzle  o u tle t .

C o oley , et a l .

C ooley  (Ref. 31) compares e f fe c t iv e n e s s  of steady and pulsed je t s  on 

the b a s is  of amount o f rock broken fo rth e  same nozzle  diam eter, pressure and 

horsepower. The volume rate parameter is  defined as  the amount of. rock 

broken per je t  horsepower
V____ r

d2p r o

0
3 / 2

(4-36)
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30 cm cube of rock, 2.5 cm from nozzle, single shots of 10 cm3

Fig. 4-21. Variation of hole depth with water pressure for different 
rocks. (Leach § Walker).
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Number of 10 cm3 water shots of 5000 atm 
from a 1 mm diameter nozzle
Distance from nozzle to center of one 
face of a 30 cm cube block = 2.5 cm

Fig. 4-22. Rock penetration by water jets. (Leach § Walker).

Fig. 4-23. Pressure at the bottom of a simulated hole. (Leach § 
Walker) .

/



CHAPTER V

PROJECTILE ACCELERATION AND IMPACT

INTRODUCTION

M o s to f  the re se a rch  performed with hypervelocity  p ro je c t i le s  has been 

for the purpose o f  sim ulation of meteorite im pact. The maximum v e lo c i t ie s  

obta in able  for undeformed p ro je c t i le s  (1968) appears to be in the neighborhood 

of 4 0 ,0 0 0  fps for sm a ll ,  low density  m ateria l.  Severa l means have been e x ­

plored and u til ized  for a cce le ra t in g  p ro je c t i le s  such  a s  d irect p ro jection  by 

e x p lo s iv e s ,  e le c tr ic  arc  g u n s, magnetic a cce le ra to rs  and o th e rs .  Implosion 

tech niqu es in the cham ber o f a gun are currently under experim entation. The. 

most s u c c e s s fu l  d ev ice  to d ate , however, appears, to be the light gas gun- 

(see  Appendix A for th e o ry ) .

Experimental conditions often require that the p ro je c t i le  be undeformed 

and o f i ts  original m ass when it  reach es  the ta rg e t.  This m eans.that the a c ­

c e le ra t io n  fo rces  cannot e x ce e d  the strength o f the p r o je c t i le .  L ik e w ise ,  the 

m ass o f  the p ro je c t i le  must be sm all ,  and while there is  no th e o re t ica l  upper 

lim it to a tta in a b le  v e lo c i t i e s ,  p rac t ica l  co n sid eration s in s iz e ,  strength and 

p ressu res  have p laced  an upper lim it on p ro je c ti le  v e lo c i ty .

Limitations -  High V elocity  Guns

In re sea rch  and ap p lica tio n s  of high v e lo c ity  guns to rock fracture 

problems it is  n e c e s s a r y  to know what the lim itations are with re sp e c t  to the 

m ass and v e lo c i t ie s  o f  p ro je c t i le s  as  related to their properties and the para­

meters of the gun. Curtis (Ref. 45) stated  in 1964 that "no c le a r ly  defined 

th eo retica l  upper lim it to the v elo c ity  capab ility  of a light gas gun e x i s t s . "

142
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where Vr is  the volume of rock broken.

Repeated shots for sandstone have y ielded 500 tim es the volume of 

rock broken by a steady je t  (Russian te s t s  -  Ref. 24 ) .  However, the te s t s  

were made on unconfined b lo ck s  of rock . The added e f fe c t iv e n e s s  was due 

to the porosity and fractures in the san d sto n e. The same was true of granite 

when a second shot broke 10 tim es more rock than a f ir s t  sh o t.  The crack s  

cau sed  by the first shot permitted pressure to be exerted beyond the crater in ­

to the rock , resulting in d irect te n s i le  slabb ing .

Bowden, e t a l .

Bowden and c o l le a g u e s ,  (Ref. 44) d isc u sse d  the e f fe c ts  of liquid im­

p act on m e ta ls ,  particu larly  with reference  to raindrop e r o s io n . However, 

droplet v e lo c it ie s  were lim ited to a maximum of 1200 m / s e c .  The principle 

mechanism of removal of m aterial appears to be by means o f a p ro cess  o f ero­

s io n . The research  re su lts  in the paper by Leach and W alker, which is  co n ­

cerned with impact o f  water, j e t s  on ro ck , is  presented  e lsew h ere  in th is  re ­

port.
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The primary facto r appears to be the ratio o f the a c c e le ra tin g  fo rces to the 

strength of the p r o je c t i le . The follow ing d isc u ss io n  is  taken from C urtis 

(Ref. 4 5 ).

The v e lo c ity  o f the p ro je c tile  is obtained by in tegrating  N ew ton's equa­

tion o f motion

m dt = (5 -1 )

where m is the m ass o f the p ro je c tile , u_is v e lo c ity , A_is the e ffe c tiv e  area 

o f the p ro je c tile  and p(t) is  the actu al pressure on the p r o je c t i le . The m ass 

of the p ro je c tile  should be sm all and a lso  e ith er th'e p ressu re  an d /or the tim e 

o f ap p lication  of pressu re must be la rg e . Thus, the gas p ressu re or the length 

o f the gun barrel must be in c re a se d . The pressure can  only be increased , un­

ti l  the lim it of strength o f e ith er the p ro je c tile  or the gun is  reach ed . To in ­

c re a s e t im e  of launch the length o f the barrel must be in c re a se d , but th e length 

is  proportional to the square o f the launch tim e. H en ce , it is  d e sira b le  to in ­

cre a se  the p ressure to a fe a s ib le  maximum. H ow ever, even w ell designed 

p ro je c tile s  w ill only su sta in  p ressures which are an order o f magnitude low er 

than operational p ressu res of guns.

Id e a lly , the propulsive pressure should be kept co n stan t during the 

launch period for maximum v e lo c ity . P ra c tica lly , th is  is  not p o s s ib le , and 

even u ndesirable to do, but the "id e a l gun" may be used  a s  a b a s is  for com ­

parison o f perform ance with rea l guns. The perform ance facto r is  defined as 

the ratio of the maximum b ase  pressure to the average b a se  p ressu re . Early 

light gas guns had perform ance factors as high a s  f iv e , w hile th at bu ilt a t 

G eneral Motors D efense R esearch  Laboratory (1964) has a facto r of two or le s s  .

/
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Another main co n stra in t is  the strength o f th e p r o je c t i le . A cce le ra ­

tion  d is ta n ce -re la tio n  (F ig . 5 -1 ) show s th at an a c c e le ra tio n  on the order o f 106 

g is  required to a c c e le r a te  a p ro je c tile  to 3 0 ,0 0 0  to 4 0 ,0 0 0  fps in a d ista n ce  

o f 20 fe e t .  The s t r e s s e s  in a right cy lin d rica l p ro je c tile  (F ig . 5 -2 ) for 10 g 

e x ce ed  the computed u ltim ate strength o f m ost m ateria ls  a t  a d ista n ce  o f one 

inch from the front fa c e .  From the sim ple d esign  nomograph (F ig . 5 -3 ) an a e ro ­

dynam ic p ro je c tile  approxim ated by a cy lin d er one inch  lo n g , v e lo c ity  4 0 ,0 0 0  

fp s , m aterial A1 o f 6 0 ,0 0 0  p s i com p ressiv e  strength  g iv es  a p erm issib le  a c ­

ce le ra tio n  of 6 2 0 ,0 0 0  g . The av erag e a c c e le ra tio n  is  equ al to :he maximum 

a cce le ra tio n  divided by th e perform ance fa c to r . For a perform ance factor o f 

tw o, the average a c c e le ra tio n  i s  3 1 0 ,0 0 0  g , and the length  o i  gun required 

(F ig . 5 -4 ) is  82 f t .  For a gun o f 300 c a lib e r  length  th is  would require a 3 .3  

inch  diam eter. V e lo c ity -p ro je c t ile  length re la tio n s  for alum ir urn p ro je c tile s  

(F ig . 5 -3 ) in d ica te  th at extrem ely  large guns would be required for one inch 

p ro je c tile s  a t 4 0 ,0 0 0  fp s .

The curves u sed  above w ere found by C u rtis (Ref. 45) to be roughly 

valid  for approxim ate e stim a te s  o f perform ance a t th e B a ll is t ic s  Range o f the 

G eneral M otors D efen se  R esearch  Laboratory. From th is  a n a ly s is  three ru les 

w ere 'estab lish ed :

1 . Forgiven  s iz e  and properties o f the p r o je c t i le ,  the minimum lin e a r 

gun dim ensions required are proportional to the square o f the launch v e lo c ity ; 

and the m ass o f the gun is  proportional to the s ix th  power o f the launch v e­

lo c ity  .

x’*
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Fig. 5-1. Velocity - Distance relationship at constant acceleration. 
(Curtis).
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Distance from front face - inches

Fig. 5-2. Compressive stress as a function of distance from 
front of a cylindrical projectile accelerated by 
a force applied to one end, resulting in an acceleration 
of one million gravities. (Curtis).
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Effective model length - inches

Fig. 5-4. Launch tube length required to launch aluminum models 
of various effective lengths. (Curtis).
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2 . For co n sta n t launch v elo c ity  the required linear gun dim ensions are 

directly  proportional to the length of p r o je c t i le ,  and the gun mass is  propor­

tional to the p ro je c t i le  length.

3 . For co n stan t gun s iz e  the length of p ro je c t i le  for s u c c e s s fu l  launch 

is  in v ersely  proportional to the square of the launch v e lo c ity .

The upper lim it of v e lo c it ie s  for d isc re e t  undeformed p ro je c t i le s  in 

March 1967 (Ref. 46) was about 3 5 ,0 0 0  fps for an 0 .0 5  gm p r o je c t i le .  Jet 

spray v e lo c i t ie s  to 100 k m /se c  have been reported by Polish in v estig ato rs  

(Ref. 4 7 ) .  The personnel at UTIAS (Ref. 48) have developed two types of e x ­

plosion la u n c h e r s .

The f irs t  has a driving chamber w hich is  hem ispherical in shape f illed  

with an exp lo s iv e  mixture of g a s e s  such as  diluted hydrogen and oxygen. The 

mixture is  ignited  at the center of the f la t  fa c e  of the hemisphere and the re ­

f lec ted  shock w aves from the w alls of the conta iner develop a high pressure 

a t the ignition p oint, which is  employed to a c c e le r a te  a p ro je c t i le .

A second method u til iz e s  a high ex p lo s iv e  liner insid e  the surface of 

the cham ber, the whole being ignited sim ultaneously  oyer its  su rfa ce .  The 

resulting  exp lo sio n  develops very high pressures at the center of the f la t face  

of the h em isp h ere . The first mechanism (gaseous detonation) m aybe employed 

to in it ia te  the se co n d . The implosion of high ex p lo s iv es  generated pressures 

an order of magnitude higher than those developed by re flec ted  sh o c k s .  The 

more in ten se  p ressure  is  of short duration, however, and would p lace  larger 

a cce le ra t io n  loads on the p ro jectile  causing deformation and fragmentation. 

Erosion may a ls o  c a u s e  serious problems.
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CRATERING AND PENETRATION THEORIES

Herrmann and Jones (Ref. 49) published an e x c e l le n t  summary o f data 

and theories on hypervelocity impact which had been developed to 1 9 6 1 . This 

was updated in 1963 (Ref. 50) but few new th eo retica l  id eas were added. Much 

of the following is taken from th e s e  summaries, although in some c a s e s  the 

original sources were a lso  review ed.

The existing  th eo retica l  a n a ly s e s  were categorized  by Herrmann and 

Jones into four groups based upon the simplifying assum ptions involved:

I. Rigid p ro jecti le  theory in which the p ro jecti le  is  assum ed to be un- 

deformed during penetration (low v e l o c i t i e s ) .

T '  II .  Hydrodynamic theory, in which the p ro je c ti le  is  assum ed to have 

zero shear strength. The strength o f  the target is  n eg lected  or introduced a s  

a correction factor.

III. Thermal penetration , in which the material is  assum ed to be re ­

moved by melting or vaporization.

IV. Explosive analogy , in which the crater  formed is  assum ed to be 

id en tica l  to that formed by an equ ivalen t m ass o f high e x p lo s iv e  detonated at 

the su rface  of the target m ateria l.

I . Rigid P ro jectile

These theories were developed primarily for the penetration o f  thin 

targets  and are not app licab le  to 'penetration  of se m i-in fin ite  targets  of either 

m etals or rock . Q ualitative information from them is  o f  in te re s t ,  however. 

Some propose that the p ro je c ti le  is  slowed by fluid drag after  which empiri­

ca l  armor penetration laws apply. Another assumed a sim ilar drag fo rce ,  with
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an additional s t a t i c  force proportional to Brinell h a rd n ess .  S t i l l  another sug­

g ested  a model in which the p ro je c ti le  is  separated  from the rigid part of the 

target by a zone o f  in com pressib le  fluid composed of both p ro je c t i le  and ta r ­

get m ater ia l ,  which flows outward, eroding the target and forming a c ra te r .

II .  Hydrodynamic Theory

In co n ju n ctio n  with their studies of shaped charge je t  p e n e tra t io n , Birk- 

hoff ,  e t  a l .  , (Ref. 51) proposed that s in c e  the p ressu res  on the target are so 

much g reater  than target strength , shear fo rces  can  be n e g le c te d .  The re ­

s is ta n c e  to p enetration is  then due only to inertia l fo rces  required to a c c e le r a te  

the target m ater ia l .  Thus, the je t  (projectile) and target are co n sid ered  to be 

in v isc id  f lu id s ,  and , h e n ce ,  th eories  based  on th is  assum ption are termed 

hydrodynamic (not to be confused with the hydrodynamic theory of shock w a v e s ) .

It is  noted (Ref. 49) that Bjork (Ref. 52) has offered one o f the more 

com plete so lu t io n s ,  in which he num erically integrated the tw o-dim ensional 

equation o f flow for a com pressib le  in v isc id  flu id , u tiliz in g  an entropic equ a­

tion o f s ta te  for th e  m ateria l.  N on-linear equations are involved, which could 

not be  so lved  by a n a ly t ica l  m ethods. Opik (Ref. 53) obtained a sim plified  

so lu tio n , assum ing that the p ro je c t i le  and ta r g e t  are  in co m p ress ib le ,  and are 

included a s  co rrec tio n  for target strength. For je t s  the th eo re t ica l  develop­

ment is  more sim ple if  a fluid je t  or p ro je c t i le - ta rg e t  cond ition-is  assum ed 

and motion continu es only while the je t  impinges on the ta rg e t.  In th is  c a s e  

la tera l expansion  o f  the crater  a fter  the je t  stops is  n e g lec te d . Such th eo ries  

are only approxim ate , and apply only to je t s  or long slender rod s, but are u s e ­

ful in estim ating  penetration by short p r o je c t i le s .
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Bjork 's theory (Ref. 52) u t i l iz e s  an entropic equation o f s ta te  re lating  

the internal energy, pressure and s p e c i f ic  volume, but n e g le c ts  the strength 

of the m aterial.  Conditions were for normal impact of a cy lin d rica l  p r o je c t i l e . 

Equations of motion for fluid flow , together with in it ia l conditions o f zero for 

a l l  parameters excep t p ro jecti le  v e lo c i ty ,  were solved num erically  using a 

sp a ce  mesh for 25 x 25 c e l l s  (F igs . 5 -5  a n d .5 -6 ) .  C a lcu la ted  re su lts  are ap­

proximately represented by
1/3

h /d  = kv

where d is  taken as

,  1 /3
d = (irr2L)

(5-2)

(5 -3)

and ' '•

, .7. k =  constant

v =  p ro je c t i le  •’ 'pact v e lo c ity  

=  crater  depth -  penetration

......^ -“ d =  p ro je c ti le  diameteF

L =  p ro je c ti le  length

The quantity d is  taken a s  the rep resen ta tiv e  dimension o f the p r o je c t i le .

O pik 's  'theory (Ref. 53) makes a llo w an ce  fo rtarget strength , co n sid ers

an incom pressib le  p ro jecti le  (L /d =l)  o f  radius r ,  density  0 , m ass mp and
P

v e lo c ity  v impacting a target o f  d ensity  pfc. The p ro je c t i le  shape a fter  time 

tQ is  defined by penetration h and radius r. of the crater  occupied  by the pro- • 

je c t i l e ,  where

/

2?rr3 p = 2irr2 (h -h ) p 
P P P p (5-4)
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Pressure Contours and Velocity Field

Fig. 5-5. Numerical solution of penetration of an iron projectile
into an iron target, neglecting material strength. (Bjork).

/
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Pressure Contours and Velocity Field

/
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where h is  the depth of the ce n ter  o f  gravity o f deformed p ro je c t i le  below the 

orig inal target su rfa ce .  The equation for momentum is  then

mh = - ur2p (5-5)c c
where pc  is  the pressure a t  the bottom of the cra ter  which r e s i s t s  penetration .

Application of Bernoulli 's  theorem re su lts  in

Pc = 1/2 pfch2 +  k (5—6)

where k_ is  the minimum pressure a t which penetration w ill  o ccu r .  L ik ew ise ,  

for rad ia l expansion
p j  = 1/2  Pt  r 2 +  k (5 -7)

p.and 2.' are re la ted  by u se  o f Bernoulli 's  equation in th e  coordinate system  

moving a t  a v e lo c ity  u:

pc = pc + 1/2 PP r2 (5"8)
S in ce  u rep resen ts  unsteady flow th is  represents only a rough approximation .

Elimination o f p. from the above y ie ld s  a d ifferen tia l equ ation .

Je t penetration from shaped charges (see  Chapter VI) is  o f  particular 

in te re s t  in th is  study b e ca u se  of research  that has been  performed on ro ck . 

Its p o s s ib i l i t ie s  for p ract ica l  u se  have not been  fully explored .

Sp h erica l and cy lind rica l p ro je c ti le  behavior has been  approximated 

by j e t  th eo ry . B e ca u se  the je t  pressure is  severa l tim es the dynamic strength 

o f  target and p ro je c t i le  m ateria l,  sh ear  r e s is ta n c e  is  n eg lig ib le  and m aterials 

are regarded a s  incom pressib le  f lu id s .

As a f ir s t  approximation Birkhoff (Ref. 51) co n sid ers  a lso  that the flow 

is  stead y  with re s p e c t  to a coordinate system moving with the je t - t a r g e t  in ter­

fa c e  a t a v e lo c ity  _v.

/
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The stagnation  p ressu re , by B ern ou lli's  equ ation  is

p = 1/2 pt v2 = 1/2 PpCVj-v^2 (5-9)
where

p - stagnation pressure 
p = target density 
Pp = projectile density 
v_̂ = velocity of interface 
v. = jet velocity

Rostoker (Ref. 54) added a factor for ta rg e t strength  _k,

1/2 p v2 + k = 1/2 p (v.-v.)2 
t  P 1 i

(5 -10)

and E ichelberger (Ref. 55) u tiliz e s

k = 1/2. p v 2 
P °

(5 -11)

where vQ is  the minimum or threshold  v e lo c ity  for craterin g  to b eg in . In itia l

th eo re tica l developm ents assum ed th at the v e lo c ity  o f the je t  from a c o n ica l

liner.w as co n stan tan d  is  o f in te re st b e ca u se  o f the b a s ic  m echan ics involved .

For con stan t v e lo c ity  v , density  0 and length L, m ost of the penetration h is
P

assum ed to occu r a s  a resu lt o fs te a d y  m otion, s o , approxim ately the p en etra­

tion is  simply

h = / vdt (5-12)

there t-̂  is  the tim e from in itia l im p act, i . e .  ,

ti = P+L v (5-13)

/
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From th ese  equations

(5-14)

When the je t  has a very high v e lo c ity

( 5 - 1 5 )

Another hyp oth esis by P ack , e t a l . ,  (Ref. 56) u tilized  the dynam ic y ield  

strength Y to give

(5-16)

where czi is an em pirical function of the m aterial d e n s it ie s , the correction  

term being about 0 .3  for arm or. This la s t  formula does n o ta cco u n t for la te ra l 

ex p an sion , so another term w as added:

h
L (5-17)

Cook (Ref. 3) estim ated  the radius of the hole by assum ing that the im pulse 

rece iv ed  by the target is  u tilized  in la tera l exp an sion , and proposed the formula

m p (v.-v.)2r.2 At = (1/2 p r2+k)Trr2At 2 p J i 1 t (5-18)
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where

vi =  radius o f je t

rc  =  radius o f cra ter

The final c r o s s -s e c t io n a l  is  found for rc  =  0 ,  or

r = r.(v.-v.) 
J 3 i

(5 -19)

and elim ination  o f vi from the above equation g iv es  the radius o f th e h o le . 

Thermal Penetration

When th is  m echanism  is  assum ed to dom inate, penetration  is  a cco m ­

p lish ed  by m elting or vap orization  o f th e ta rg e t a s  the k in e tic  energy o f th e 

p ro je c tile  is  changed to h e a t.

W hipple (Ref. 57) assu m es th at the c ra te r  is  a right c ircu la r  con e o f 

apex angle 6 0 °  and f ix e s  the depth o f penetration  a s

where Qt is  the la ten t h eat o f fu sio n .

Langton's (Ref. 58) theory is  s im ila r . It is  assum ed th at i f  both th e 

target and p ro je c tile  m elt for a h em isp h erica l c ra te r  the penetration  is

Explosive Analogy

This th eo ry , proposed by se v e ra l in v e s tig a to rs , s tip u la tes  th at the 

cra ter  formation by high v e lo c ity  im pact is  sim ilar to cra ter  formation by high

(5-20)

(5 -21)

e x p lo s iv e s . .The theory appears to apply to some m a te ria ls .
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Em pirical R elations

Several em p irical re la tio n s have been proposed in  p la ce  of inadequate 

th e o r ie s . Many of th e se  ta k e  the form:

h = (km ) X(v ) y (5-22)p p

where

irip =  p ro je c tile  m ass 

Vp =  p ro je c tile  v e lo c ity

Some of th ese  apply only to low v e lo c ity  armor p e n e tra tio n /w h ile  others have 

been applied a t higher v e lo c it ie s .

A l i s t  o f a number o f the em pirical formulas w hich have been found to 

f it  data for given m ateria ls is  summarized in Ref. 4 9 .

Penetration -  G eneral

Herrmann and Jones (Ref. 49) give a fa irly  com plete q u alita tiv e  d escrip ­

tion o f the phenomena occurring in hypervelocity  im pact a s  w ell a s  a critiqu e 

of the various form ulas .

Photographic and other types of observation  in d ica te  th at a t f irs t  im­

p act the cond itions may be estim ated  by one-d im ensional shock theory .

Hugoniot cond itions govern shockw ave phenomena into the target and 

back  into the p ro je c t i le . A cou stic approxim ations lead  to large errors. A 

c r it ic a l v e lo c ity  e x is ts  when p ro je ctile  v e lo city  e x ce ed s  the v e lo c ity  o f the 

shock back into the p ro je c t ile , which is  a function o f d e n s itie s  and com pres­

s ib il i t ie s  o f the m a te r ia ls .

>
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At low v e lo c it ie s  the im pact p ressure is  o f the sam e order as the dy­

nam ic y ield  strength o f the targ et and in th is  regim e penetration  is  strongly  

influ enced  by the re la tiv e  m aterial strengths and b r it t le n e s s .

Thus, three regions are  commonly defined: 1) a low v e lo c ity  region 

where the p ro je c tile  su ffers only minor deform ation, 2) a tran sitio n  reg ion , 

and 3) a high v e lo c ity  or fluid im pact re g io n . P enetration  is  nearly propor­

tion al to the 4 /3  power o f the v e lo c ity  in the low region and to the 2 /3  power 

in the high v e lo c ity  reg ion . M ost data a v a ila b le  for th ick  or in fin ite  targets 

are in the tran sition  region and below .

When im pact o ccu rs in th e la tte r  reg io n , a fine spray of m aterial is  

forced out o f the cra ter  in d u ctile  m a te r ia ls . Solution o f the flow , shock and 

sta te , equations for an in v isc id  fluid show sh ock  and rarefac tio n  system s sim i­

lar to th ose observed by photography.

R elative shock v e lo c it ie s  a ffe c t  depth o f p en etra tion . If the shock in 

the p ro je c tile  is  carried  below  the su rfa ce , g reater p enetration  is  e x p ected . 

How ever, i f  the p ro je c tile  shock  proceeds above the ta rg e t su rfa ce , a wider 

shallow  cra ter may o ccu r. B rittle  targ ets  tend to fractu re  around the lip  due 

to e la s t ic  sp rin gback.

M aterial su b je c te d  to in ten se  tran sien t p ressu re may be heated above 

the m elting point and some o f it  e a s ily  e je c te d  from the c ra te r . Some m aterials 

show signs o f re cry s ta lliz a tio n  a fte r  m eltin g . Severe p la s t ic  deform ations 

and shock twinning are a ls o  ev id en t.

Of the various hydrodynamic th eo ries Herrmann and Jones (Ref. 49) d is ­

cu ss  only B jork 's and O p ik 's in re la tio n  to the a v a ila b le  hypervelocity  p en e- 

tration d ata . B jork 's num erical so lu tions based  on fluid dynam ics are (1961)
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for only two m e ta llic  com bin ation s, A1 in A1 and Fe in F e . Solu tions con tain  

no a d ju sta b le  c o n s ta n ts , m aterial property co n sta n ts  being evalu ated  by m ea­

su rem ents. The assum ption that m aterial strength  is  n e g lig ib le  m akes the 

theory ap p lica b le  only a t high v e lo c it ie s . Herrmann and Jones plotted  a ll data 

based  on an "e q u iv a len t sp h e re ,"

For low v e lo c i t ie s , valu es for A1 and s te e l  ta rg e ts  fa ll  in B jo rk 's  cu rv e ,

but other a llo y s  fa ll  b elow . The experim ental poin ts a lso  in d ica te  a steep er 

1 /3slop e than (v) . No data are a v a ila b le  to ch e ck  agreem ent a t higher v e lo c i­

t i e s .  O p ik 's theory co n ta in s an ad ju stab le  co n sta n t for threshold  v e lo c ity , 

but agreem ent betw een h is  theory and experim ental re su lts  is  rather poor.

The f irs t  order penetration  theory for shaped charge je t  theory appears 

to apply only a t high v e lo c i t ie s , but no other co rre la tio n s  w ere plotted or p o s t­

u lated  by Herrmann and Jo n e s .

O f the therm al penetration th e o r ie s , W h ip p le 's  theory o v erestim ates  

the penetration  in  m e ta ls , Langton's u nd erestim ates it  and G row 's theory 

g ro ssly  o v erestim ates  penetration a t a ll  but low er v e lo c it ie s .  None o f th e se  

th eo ries tak e  m ech an ica l properties into a cco u n t.

P ro je c tile  strength  appears to have l i t t le  e f fe c t  on p enetration  above 

the tran sitio n  re g io n , where d ensity  is  a dominant fa c to r . On the other hand, 

Herrmann and Jon es (Ref. 49) s ta te  that th ere is  strong ev id en ce to in d ica te  

th at penetration depends upon target strength over th e entire  range covered  by 

data a v a ila b le  in 1961 for v e lo c it ie s  up to 4 .7  k m /s e c . More recen t data on 

m etals appear to be larg ely  forth in  ta rg e ts . The diam eter o f the cra ter  v a ries
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w ith different m a te ria ls , the ra tio  h /d c in creasin g  with in c re a se  in v e lo c ity  

for copper and lead  to a value o f 0 . 5 .  For Al, Mg and nylon p ro je c tile s  the 

upper asym ptotic value is  about 0 . 4 .  For tu ngsten  carb id e  th e ratio  in c re a se s  

in an anom alous m annerto 2 .0  for copper targ et a t 3000 f t / s e c  and d e cre a se s  

to 0 . 8 ;  to 1 . 2  for s te e l 1020 ta rg e t a t 3060 f t / s e c  and th en  d e c re a se s  to 0 . 9 ;  

and 2 . 3  for a lead  target a t 1500 f t / s e c  and d e cre a se s  to  0 .5  for higher v e lo c ­

i t ie s  .

IMPACT EXPERIMENTS -  METALS

There has been  a large number of experim ents perform ed in e ffo rts  to 

obtain  very high v e lo c ity  p ro je c tile s  on a .v a rie ty  o f ta r g e ts ,  prim arily alum i­

num. S e le c te d  re su lts  are g iven  from th o se  p ro je c ts  w hich appeared to have 

inform ation that would shed som e lig h t on the e ffe c ts  o f im pact o f p ro je c tile s  

on ro ck .

M arn ell, e t a l .

M arn ell, e t a l .  , (Ref. 59) have c la s s if ie d  the n on v iscou s th eo ries  o f 

penetration  in w hich strength is  ignored a s  being (1) hydrodynam ic, and (2) e x ­

p lo siv e  sh o ck . The p rin cip les u tiliz e d  in th e se  developm ents are  b ased  upon 

flu id  dynam ic form ulas w hich are  em ployed to  d e scrib e  th e  flow  f ie ld , upon 

w hich-are im posed s e le c te d  c r ite r ia  to lim it the fin al d im ensions o f the cra te r . 

W h ile  strength may be ignored in the flow p ro c e s s , i t  i s  o ften  a boundary co n ­

d ition  used to stop the flow  p ro ce ss  . Under such assum ed p ro c e s s e s  the theory 

a s  w ell as  the non-unique boundary condition may y ie ld  a wide v ariety  o f  re ­

su lts  .
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The hydrodynamic approach u tiliz e s  Eulerian equations o f co m p ress­

ib le , in v isc id  a d ia b a tic  flow for con tin u ity , momentum and energy. The co n ­

figuration is  th at o f a right c ircu lar cy lind er im pacting a se m i-in fin ite  medium 

of the sam e m a teria l. A nalytical so lu tions have not been  obta in ed , so fin ite  

d ifferen ce  m ethods are employed for m achine com putation.

In B jo rk 's  method (Ref. 60) the lim it o f the cra ter  is  the d ista n ce  a t 

which a p ressu re p u lse  occu rs o f n eg lig ib le  v e lo c ity  and p re ssu re . C a lcu ­

lated  re su lts  are  p resen ted  in p ictographic form, and give for both iron and 

aluminum the fo llow ing:

h/d = kv0 ’ 32 .(5-23)

which im plies th a t the cra ter volume is  proportional to the momentum-of the

p ro je c tile .

W alsh  (Ref. 34) on the other hand, w hile employing the sam e com puta­

tion al sch em e, assu m es two sca le d  im pacts o f equal p o ten tia l energy , and 

that the fin a l c ra te r  rad ii are equ al. This r e s u lts ,  ad ju stin g  for " la te  s ta g e

eq u iv a len ce" in —"
h/d = kv0 -62 (5-24)

The exponent is  independent o f the m aterial p ro p e rtie s , but the co n stan t k de­

pends upon the' strength  and thermodynamic properties o f the ta rg e t.

E xp losive sh ock  stu d ies are based  upon an a n a ly s is  o f a sp h erica l 

shock  in a g aseo u s medium by Taylor (Ref. 6 1 ) . He ignores cond itions a t the 

in stan t o f the e x p lo s io n , and assu m es a fin ite  amount o f energy is  generated  

a t a p oin t. For larg e  p ressu res the same hydrodynamic equations em ployedby 

Bjork ap p ly , s u b je c t  to shock conditions , for an id ea l gas a t co n stan t s p e c if ic

/
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h e a t. The re su lts  show th at th e sp a tia l d istribu tion  o f the flo w -fie ld  is  in ­

dependent of time i f  a ll  rad ii are  sc a le d  to the shock ra d iu s .

Ray and Kirchner (Ref. 62) s im ilarly  assum e a point sou rce o f energy 

on th e su rface  of a se m i-in fin ite  m a ss . T ay lor's  so lu tion  is  m odified to a c ­

count for d ensity  changes a t th e sh ock  front, energy co n serv atio n  being the 

dom inating p ro c e s s , and momentum is  not co n serv ed . Their a n a ly s is  l ik e ­

w ise  lead s to
h/d = kv 2/3 (5-25)

where the co n stan t k. depends upon targ et and p ro je c tile  p ro p erties .

D avids (Ref. 63) em ploys a model o f two moving s u r fa c e s , the shock

front and the expanding c ra te r . From h is  a n a ly s is  th ere  re su lts

h/d = kv 2 / 5 (5-26)

where"k_ is  independent o f ta rg e t stren g th .

In h is  c r itiq u e , M am ell (Ref. 59) s ta te s  th at "B jork  u se s  a n o stre n g th  

c r ite r io n . H is flo w -fie ld  c a lc u la t io n s  may have a bounded s ta b il ity . W alsh  

assu m es la te  stag e  flo w -fie ld  e q u iv a len ce  and c a lc u la te s  re la tiv e  p enetra­

t io n s . The procedures are ce rta in ly  d ifferen t; both are open to q u e s t io n .. . "  

M am ell (Ref. 59) employs a d ifferen t approach . He assu m es (1) one-d im en­

sio n a l flo w -fie ld , (2) n e g lig ib le  strength  in flow , but strength  cr ite r ia  for 

c ra te r  lim it, (3) flow is  in v isc id  and a d ia b a tic , with v is c o s ity  and h ea t tran s­

port in the shock front, and (4) the a d ia b a tic  p ressu re d en sity  re la tio n sh ip  

is  p Y =  co n sta n t. Lagrangian co ord in ates are used to e x p re ss  flow  and shock 

e q u a tio n s . For appropriate in it ia la n d  boundary con d ition s sep aration  o f v a ri­

a b le s  , operational or s im ilarity  m ethods o f so lution  are not a p p lica b le  and a

/
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s e r ie s  expansion  method is  employed for so lu tio n . The ten ta tiv e  criterio n  for 

cra ter depth is  the p osition  o f the shock frontw hen the p ressure drops below  

the dynamic y ie ld  s tre s s  , valu es of which are y e t to be determ ined. The flo w - 

fie ld s determ ined by th is  method are n o n -s im ila r , and it  is  b e liev ed  th at a 

sp h erica l geom etry w ill y ield  more m eaningful resu lts '.

Riney

Riney (Ref. 64) proposed a v is c o p la s tic  model w hich a cco u n ts for in ­

e r t ia l,  v isco u s  and p la s tic  e f f e c t s , by introducing v is c o s ity  and dynam ic 

y ield  s tre s s  into th e id ea l fluid e q u a tio n s . S e v era l-d im en sio n less  param eters 

were found w hich a f fe c t  the re la tiv e  im portance o f properties a t various s ta g e s  

in the craterin g  p r o c e s s . The in ertia l e ffe c t is  im portant during early  s ta g e s ,  

w hile targ et strength  is  dominant in the fin al s ta g e s  o f cra ter  form ation.

The v isc o u s  e ffe c t  is  large near the co n ta c t in te rfa c e  im m ediately a fte r  

im p act. W hile it s  magnitude d e cre a ses  as the s tra in -ra te  gradient d e c r e a s e s , 

it  may be im portant throughout the w hole p ro c e s s . Riney a lso  in d ica te s  tKat 

v is c o s ity  a lso  in trod u ces an iso trop ic s t r e s s e s  w hich are e s s e n t ia l to  the 

strength e f fe c t .  The assum ption of v is c o s ity  re su lts  in large in it ia l p ressu re  

and deform ation, th e width of the pressure p ro file  is  in c re a se d .

The shap e and s iz e  of the final c ra te r , accord in g  to th is  m odel, are 

determ ined by (a) the shape and amplitude o f the p ressu re wave e s ta b lish e d  

during the f irs t  fiv e  or ten  m icroseconds , (b) the r e s is ta n c e  o f the ta rg e t to 

flow , and (c) the continu ation  o f flow until the p ressu re d e cre a se s  below  the 

in tr in s ic  y ield  strength  o f the target m ateria l.
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In turn it  is  proposed by Riney th at the shape and am plitude o f the 

p ressu re  w ave (a) are strongly  dependent on v is c o s ity , (b) the re s is ta n c e  of 

the targ et to flow  depends on the v is c o s ity  and to a le s s e r  e x te n to n  th e y ield  

stren g th , and (c) the y ield  strength  facto r controls, the in sta n t when flow 

c e a s e s .

W all (Ref. 65) points out th atw h en  a p ro je c tile  im pacts a m a ssiv e  ta r­

g et a t g reater than "c r it ic a l  fractu re" v e lo c ity , it breaks up or " s h a t te r s ."  

For som e m ateria ls th is c o n s is ts  o f e x te n s iv e  fractu re , in o th ers deform ation 

w ithout rupture. He a lso  re co g n iz e s  the low sp eed , tran sitio n  and h ig h sp eed  

re g im e s , but h is a n a ly s is  appli.es to th e low speed and tra n s itio n  re g im e s .

One c r it ic a l  v e lo c ity  is  th a t a t w hich the im pact induced s t r e s s e s  e x ­

ce ed  the strength o f the p ro je c tile  m ateria l and su g g ests  the follow ing form 

o f equation:

vs (5-27)

where

vs
a

H

P„

P

critical velocity 
ultimate strength of projectile 
projectile shape factor 
density of target 
density of projectile 
velocity of sound in target 
velocity of sound in projectile
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W all p o stu la tes  three reg im es, a lo w -sp e e d , a tran sitio n  and a h igh­

speed regim e, and th at b rittle  fracture may o ccu r in any o f them depending up­

on m aterial p ro p erties . His m athem atical theory is  b ased  upon average 

v e lo c ity -d e n s ity  term s, N ew ton's law , shock param eters and ce rta in  m aterial 

p ro p erties. A d ifferent law is  applied to each  regim e, the boundaries betw een 

regim es depending upon the properties o f the p ro je c tile  and the ta rg e t. The 

equations used  for lo w -sp eed  and h ig h -sp eed  are  s im ilar .

W all (Ref. 65) conclu d es that:

1) Penetration depth in c re a se s  approxim ately lin early  with p ro je c tile

d e n sity , length  and im pact v e lo c ity .
«

2) Depth in c re a se s  with strength (hardness) o f targ et m ateria l.
1

3) Depth is  in v ersely  proportional to e ffe c tiv e  targ et d en sity  and 

sound sp eed .

4) P ro je c tile  sh atter v e lo c ity  v aries  lin early  with p ro je c tile  strength 

Hopkins and Kolsky

In an e a r lie r  (1960) co n sid eration  o f the m ech an ics .of h yp ervelocity  

im pact Hopkins and Kolsky (Ref. 66) noted th at the u nsteady motion produced 

involves a com plex com bination of d ifferent p h y sica l regim es ch aracterized  

by e la s t ic  and p la s t ic  deform ation, in com p ressib le  and co m p ressib le  flow , 

and exp lo sio n  cond itions a t high v e lo c it ie s .  This im poses a sev ere  com pro­

m ise on the rep resen ta tio n  of rea l p ro ce sse s  by m athem atically  tra c ta b le  th eo ­

ry , and only a lim ited  degree of accu racy  is  p o s s ib le . H opkinson 's law  of 

sca lin g  o f ex p lo sio n s  is  su ggested  a s  having a p o ss ib le  lim ited  a p p lica tio n .

/•
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Hopkins and Kolsky a ls o  enum erate five  s e ts  o f p h y sica l properties 

of im portance: (1) e la s t ic  b eh av ior, (2) p la s t ic  beh av ior, (3) d e n s ity , (4) var­

ia b le  co m p re ss ib ility , and (5) therm al p ro p erties.

They a lso  propose five  regim es in w hich th e se  properties tend to be 

dom inant.

Regime A -  e la s t ic .  At low  v e lo c it ie s  with s tre s s e s  below  th e y ie ld  

point th e se  w ill be e la s t ic  rebound or th e problem w ill be o f H ertzian  ch a ra c ­

te r . Three or more types o f e la s t ic  w aves w ill be generated  in th e h a lf sp a ce  

(ta rg e t).

Not m entioned by Hopkins and Kolsky is  the e la s t ic  region  th at w ill 

exis-fcjat higher v e lo c it ie s  where the s tre s s  w aves generated  in the ta rg e t b e ­

yond the cra ter  w ill be low er than the y ie ld  s t r e s s .

Regime B -  p la s t ic .  At h igher v e lo c it ie s  where the s tre s s  in  the pro­

je c tio n  targ et is  beyond the y ie ld  point p la s t ic  deform ation w ill o ccu r . As 

th e y e lo c ity  is  in creased  p ro g ressiv e ly  more energy w ill, b e  expended in  p la s ­

t ic  w ork. In b rittle  targ ets  the deform ation w ill take p la ce  a s  th e  re su lt o f 

fractu re  due to te n s ile  s t re s s e s  rather than flow  due to sh ear s t r e s s e s .

Regime C -  hydrodynam ic. At p ro g ressiv e ly  higher v e lo c it ie s  the 

s t r e s s e s  are very much beyond th e y ie ld  point and the targ et an d /or p ro je c ­

t i le  may a c t  a s  a flu id . This phenomena may o ccu r over a wide range o f ve^- 

lo c i t ie s .

Regime D -  so n ic  im p act. As the v e lo c ity  o f im pact ap p roaches the 

v e lo c ity  o f d ila tation  w aves in th e ta rg e t, the s tre s s  w aves in the targ et trav el 

only a short d ista n ce  during im pact and su ch  s tre s s e s .p la y  an im portant role 

in the behavior o f the im pact reg io n .
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In b rittle  m aterials im pact a t or near so n ic  v e lo c ity  is  o f in te re s t b e ­

ca u se  the maximum v e lo c ity  o f crack  propagation is  about o n e -h a lf  o f the v e ­

lo c ity  o f d ila ta tio n  w av es. H en ce, when penetration v e lo c it ie s  are equal to 

or greater than the d ilatation  v e lo c ity , the hoop (tangential) te n s io n s  w hich 

ca u se  rad ia l c ra ck s  cannot travel far before the p ro je c tile  p a s s e s  and the s tre s s  

is  re lie v e d . Hopkins and Kolsky illu stra te  th is  phenomena with a b lo ck  of 

p la s tic  p enetrated  by a je t  from a shaped charge a t 6000 m / s e c .  In th e upper 

part o f the c ra te r , penetrated, by the high v e lo c ity  portion o f the je t  damage 

was lo c a liz e d . In the low er part o f the cra ter  made by the slow er portion of 

the je t  e x te n s iv e  cra ck s  were ca u se d . Slabbing may a ls o  be gen erated  by 

co m p ressiv e  w aves re flec ted  from free su rfaces  as te n s ile  w aves where the 

m aterial is  w eak in te n s io n .

Regime E -  exp lo siv e  im p act. At su p erson ic v e lo c it ie s  the volume of 

the targ et a ffe c te d  is  com parable with the p ro je c tile  volum e. The k in e tic  

energy o f the p ro je c tile  is  su ffic ie n t to m elt or vaporize both the p ro je c tile  

and a sm all volume o f the target b e cau se  the energy cann ot be d iss ip a te d  

o th erw ise . For exam p le, a s te e l p ro je c tile  with a v e lo c ity  o f 10^ m /s e c  has 

a k in e tic  energy o f 2 x  10^ c a l / g ,  which is  ten tim es the energy needed to 

vaporize th e p ro je c t ile .

Hopkins and Kolsky estim ated  the tra n sitio n a l v e lo c it ie s  for sev era l 

m etals for the above reg im es. (Table 5 -1 ).

h
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TABLE 5-1
TRANSITIONAL VELOCITIES (m/sec)

Steel Duralumin Aluminum Copper Lead
Vi 46 65 . 13 8 2
Vl 360 430 190 130 40

V1 4600 5300 5300 3750 2100

The velocity v3 is calculated on the plausible assumption that the 
specific mechanical impedance of the target is pci, where c3 is the
dilatational velocity [(k + G)/p]^, and then v3 = Y(cq + ci)/pcQCi,

A i lwhere cq = (E/p)*; V2 = (Y/p) - and v3 (k/p) .
Regime (a): o <v <v̂ ; Regime (b) : Vj<v<V 2 ;
Regime (c): V2 <v < v; Regime (d): v3 < v < 3v3 (approx.);
Regime (e): v > 3v3 (approx.).

/



171

IMPACT DATA-METAL TARGETS

S e le c te d  data from the compilation by Herrmann and Jones (Ref. 49) 

were plotted for various types of pro ject i les  and ta rg e ts .

Data for several  types of aluminum targets  were employed (Fig.  5 - 7 ) .  

Some s e le c te d  properties are:

Aluminum HOOF 2014 2024S 24ST 2024T3 2024T4

Density 2.79 2.79 2.80 2.77 2.68 2.77
Bulk Velocity 
(km/sec)

6.14 6.22 6.24 6.25 5.84 6.71

Brinell
Hardness

— 135 110 114 126 120

Yield 
Strength 
kg/cm2

— 2952 3304 — 3515 2881

Typical projectile properties are:

B G (U
6
G

G CD T3 6 T3 •H
c 4 J  -H u G G CO CO

•H CO JOI 0) •H rH c O 0) X  co
B 00 U a T3 c 0) o e G ’ a) 03
G c  oj a 03 03 0) 1—1 03 00 J-l rH

r—1 G CJ o aj 4 J •H 03 ^  O
< H u G) CO Q £ PL,

Density 2.79 14.96 8.90 11.2 18.69 7.77 1.33 3.24 1.74

Bulk
Velocity

5.84 6.72 4.42 2.0 3.13 6.25 ---- ---- 5.52
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The penetration (Fig. 5-7)  for tungsten carbide p ro je c t i le s  was g rea t ­

e s t ,  which is probably partially accounted for by both its  hardness and den­

s i ty .  The penetration for uranium was approximately the sam e ,  but for a dif­

ferent type of aluminum target.  The hardness and yield strength of A1 HOOF 

are not giv en,  but it appears to be softer and weaker than 20 24 T - 4 .  The a -  

b i l i ty to  penetrate varies as  some increasing function of the p ro je c t i le  d e n s i ­

ty .  At the right side of the graph is  shown the th eo re t ica l  penetration for 

shaped charge j e t s  based upon the first  order law,  i . e .  ,

h/d = v/p /pt ' (5-28)

for densi ty  ratios from about 0 . 9 5  to 9 . 0 .  It i s  noteworthy that all  of  the 

curves trend in general  toward the shaded area for the densi ty  law penetra­

tion .  The la t ter  is  known to apply only at very high v e l o c i t i e s  with an ad­

ditional correction for target strength.

For lead targets  (Fig. 5 -8)  the curves are l e s s  s tee p 'an d  with the e x ­

ception of  brass  and copper p r o je c t i l e s .  Tungsten carbide again  shows the 

highest  penetration .  The trend for higher v e lo c i t ie s  appears to be above the 

theoret ica l  shaped charge penetration zone.  This may be partial ly  due to the 

low yield  strength of lead which is  about 82 k g /cm ^ .

For s tee l  and beryllium copper targets (Figs.  5 - 9  and 5 -1 0 )  the trend 

is somewhat similar;  with lead pro jec t i les  exhibiting an anomalous behavior 

at low v e l o c i t i e s .

Final ly ,  a comparison was made of the e f fe c t  of nylon p ro je c t i le s  on 

lead ,  aluminum and beryllium copper targets '  (Fig. 5-11)  . For the re la tively  

low v e lo c i t i e s  involved the e f fe c t  of the low strength of lead is apparent.
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Fig. 5-8. Penetration of lead targets.



175

I

Fig. 5-9. Penetration of steel targets.

/
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Fig. 5-10. Penetration of beryllium copper targets.
>
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Fig. 5-11. Penetration of nylon in lead, aluminum and beryllium 
copper.
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O ther In vestigators

D enardo, et a l . ,  (Ref. 67) performed experim ents w ith 1 /1 6 ,  1 /8 ,  1 /4  

and 1 /2  inch A 12017-T4 sp heres on 2024 -T 4  and 1 1 0 0 -0  aluminum targets to 

determ ine diam eter e ffe c ts  for v e lo c it ie s  up to 2 8 , 0 0 0  f t / s e c .  The hyp erveloc­

ity  regim e of im pact w as about 1 3 , 8 0 0  f t / s e c . D im en sio n less penetration 

p /d  varied  as p ro je c tile  d iam eter to th e l /1 8 t h  pow er. Momentum tran sfer 

from p ro je c tile  to target w as higher for the harder (2024-T 4) aluminum.

Kinslow (Ref. 68) observ ed  the e ffe c ts  o f h yp ervelocity  p a rtic le s  upon 

transparent lu c ite  targ ets  b y L ex an  p r o je c t i le s .  At high v e lo c it ie s  the p ro je c ­

t i le  embedded i t s e l f  s lig h tly  and then appears to ex p lo d e . A sh ock  w ave is  

formed accom panied by cru shing and m eltin g . The sh o ck  d ecay s into an e la s ­

t ic  p u lse  and n e e d le -lik e  fractu res are formed. The m elt so lid if ie s  and co n ­

tra c ts  producing rad ial ten sio n  fra c tu re s . R eflected  w aves may a ls o  ca u se  

su bsequ ent fra c tu re s .

B ecau se of the e x p lo s io n -lik e  phenomena it  w as found that the e ffe c ts  

could be sim ulated by exploding N o. 8 b lastin g  ca p s  on the su rface  o f the 

p la s t ic .

In stu d ies o f p enetration  o f se m i-in fin ite  ta rg e ts  by ro d s,C h ristm an , 

e t a l .  , (Ref. 69) found th at targ et strength had a s ig n ific a n t e ffe c t  in the p en e­

tration  tran sition  reg io n . C rater volum es are not dependent on length/d iam eter 

r a t io s . The cra ter volume creatin g  e ffic ie n c y  of rods is  g reater for rods with 

1/d ra tio s  of 3 than for sp h e re s , and cra ter volume is  not proportional to k i­

n e tic  energy. Target strength in flu en ces craterin g  up to v e lo c it ie s  of 1 5 . 7  

k m /s e c , and may not be n e g lig ib le  a t higher v e lo c it ie s .
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Hollow ay (Ref. 70) reports that in h yp ervelocity  stu d ies on wax that 

for im pact v e lo c it ie s  of 4 k m /se c  cra ters reached  a maximum depth at about 

200 per secon d  and then rebounded to 60 p ercen t o f th e ir maximum depth.

Dignam and Rockowitz (Ref. 71) used a c o u s tic  im pedance as a co rre ­

lating  param eter and found that in oxygen free copper se v e ra l d efin ite  typ es 

of p ro je c tile s  showed that penetration e ffic ie n c y  and craterin g  e ffic ie n c y  did 

not in c re a se  con tin u ou sly  with in creasin g  p ro je c tile  a c o u s tic a l im pedance.

Palmer and Turner (Ref. 72) e s ta b lis h e d ’ an energy b a lan ce  equation 

for the craterin g  p ro ce ss :

• k n s r e  v '

where

= projectile kinetic energy 
En = heat of deformation, shock heating, and sound 
Eg = thermal and kinetic energy of spray material 

= recrystallization and strain energy 
E^ = lost energy

Techniques w ere d ev ised  to m easure th ese  typ es o f energy for ch ro m e -ste e l 

b a lls  and lead  ta r g e ts , which are plotted in F ig . 5 - 1 2 .  At low v e lo c it ie s  a ll  

of the energy goes into re c ry s ta lliz a tio n , the amount going into spray in c re a se s  

as the v e lo c ity  in c r e a s e s . Above 3 .4  k m /se c  re se a rch  re su lts  predicted th at 

the partitioning rem ains e sse n tia lly  co n sta n t. O ther em pirical re la tio n s were 

derived.

✓



Fig. 5-12. Kinetic energy of impact, target-heating energy, spray-partile energy, and 
recrystallization energy plotted as functions of impact velocity.
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W alsh  and Johnson (Ref. 73) used num erical methods (SHELL code) to 

in tegrate  hydrodynam ic flow e q u a tio n s . For th ick  targ ets  they reach ed  the 

follow ing co n c lu s io n s :

(1) C rater dim ensions in c re a se  a s  the im pact v e lo c ity  to the 0 . 5 8  power 

for v e lo c it ie s  g reater than tw ice target sound v e lo c ity .

(2) Above fiv e  tim es target sound v e lo c ity  for p ro je c tile -ta rg e t d en sity  

at co n stan t m ass does not change targ et e f fe c t s .

(3) Sp h erica l and cy lin d rica l (1/d ratio  o f one) are  equ ivalen t in e f­

fe c t e x ce p t a t early  tim e s . Larger ra tio s  a s  large as three have no e ffe c t  for 

v e lo c it ie s  five  tim es targ et sound or g rea ter.

(4) C rater s iz e  is  lim ited by targ et strength  even a t high v e lo c i t ie s .

(5) The ra tio  o f the to ta l im pact o f th e targ et to the momentum o f the 

p ro je c tile  v a r ie s  a s  the im pact v e lo c ity  to th e  0 . 7 4  pow er.

U sing the PICKWICK code Reney and Heyda (Ref. 74) cam e to the co n ­

clu sio n  th at th e depth o f penetration for sim ilar m etals v aries  with the im pact 

v e lo c ity  to the 2 /3  power.

Im pact fla sh  w as employed by Rosen and Sully  (Ref. 75) to determ ine 

the m a s s , .tem perature and v e lo c ity  o f p r o je c t i le s . C o lo ro f the fla sh  depended 

only s lig h tly  on p ro je c tile  m a s s . C orrelation s w ere found betw een peak f l a s h , 

v e lo c ity  and depth o f penetration .

D ie tr ich , e t a l .  , .(R ef. 76) assu m e th at a c r it ic a l  v e lo c ity  e x is ts  at 

w hich the la t t ic e  stru cture o f a m etal is  destroyed and the la t t ic e  rupture v e ­

lo c ity  is  e x p re ssed  by

/-
V (5-30)
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where

p = density
a = rupture stress m

em =.rupture strain 
<}> = dynamic elastic energy

1 / 3
For a sim p lified  model th e quantity  (a  e -d>) is  taken  a s  a m ateri-m m

a l param eter used  in a penetration  law  in p lace  o f an em p irica lly  determ ined 

c o n sta n t.

G ehring, e t a l . , (Ref. 77) u tiliz e s  a phenom enological model for cra ter  

form ation, divided into four reg im es: (1) in it ia l tra n sien t including f la s h ,

(2) primary p en etration , due to d ire c t a c tio n  o f p ro je c t ile , (3) ca v ita tio n  dur­

ing d e cre a se  in p ressu re , and (4) recov ery  regim e includ ing sp a lla tio n  and 

p ressu re  recovery  (Fig. 5 - 1 3 ) .  Shock p re ssu re , momentum, tra n sfer  and cra ter  

growth, m easurem ents were made and som e co rre la tio n s obtain ed  w ith m ateri­

a l p ro p e rtie s .

From te s ts  conducted w ith s te e l  p ro je c tile s  on aluminum and lead  ta r­

g e t s ,  Soren sen  (Ref. 78) concluded th at the norm alized cra ter volume data may 

be co rre la ted  by an equation involving only the d ensity  o f the p r o je c t i le ,  and 

the d en sity  and s ta t ic  sh ear strength  o f the ta rg e t. V e lo c itie s  ranged up to 

7 k m /s e c .

This co n clu sio n  does not ag ree  w ith a n a ly s is  o f a wide range o f data 

for a larg er number o f m ateria ls by o ther in v e s tig a to rs .

Among b rittle  m ateria ls th at have been  te s te d , beryllium  and graphite 

w ere im pacted w^ith sm all sp heres a t 2 5 , 0 0 0  fps (Ref. 79) .  C racking damage



Fig. 5-13. Impact cratering regimes on a pressure-time basis
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occurred as w ell a s  cra terin g . Secondary  crack in g  and sp a ll damage w as 

cau sed  by am p lification  and rein forcem ent o f s tre s s  w a v es . C rater depths in 

beryllium  agree with common crite r ia  law , but th o se  in graphite w ere only  o n e - 

h a lf o f that e x p ected .

In an exam ination o f threshold  penetration  o f se v e ra l m etals by alum i­

num sp h e re s , Fish and Summers (Ref. 80) found th at no s in g le  property could 

explain  the re la tiv e  perform ance o f the m e ta ls .

DIMENSIONAL ANALYSIS

Bouma and Burkitt (Ref. 81) made a m u ltivariab le  s ta t is t ic a l  a n a ly s is  

o f e x istin g  data on penetration o f s e m i-in fin ite  m e ta llic  ta rg e ts  by p ro je c tile s
4

of-d ifferent m a te ria ls . Data w ere not part o f planned s ta t is t ic a l  program s,

i .  e .  , -e ffe c ts  o f each  d im en sion less v a ria b le  and p ertin ent random errors could 

not be-estim ated  a s  accu ra te ly  a s  in a planned s ta t is t ic a l  exp erim ent. Thus, 

regressio n  and correlation  methods w ere employed in the a n a ly s is .

M L  The a n a ly s is  w as planned (in a th ree  y ear program) to deduce from a 

s ta t is t ic a l  a n a ly s is  o f cra ter depth data for sp h erica l p ro je c tile s  on. sem i­

in fin ite  targ ets  w hich m aterial p roperties are m ost c lo s e ly  re la ted  to cra ter  

depth. It w as b e liev ed  th at none o f th e common low  tem perature, low p re s ­

sure s ta t ic  properties play a d irect part in  craterin g  p r o c e s s e s , but som e o f 

them would be found to be s ta t is t ic a l ly  re la te d .

V elocity  e ffe c ts  were the m ost d iff ic u lt , but were solved  by fittin g  a ll  

data to the fu nctional form:

(5-31)

/
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where Z(^-) is  a d im en sion less cra ter  depth, being the product o f se v e ra l d i­

m en sio n less  c o e ff ic ie n ts  o f m aterial properties ra ise d  to a pow er. The term 

X(v) is  a d im en sion less v e lo c ity , a lso  containing the product o f d ifferen t powers 

o f se v e ra l d im en sion less m aterial property ra tio s  (see  b e lo w ). Both X and Z 

are ca lc u la te d  with a c o e ffic ie n t o f m ultiple co rrela tio n  0 . 8 4 ,  w hich amounts 

to an a ccu ra cy  o f t  2 5 %  in th is  a n a ly s is .  No high tem p erature, high pres sure 

property data w ere em ployed, s in c e  a l l  properties must r e f le c t  d iffe ren ces  in 

c ry s ta llin e  or atom ic stru ctu re .

M u ltiv ariab le  a n a ly s is  w as made o f data a v a ila b le  to 1965 (F ig . 5 - 1 4 ) .  

The b e s t  fu n ction al form w as found to be th at o f equation (5—3 1 ). The degree 

o f co rre la tio n  th at w as ach iev ed  is  given in F ig . 5 - 1 5 ,  and the m easured 

v a lu es o f X and Z tabu lated  in Table 5 - 3 .

Inasm uch a s  the e ffe c ts  o f v aria tio n s in im pact v e lo c ity  are  g iven  in 

equation (5 -32) v a lu es o f X and Zshow  only the in flu en ce  o f a c tu a l properties 

o f m ateria ls  te s te d  a s  target and p r o je c t i le s .  The experim ental v a lu e s  o f X 

and Z w ere an alyzed  by sep arate  reg ressio n  routines in term s o f power law s 

for the m ateria ls g iven  in Table 5 - 3 .

A prelim inary evalu ation  w as made to determ ine the re lev a n ce  o f the 

m aterial p ro p erties , and th ose  w hich were s ta t is t ic a l ly  co rre la ted  or strongly 

re la ted  to  other properties were e lim in ated . For exam p le, P o isso n 's  ratio  ap­

peared to be a strong v a ria b le , but w as elim inated b e ca u se  o f its  re la tio n  to 

other e la s t ic  moduli and b e ca u se  o f the sm all range o f v a lu e s , i . e .  , from

0 . 3 0  to 0 . 4 5  with the m ajority  a t 0 . 3 3 .  The rem aining properties were then
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TABLE 5-2 
LIST OF SYMBOLS

Experimental Variables 
-2B

d
D
E

F
h
H

H'
k
K
K'

m

Q

u

10 " x Brinell hardness on 500-kg scale kg/mm )
Mean specific heat of solid, 300°K to melting point (cal/gm°C)
Dilatational velocity of sound (km/sec)

E . .
C2 =9.90 —  'pfc (1+v) (l-2v).

Projectile diameter (cm)
Crater diameter (cm)

_6 210 x Young's modulus (kg/cm )
Sha e factor iFor a spherical projectile harder than the target, f=2/3 ̂ | For a spherical projectile not harder than the target, f*1.0
10 -2 x latent heat of fusion (cal/gm)
Crater depth’(cm)
_310 x heat to vaporize - sensible heats above 300°K plus latent heats 

(cal/gm)
_3

10 x latent heat of vaporization (cal/gm)
Thermal conductivity at 20°C (cal/cm sec°C)

2 Eq̂-6  x bulk modulus (kg/cm ) = 3 (i_2v")
“6 2 Efl-v)

10 x dilatational modulus (kg/cm ) = ^ 1+v)— ( l - 2 v )

Projectile mass (gm)
_210 x heat to melt - sensible heat above 300°K plus latent heat of 

fusion (cal/gm)
-3 210 x ultimate strength (kg/cm)

Projectile velocity at impact (km/sec)
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TABLE 5-3
VALUES OF PARAMETERS X AND Z

Measured Values_______ Calculated Values
Symbol Projectile Target X Z Eq (5-32) Eq (5-33)

X Z

2024T3 2024T4 .80 1.85 .67 1.63
Cu 2024T4 1.50- 1.20 1.66 1.34
Pb 2024T4 2.00 1.60 1.68 1.19
Stl 2024T4 2.00 1.70 1.70 1.42
HPAL HPAL 1.35 1.65 1.19 1.37
HPCu HPAL 2.60 1.00 3.50 1.62
2024T3 BeCu .40 2.05 .42 2.93
2024T3 BeCu .28 1.40 .39 1.88
2024T3 Cu 1.30 3.00 . 1.27 2 .86
HPAL HPCu 1.10 2.40 1.19 1.91
HPCu HPCu 1.70 1.50 1.96 1.59
Cu(B65) Cu(B36) .65 2.01 3.28 2.27
Cu(B65) Cu(B65) 2.10 1.90 1.78 1.67
Pb Cu(B65) 2.00 1.30 1.80 1.56
Stl Cu(B65) 3.10 2.20 3.25 2.38
2024T3 Pb 4.60 3. 10 4.84 2.99
Cu(B65) Pb 12.50 2.40 12.05 2.47
Pb Pb 5.00 1.50 6.84 1.62
Stl Pb 14.00 2.40 12.37 2.63
2024T3 Stl .78 3.00 .75 2.61
2024T3 Stl (1030) .46 2.00 .46- 2.03
Cu Stl (1015) 1.10 1.50 1.05 1.51
Pb Stl 1.35 1.80 1.05 1.43
Stl Stl 1.20 1.80 1.07 1.58
2017T4 2024T4 .74 1.74 .72 1.60
Zn 2024T4 11.50 2.90 12.02 3.21
Zn Cu(B65) 2.00 1.85 1.77 2.20
Zn Pb 11.50 2.90 12.02 3.21
Zn Stl (1015) 1.10 2.00 1.04 1.98
Zn Zn 1.55 2.00 1.24 1.65
2024T3 Zn .92 2.80 .89 2.47
Cu(B65) Zn 2.50 2.20 2.22 1.70
Pb Zn .90 .45 1.26 .76
Stl Zn 3.00 2.40 2.28 1.80

t



188

Fig.' 2 Dependence of Crater Depth on Projectile Impact Velocity (Without 
Conaideration of the Material Properties)
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grouped in d im en sion less ra tio s  fo rfin a l s ta t is t ic a l  a n a ly s is .  The param eter 

X w as given dim ensions o f in v erse  time so th at Xv would be d im en sio n less , 

h /d  alread y being d im e n sio n le ss . The d im en sion less q u a litie s  used and the 

resu ltin g  equations are:

, - 0 . 185  -0 . 36  .0.073 0.149
Z = 1 .131  (Q „/Q J (p / p j  (E / B j  (E / E JP U L U p tP t

(Yt /Bt ) Q‘ 132 e ^ - 0 .053 f -0 .755

C o e ffic ie n t o f m ultiple correlation  =  0 . 8 4 2 .

(5-32)

0.50 0.472 0.406 0.130
X = 0.479 (Pt/Et) (Pp/pt) (E^/Bj (B_/BjP P

0.253 0.216 . - 1 , 4 4(VV s t  *
C o e ffic ie n t o f m ultiple correlation  =  0 . 9 5 6 ,

P t (5-33)

The m easured v a lu es o f X and Z were tabu lated  from appropriate p lots 

w hich w ere assum ed to be the b e s t co rrelatio n s o b ta in a b le . Some b rie f se ts  

of data w ere expanded to ch e ck  on the pred ictive a b ility  o f the method o f an ­

a l y s i s .  The v a lu es o fX  and Zw ere m easured for th e se  data (Table 5 - 3 ) . Raw 

data are shown in F ig . 5 r l 4 , gen eral correlation  in F ig . 5-15  and se le c te d  co rre­

la tio n s  with ranges o f ap p lica tio n  for the power law  (F ig . 5 - 1 6 ) . The la tte r  de­

p ic ts  data for aluminum p ro je c tile s  ( □  ) and copper p ro je c tile s  ( A ) .a s  w ell 

a s  o ther se le c te d  s e ts  o f d a ta . The lin es  o f slop e 4 / 3 ,  2 /3  and 1/3 f it  the 

data over a fa irly  w ide ra n g e . The main feature is  th at th e data appears to be 

w ell rep resented  by a curve o v erth e  whole range and not by segm ents o f given 

s l o p e s .  '
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Fig. 4 Comparison of Predicted Crater Depth with Experimental Results 
Using Equations [1], [2], and [3]

t
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Fig. 5 Composite Variation of Crater Depth with Velocity

/
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When w ritten in d im en sion less form it becom es

„ 0 . -500
Xv = 0.479 (Pt v2 /E t ) (Yt / Bt )

0 . 2 5  3 0 , i+72 0 . 4 0 6
(E /B  ) 

P P
(5-34)

0 . 1 3 0 0 . 2 1 6  - 1 . 4 4
f<yv et

w hich the author (Ref. 76) c h a ra c te r iz e s  a s  a "com prom ise betw een accu racy  

and co m p lex ity ."  The ra tio s  o f (Et/ B t) and (pt Q t/E t ) w ere d iscard ed  b e ca u se  

they  had only a minor e f fe c t .

d e n sity , v e lo c ity , d u ctility  o f the targ et and a p ro je c tile  shap e fa c to r . Den­

s ity  is  one of the more e ffe c tiv e  p aram eters, a s  w ell a s  v e lo c ity . Young's 

modulus and Brinell hardness are e f fe c t iv e , or b a s ic  atom ic or stru ctural pro­

p e rtie s  o f the m aterial w hich th ey  rep resen t.

IMPACT EXPERIMENTS -  ROCK

A d eta iled  d escrip tio n  o f c ra ters  formed in se v e ra l types o f rock by 

hyp ervelocity  p ro je c tile s  is  g iven  by Moore and Lugn (Ref. 82) .  B a sa lt , san d -. .wr- • -

s to n e , dolom ite and nephrite w ere im pacted with p ro je c tile s  (from a light gas 

gun) o f s te e l ,  aluminum, p yrex , polyethylene and o ther m ateria ls w eighing

0 . 0 2  to 0 . 4  gm at v e lo c it ie s  from 1 4 , 0 0 0  to 2 3 , 9 0 0  f p s . About 2.0 cra ters 

w ere exam ined in d eta il and w ere found to be roughly co n ic a l with crushed 

and in ten se ly  fractured rock a t th e bottom s. The e je c ta  from the cra ters  were 

made up of p ro je c tile  fragm ents and p ie ce s  of rock from a few m icrons to se v ­

eral centim eters in d im en sion s.

The dominant properties are the Brinell h a rd n ess , Young's m odulus,

Typical cra ters w ere sh allow  co n es from 0 .6  to 2 .4  cm deep and 4 to

12 cm a c r o s s . The rims o f the cra ters  were irregular and the low er se c tio n s
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more sym m etrical, but with irre g u la rities . Crushed rock and (1) shear fr a c -  

-tu re s , (2) rad ial fra c tu re s , (3) sp all fractu res and (4) co n cen tric  fractu res 

were formed.

Crushed rock was found in the bottom s o f a ll  c ra te rs , individual grains 

being broken, d isp laced  or pulverized . M icro sco p ic  fractu res spread and de­

cre a se  into the ro ck . Pore sp a ce s  are c lo se d  in sa n d sto n e s , and in d en se  

rocks unbroken polyhedra are en clo sed  in a m atrix o f crushed rock .

Shear fractu res are formed in some c r a te r s , and are id en tified  by 

grooves and s t r ia e . Su rfaces may be pyramid o r 'co n e  sh ap ed . Shear fra c ­

tures in b a s a lt  are marked by in ten se ly  pulverized  rock with w eak g ro o v es. 

Shear fa ilu re  may be due to d ifferen ce in p rin cip al s t r e s s e s  in p la s t ic  flow .

Radial fractu res are te n s ile  breaks radiating  from the cra ter  a x is  and 

nearly perpendicular to the im pact su rfa ce . In d ense rocks the fractu res may 

p ro je c t beyond th e  cra te r , but not in porous ro c k s .

Sp all fractu res are te n s ile  in ch a ra c te r , formed by re fle c te d  ra re fa c -  

tion w aves from free  s u r fa c e s . Fragments are sp a lled  from the su rface  in 

larger fragm ents w hich may be fitted  back  into p la c e , and co n stitu te  about 

h alf of the cra ter  e je c ta .  -

C o n cen tric  fractures are present about th e rims o f some c ra te rs , and 

extend only a fraction  o f a m illim eter below  the rock su rfa ce .

High speed  photography in d ica tes  th at lu m in escen ce  is  generated  at 

the moment o f im p act, and as the p ro je c tile  p en etrates a bow l-shaped  spray 

of e je c ta  grows rapidly with a speed com parable to that o f the p ro je c tile . The

/
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b a se  o f th e e je c ta  expands into a dome w hich exh ib its  irreg u larities  w hich may 

be re la te d  to the large sp a ll fragm ents, the outerm ost of w hich are  som etim es 

not e je c te d  from the c ra te r .

Penetration' is  postu lated  to be by m eans o f p la s tic  flow , crushing and 

sh earin g , under hydrodynamic co n d itio n s . T en sile  fractu res are formed la te r  

and sp allin g  su bsequ ent to re fle c tio n  of w a v e s . Many of the fea tu res de­

scrib ed  are a lso  p resen t in cra ters  crea ted  by high e x p lo s iv e s .

G ault and H eitow it (Ref. 83) made a prelim inary a n a ly s is  o f the energy 

partition in g  in the im pact o f aluminum p ro je c tile s  on b a s a lt  in  co n ju n ctio n  

with e x tra te rre stria l im pact o f m e te o r ite s . They point out the fa lla c y  o f e x -  

p lo sio n  theory o f im p act, i . e . , when the k in e tic  energy o f th e p ro je c tile  is  

equ al to the energy o f vaporization  an  exp lo sio n  o c c u rs . It is  shown by th eir 

a n a ly s is  th at only a sm all portion o f  th e energy is  trapped a s  h e a t o f fu sion  

an d /or v ap o rizatio n . Their a n a ly s is  is  b a se d  upon both theory and o b serv a ­

tio n s w ith a high speed cam era.

The in it ia l s tag e  o f im pact is  con sid ered  to be a  problem in  o n e -  

d im ensional flow  (Fig. 2 -1 ) w hich may be d escrib ed  by the w ell-know n R an kin e- 

Hugoniot equations
pQU=p(U-u) (5-35)

P ~ p0 = PQUu (5-36)

K -  B„ -  2 ^  "  p )  ‘  2 u2 <5' 37>

where U is  the shock v e lo c ity  in th e undisturbed medium, u is  the m ass v e ­

lo c ity , andpi ,  p and E_ are the p re ssu re , d en sity  and s p e c if ic  in tern al energy ,
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re sp e c tiv e ly , the su b scrip t o ind icating cond itions in the undisturbed medium. 

For im pact con d ition s p>> pQ and equations (5 -3 6  and 5-37)  may be w ritten

p = p Uu o (5-38)

E Eo (5-39)

Thus, the to ta l work done in shock com pression  is  p (1/po_1/p ) .  From equ a­

tion (5-39) the energy o f the s h o c k is  equ ally  divided betw een the s p e c if ic  k i­

n e tic  energy ( i/2u2 ) and the in crea se  in the s p e c if ic  in tern al energy (E-E0 ) .

Only pQ is  known, h e n ce , the Rankine-H ugoniot ex p ressio n s provide 

a system  o f th e s e  equ ations in four unknow ns, and an additional equ ation  is  

required w hich w ill re la te  thermodynamic properties o f the m edia.

Hugoniot data (p v s .  p0/ p) for aluminum and b a s a lt  w ere p lotted  a s  

cu rv e s , w hich rep resen t the locu s o f points for s ta te s  e x istin g  for d isc o n ­

tinuous p ressu re ju m ps. These curves and th e  co n serv atio n  equ ations permit 

evalu ation  o f the v a ria b le s  in terms of each  o th er. The follow ing may a lso  

be obtained  from experim ental re su lts :

U = a +  ku (5-40)

The v a lu es o f the co n sta n ts  a +  b for b a s a lt  and A1 are g iven  in F ig . 5 - 1 8 .

To m aintain  co n ta ct a t im pact (F ig . 5 —19)

v =  u + u (5-41)1 p t
and

p = pQ(a +  ku)u (5-42)
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Fig. 5-1 7 . Hugoniot curves for aluminum and basalt. (Gault).
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Fig. 5-18. Shock wave and mass velocity relationship for aluminum 
and basalt. (Gault).
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Fig. 5-19. Graphical solution for determining pressures and mass 
velocities for one-dimensional impact of dissimilar 
materials. (Gault).
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and further

p = p [a +  b (v .-u  ) ] (v .-u  )P op p p i  t  J v i  t (5-43)

pt = “ot^t + V t >ut (5-44)

For equal p ressu re in the target and p ro je c tile

[ap + bp<V ut)1(V ut) ■ po t < V btut>ut (5-45)

a quadratic w hich furnishes a so lution  for the required p aram eters . 

L ikew ise th e in it ia l energy partition may be exp ressed

Energy retained by projectile _ pu 2 +  u. 2

l/2p v.2 op 1 (up i-ut )2

1 +  (u / u ) 2 
_______2__ L_
(l+u p/u t ) 2

and th e  fraction  delivered  to the target is

(5-46)

2 /Energy delivered to target p/ut
l/2p V.2 op 1 ( 1  +  u /u ) 2 

p t
(5-47)

The energy delivered  to  the targ et is  equ ally  divided betw een an in ­

c r e a s e  in in tern al energy and th e k in e tic  energy o f the com pressed  m ass b e -

4 f hind th e sh ock  front, the resid u al k in e tic  energy o f the p ro je c tile  is

Residual projectile kinetic energy
l/2p v.2 op 1 ( 1  +  u /u ) 2 P t

and th e in c re a se  o f the internal energy o f the p ro je c tile  is

(5-48)

Projectile internal energy / Up^ut
l/2p v.2 op 1 b  +  uP/u t,

(5-49)

I
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The above equations in d ica te  th a t, e x ce p t for im pact o f sim ilar m ate­

r ia ls ,  the retained  p ro je c tile  energy w ill never equal that d elivered  to the 

ta rg e t. For higher d ensity  p r o je c t i le s , the fraction  o f energy d elivered  b e ­

com es sm aller.

These form ulas and ca lc u la tio n s  b ased  upon them dem onstrate one o f 

the errors involved i f  the k in e tic  energy o f the p ro je c tile  is  equated to sp e ­

c i f ic  internal energy in the p ro je c tile  m aterial for e x p lo siv e  im p act.

G au lt, et a l .  , show that for im pact o f A1 and Fe p ro je c tile s  in b a s a lt  

the ca lcu la ted  energy is  in it ia lly  partitioned a s  fo llow s:

Percent initial proj . energy
Energy Al Fe

Proj ectile
(Internal, E -E ( P op
(
(Kinetic, l/2p u2 P C

22.3)
)
)27.9)

50.2
10.5)

)
)45.7)

56.2

(Internal, E -E * t  t 24.9) 21.9)
Target ( C 0

.(
(Kinetic, l/2ptu2

)
)24.9)

49.8 )
)21.9)

43.8

After the in it ia l partitioning the p ro ce ss  is  assum ed to be analogous 

to the com pression o f a spring. Once the force  o f the p ro je c tile  is  spent the 

com pressed  targ et m ass w ill expand in re le a s e  of the com pression  (rarefac­

t io n ) . The com pressed m aterial is  cap ab le  of w ork, and the u se  of energy re ­

duces th at which rem ains at zero pressu re (Fig . 5 -2 0 ) for ds =  0 .

J
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Fig. 5-20. Hugoniot curve and pressure release curve for an 
isentrope (ds = 0.) (Gault).

/
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The isentrope rep resen ts a continuous p ro c e s s , the Hugoniot a d iscontinuous 

o n e. The work o f exp ansion  is  represented  by the cro ssh atch ed  a re a . The 

triangular area e n clo sed  by dashed lin e s  rep resen ts  the to ta l shock  com pres­

sion  energy, only a fraction  o f the energy is  a v a ila b le  for fusing or vap oriza­

tion .

G au lt, e t a l . ,  (Ref. 83) follow ing R ic e , e t a l . ,  (Ref. 84) u tiliz e  the 

follow ing equation for (pressure pa ) along an a d ia b a tic  re le a s e  line

dp
3  +  * 1  +  — V-  p = dph X d+  p, — V X dEh

1 > 

1 > dv Y a dv h -  ■ v dv Y V dv
(5-50)

The. su b scrip ts  a. and h refer to cond itions on the pressure re le a s e  and 

Hugoniot cu rv e s , re s p e c tiv e ly . The quantity y=Y (v) is  the G riin iesen ratio  

and v =  p /  p th e r a t io o f  the s p e c if ic  volu m es. The re la tio n p a =  pa (v) is  d e­

term ined from experim ental data and the in tern a l energy trapped in the pro­

je c t i le  AEp is  g iven  by

AE = ikiu 2 - (pv work)• p 2 p (5 -51)

9
The value o f AEp may be norm alized by Ep -  EPq =  1 /2  up .(Fig. 5 - 2 1 ) .  For a 

v e lo c ity  of 6 . 2 5  k m /s e c , 19 p e rce n to f the in c re a se  in sp e c if ic  internal en er­

gy , or 4 percent o f th e to ta l k in e tic  energy , is  expended in irrev ersib le  h e a t­

in g . This is  enough to p artia lly  m elt the p ro je c t i le . O bserved m elting o fp ro - 

je c t i le s  in d ica te s  th at the above procedure p red icts about only 1 /3  of the m elt­

ing which a ctu a lly  ta k e s  p la c e .

For the targ et a h em isp herical shock  is  assum ed and com bined with 

an appropriate experim ental.H ugoniot. A p ressu re gradient is  approxim ated
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and irrev ersib le  h eat ca lc u la te d  from appropriate equ ations by num erical meth­

o d s . The estim ated amounts of h eat are su ffic ie n t to fu se  m inerals in b a s a lt ,  

but not to vaporize them .

Comminution of the targ et consum es an im portant fa c tio n  of the pro­

je c t i le  k in etic  energy. This is  approxim ated by ca lc u la tin g  th e new su rface  

energy from a screen  a n a ly s is  o f the p artic le  s iz e s  of c ra te r  e je c ta ,  and an 

approxim ation of the fracturing o f targ et m aterial around the c ra te r . A sp e­

c i f ic  su rface energy w as assum ed for b a s a lt  from known v a lu es for qu artz  and 

lim esto n e . For a given te s t  it w as found th at'ab o u t ten  p ercen t of the p ro je c ­

t i le  energy was used in com m inution of e je c te d  m a teria l. Additional c ru sh -
«

ing and fracturing .of the targ et w as estim ated  a t a maximum of ten  p ercen t.

E jecta  v e lo c ity  d is tr ib u tio n  w as estim ated  from high speed framing 

cam era re co rd s . A num erical summation p ro cess  in d icated  th at about 4 8 l5  

percent of the k in etic  energy of the p ro je c tile  w as reta ined  in th e e je c ta .

The sp a lla tio n  of the rear of the ta rg e t, togeth er with the te n s ile  

strength of b a sa lt  permitted c a lc u la tio n  o f e la s t ic  energy a s  being le s s  than 

one percent of the to ta l p ro je c tile  energy .

Radiant (flash) energy has been  ca lcu la te d  by other in v estig ato rs to 

-4be on the order o f 10 p ercen t of the to ta l k in e tic  energy of the p ro je c tile .

Gault and H ietow it (Ref. 83) analyzed the partitioning, o f energy in the 

im pact of aluminum p ro je c tile s  a t 6 . 2 5  k m /se c  a g a in st hom ogeneous b a s a lt  

using shock and thermodynamic e q u atio n s.

Their re su lts  were as fo llow s:

t



Energy expended for: Percentage of

(1) irreversible waste heat 
projectile 
target

projectile K.E 
4 to 12 
19 to 23

(2) comminution 10 to 24

(3) ejecta throwout 45 to 53

(4) miscellaneous
residual elastic wave 
radiant

Total

less than 1 
negligible
77 to 113

If th eir a n a ly tica l so lu tions are reason ab ly  co rrec t then hyp ervelocity  

p ro je c tile s  provide an in su ffic ie n t means of fractu rin g . L ik e w ise , if e je c ta  

is  fine m ateria l, co n sid e ra b le  energy is  w asted in  com m inution.

M oore, e t a l . , (Ref. 85) conducted a s e r ie s  of 38 im pact experim ents 

in b a sa lt at normal in c id e n c e . Aluminum, s te e l and polyethylene p ro je c tile s  

of w eight 0 .0 0 5  0 to 4 .0 5  1 gm were fired from lig h t g as guns , v e lo c it ie s  vary- 

ing from 0 .8 8  to 7 .3  k m /se c  and k in etic  en erg ies from 4 .9  to 10 to 7 .4  x 10 

e rg .

B asalt properties w ere:

density - 2.70 to 2.89 g/cm3
compressive strength - 1.56 to 3.69 x 109 dynes/cm2 
tensile strength - 0.90 to 2.32 x 108 dynes/cm2 
shear strength average computed - 8.6 x 108 dynes/cm2 
acoustic velocity - 4.9 to 5.5 km/sec
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A le a s t  squares f i t  of the data gave the follow ing equ ation :

M = 10e
_ 1 0 . 61  3 EP

1 . 1 8 9 (5-52)

where

M = ejected mass e J
Ep = projectile energy 
Pp = projectile density 
Pt = target density

Target failure con d ition s are com p lex , and a com parison of craterin g  

in b a sa lt  with th at.in  m etals and w ater lead  M oore, e t a l . , to  the co n clu sio n  

th at te n s ile  fracture p lays a dom inant ro le  in craterin g  in b a s a lt .  Spalling 

c re a te s  cra ters  in rock w hich are  about ten tim es a s  larg e  as th ose  in m eta l.

Fluid im pact theory p red icts  th at the cra te r  volume or e je c te d  m ass 

for given m aterials should be proportional to the p ro je c tile  en erg y . The re ­

su lts  of th e se  experim ents in d ica te  th at the e je c te d  m ass v a rie s  as the energy 

to  the 1 .2  power. In other w ord s, the e ffe c tiv e  strength  d e c re a s e s  w ith c r a ­

te r  s iz e .

M oore, e t a l . , ,(Ref. 86) com pared the re su lts  of im pact craterin g  in 

le a d , copper, aluminum, d iatom aceou s earth , w ater and b a s a lt  on an energy 

b a s is ,  for the sam e k in etic  en erg y . The cra ter  volume for d iatom aceou s earth 

w as la rg e s t , b a sa lt n e x t, then co p p er, aluminum and le a d . If the p ro je c tile  

energy is normalized ad ju sting  fo rd e n sity  and targ et s tre n g th , the b a s a ltv o l-  

umes are about three tim es the o th e rs , probably due to te n s ile  sp a llin g . Tar­

get strength at high conforming p ressu res is u tilized  as a c r ite r ia , although
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M oore (Ref. 85) found in hyp ervelocity  experim ents in b a sa lt  targ ets  

that the m ass e je c te d  from a cra ter in creased  w ith the p ro je c tile  en ergy , and 

the square root of the ratio  of p ro je c tile  and target d e n s it ie s .  The m ass 

e je c te d  per unit o f p ro je c tile  energy in creased  w ith the s iz e  of the c ra te r . 

T h e o re tica lly , for co n stan t target strength th is  figure should be co n s ta n t. 

Thus, the e ffe c t iv e  strength of b a sa lt  d e cre a se s  with in crea sin g  s iz e  of c r a ­

te r .

Comminution

Several th eo rie s  have been  proposed to give the energy of crushing of 

so lid  m aterial to produce a given p artic le  s iz e  red u ctio n . The R ittin ger th e ­

ory appears to be the most a p p lica b le , and it  s ta te s  that the work required for 

crushing is  proportional to  the new su rface  area form ed.

This may be exp ressed  m athem atically  a s  fo llow s:

fe w  da ta  are a v a ila b le  fo r  the  h igh  p ressu res  in v o lv e d  (above 49 k i lo b a r s ) .

E = K c r 1
d

100
do

(5 -53)

where

Ec = crushing energy
K = a constant r

»

d^ = average diameter of each of forty screen fractions 
dQ = diameter of original solid

When p artic le  s iz e  d istribution is  employed as a m easure of en erg y ■, shape 

factors may be required if absolu te su rface  energy is  determ ined. M ethods

«*ri

/
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of adsorption and perm eability  are a lso  employed to determ ine su rface  energy 

of crushed m a teria ls .

S p e c ific  su rface  energy in c re a s e s  rapidly with d e cre a se  in p artic le  

s iz e ;  and even though co n sid e ra b le  fin e  m aterial is  produced by the various 

methods of im pact, for je t s  only  a sm all part of the to ta l energy is  u tilized  

in cru sh in g .



CHAPTER VI

EXPLOSIVE SHAPED CHARGES AND CUMULATION

The high v e lo c ity  and stagn ation  p ressure of the g aseo u s products of 

a ch em ica l exp lo sio n  can  be in creased  if the e x p lo siv e  charge is  f irs t formed 

into a sp e c ia l sh a p e . In g en era l, the princip le of such an e x p lo siv e  shaped 

charge is  to  d ire c t the energy from one portion of the exp losion  products or 

focu s i t ,  thus con cen tratin g  energy over a sm all area of a targ et w hich is  to 

be p en etra ted , c u t ,  or sh attered . In the United S ta te s  and G reat Britain  th is  

is  ca lle d  the Munroe e ffe c t ; in Germany and some other European co u n tries it 

is  ca lle d  th e Newmann e ffe c t ; in the USSR it  is  referred to  a s  cu m u lation . 

There are o ther methods of v e lo c ity  augm entation or cum ulation, how ever, that 

do not make u se  o f e x p lo siv es  .

Although the exp lo siv e  shaped charge may be formed in any of a num­

ber of d ifferen t geom etries , a cy lin d rica l charge with a co n ic a l ca v ity  is  most 

commonly u sed . The exp losiv e  column may be tapered at the b o o ster end , 

giving a beeh iv e  shape (F ig . 6 - 1 ) .  When p laced  with its  ca v ity  end a g a in st a 

m assive  ta rg e t, the shaped charge e x ca v a te s  a cra ter  or hole w hereas c y lin ­

d ric a l charge w ith no ca v ity  ca u se s  only su p erfic ia l su rface  damage to strong 

ta rg ets  such a s  s t e e l ,  co n cre te , or ro c k s .

A m ajor improvement in the perform ance of exp lo siv e  shaped ch arg es 

occurred in the 1 9 3 0 's  with the d iscov ery  th at lin ing  the ca v ity  with a non­

ex p lo siv e  so lid  in creased  penetration many t im e s . The term ca v ity  e ffe c t  is  

applied to both lined and unlined c a v it ie s ,  w hereas the term Munroe e ffe c t  is

209



210

u su ally  re str ic ted  to  unlined c a v i t ie s .  During World W ar I I , the lined  ca v ity  

phenomena led to the developm ent of powerful new w eap o n s.

After the w ar, the mining industry becam e in terested  in applying the 

shaped charge to rock e x ca v a tio n , and stu d ies of shaped ch arge e ffe c ts  in 

rock were in itia ted  in the la te  1 9 4 0 's  (R efs. 87 and 8 8 ) . It becam e apparent 

th at the lim ited e x istin g  te ch n o lo g y , la c k  of m eans of ad ap tation , and the 

p rice  of m ateria ls d iscouraged w idespread u se  of shaped ch arg es a t th at tim e .

The b a s ic  theory for je t  form ation (uniform v elo city ) and targ et p en e­

tration  w as developed during World W ar I I ,  and appeared in the litera tu re  in 

a paper by B irkhoff, M acD ou gall, Pugh, and Taylor (Ref. 5 1 ) . The je t  form a­

tion  theory w as gen eralized  and made more ap p licab le  to non-uniform  je ts  in 

a paper by Pugh, E ich elb erg er, and Rostoker in 1952 (Ref. 8 9 ) . C a lle d  the 

hydrodynamic theory of je t  form ation , it  is  b e lieved  by some (Austin, 1 9 5 9 ), 

R ef. 90) to be lim ited to th in -w alled  c o n ic a l and w edgeshaped lin e rs  w ith wide 

apex a n g le s .

D etonation is  u su ally  in itia te d  on the end opposite  the ca v ity  by an 

e le c tr ic  b lastin g  cap  and /or b o o s te r . The detonation wave a c c e le ra te s  and 

tra v e ls  toward the c o n e , approaching a stead y  s ta te  condition  and planar g e o - 

metry if  the charge is  long enough.

The c o lla p se  of a c o n ic a l l in e r , as  v isu a lized  in the g en era lized  hy­

drodynamic th eo ry , is  pictured in Figure 6 - 2 .  As the detonation w ave p a sse s  

from the apex to the b ase  of the c o n e , each  s u c c e s s iv e  elem ent, of the lin er 

c o lla p s e s  under the detonation p re ssu re , moving at high v e lo c ity  nearly  per­

pendicular to the original d isin tegrated  lin er m aterial . It con verges a t a ju n c -  /

tion  on the cone a x is ,  then d iv id es into two je ts  along the a x is  b e ca u se  of
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Fig. 6-1. A typical shaped charge with conical liner for use in static 
experiments. (Birkhoff).

Fig. 6-2. Formation of jet and slug from a cone or wedge-shaped liner whose 
sides collapse with constant velocity VQ as a result of the explo­
sion of a charge that was in contact with the outer surface. The 
solid lines show conditions at an early instant of time, and the 
dotted lines show conditions after the walls have moved a distance 
edpaal to the velocity V , for unit time. (Birkhoff).
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the c o n e 's  sym m etry. S in ce  the ju n ctio n  m oves rapidly from apex' to b a s e ,  

the abso lu te  v e lo c ity  of both je ts  is  to  the right in Figures 6 -2  and 6 - 3 ,  and 

the d ivergence of the two je ts  re su lts  in a re la tiv e ly  slow  v e lo c ity  for the one 

on the le f t ,  ca lle d  the s lu g . The fa s t  je t  is  re sp o n sib le  for a ll of the p en etra­

tio n .

B ecau se  the detonation p ressu re is  many tim es the strength of the lin e r , 

its  strength is  assum ed n e g lig ib le  and is  treated  as an in com p ressib le  id eal 

flu id . The v e lo c ity  of a lin e r  elem en t is. con sid ered  to  be co n sta n t through­

out the c o lla p s e  p ro c e ss , with no co n sid era tio n  g iven  to a c ce le ra tio n  tim e .

The v e lo c ity  of lin er m aterial is  assum ed to  chan ge d irection  but not v e lo c ity
«

at the ju n ctio n . In the sp e c ia l c a s e  in w hich each  cone elem ent c o lla p s e s  at 

the sam e v e lo c ity , B ernou lli's  equ ation  may be ap p lied , leading to the sam e 

co n d itio n . A pplication of co n serv atio n  of m a ss , en ergy , and momentum y ie ld s  

for fa s t je t  v e lo c ity

Vj = Vq esc  (8 /2 )  cos (a +  6 -  8 /2) (6 -1 )

where VQ is  the co lla p se  v e lo c ity  and a ,  6 , and 8 are the angles in F ig . 6 - 4 .  

The fraction  of the m ass of a lin e r e lem en t w hich goes into the je t  is

dnn/dm = sin2 (8/2) (6-2)

where dm is  an elem ent of the orig inal l in e r 's  m ass and dmj is  the m ass c o n ­

tributed to the je t  by dm.

The theory at th is  s tag e  a cco u n ts  for the p resen ce  and shape of both 

a je t  and s lu g . Further, it provides for a v aria tio n  in v e lo c ity  along the length 

of the je t ,  and in so doing offers an exp lan ation  of lengthening of the je t ,  the

/



I 213

.V

Fig. 6-3. Sketches of computed cone collapse and jet formation. 
(Eichelberger).
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Fig. 6-4. Cross section showing the non-steady collapse process 
in a conical liner. (Pugh).
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illu s io n  of an a fte r je t  and with other co n sid eration s the e x is te n c e  of an op­

timum ch a rg e -ta rg e t sep aration  (stan d off). Both theory and experim ent re ­

v ea l a very high v e lo c ity  at the tip of the je t .  Austin (Ref. 90) s ta te s  that 

fla sh  x -ra y  s tu d ie s , b i-m e ta llic  lin e rs , and rad io iso top e tagging of lin ers 

have been used to  dem onstrate the theory .

Poulter and C aldw ell (Ref. 91) proposed a p la s t ic -f lo w  theory for the 

co lla p se  of th ic k -w a lle d , co n ica l lin ers with sm all apex a n g le s . This me­

chanism  of c o lla p se  has been confirmed by the use of f la sh  x -ra y s  and b i­

m eta llic  lin e rs  (Ref. 8 8 ) . Poulter and C aldw ell a lso  outlined a sp h e r ic a l-  

convergence theory to  exp lain  the co lla p se  of se m i-sp h e rica l l in e r s . C lark 

and Bruckner (R ef. 93) e a rlie r  proposed, on the b a s is  of in d irect o bservation s , 

that such lin ers in stead  turn in sid e out and then fragm ent during c o lla p se  . 

This m echanism  w as further supported by the observ ation s of Kolsky (Ref. 9 4 ) .

The ca v ity  e ffe c t is  a lso  a form of cum ulation (Ref. 3 1). In other ap­

p lica tio n s of th is  p ro cess a cy lin d rica l "ch arg e" of inert m aterial su ch  as 

wax is  designed with an internal cy lin d rica l or co n ic a l c a v ity . This is  im­

pacted on the c lo se d  end with a high v e lo c ity  cy lin d er cau sin g  a com pression  

wave in the " c h a r g e " . A je t  is  formed in the ca v ity  by a p ro cess sim ilar to 

that in the lin er of a shaped exp losiv e  ch a rg e .

Above ce rta in  v e lo c it ie s  the impact pressure of a je t  is  many tim es the 

strength of so lid  ta r g e ts . C onsequ ently , the theory of je t  penetration was 

orig in ally  based  upon the assum ption of s te a d y -s ta te , in co m p ressib le , id eal 

fluid flow (Ref. 51 ) .  The je ts  encountered in p ra ctice  are im p erfect, e x h ib it­

ing such e ffe c ts  as nonsteady v e lo c ity , w avering, and breakup, but b a s ic
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theory provides a good approxim ation. The formula for p en etration , the s o -  

ca lle d  firs t order theory is

and X =  param eter w hich depends upon the degree of je t  breakup, equal to  1 

for continuous je t .  The m ost obvious re su lt of n eg lectin g  targ et strength is  

the im plication  th at penetration is  independent of je t  v e lo c ity , depending only 

on je t  len g th .

However, experim ents have shown that targ et strength  does a ffe c t 

penetration som ew hat, b e ca u se  the rear of the je t  tra v e ls  at a re la tiv e ly  low 

v e lo c ity  and so exerts  a re la tiv e ly  low  pressure on the ta rg e t. This e ffe c t 

w as treated in various w ays by Pack and Evans (Ref. 56 ) ,  and others (R efs. 5 4 , 

95 , 96 ) .  The e ffe c t of heat lo s s e s  w as a lso  consid ered  by Cook (Ref. 3 ) .

The various forms o fre c e n t th e o re tica l developm ents accou nt for such 

add itional phenomena as optimum standoff and approxim ate lin e a r  sca lin g  of 

penetration with charge d iam eter. A reason ab ly  a ccu ra te  prediction  of pene­

tration  in many m etals is  p o ss ib le  for common standoff d is ta n c e s , and future 

re sea rch  may show that sim ilar law s w ill be applied to rock and other brittle  

m a te ria ls .

(6 -3 )

where

h = penetration depth
L = length of jet
Pc = target density 
Pj = jet density

t
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The f irs t  order theory does not accou nt for targ et strength or a f te r e f ­

fe c ts  such as the la te ra l expansion of the hole or th e sh o ck w av es in the ta r­

g e t^  Nor has an a ccu ra te  hypothesis been advanced for the energy p artition ­

ing of je t  im p act, e ith e r on d u ctile  (metal) or b rittle  (rock) ta rg e ts .

Herrmann (Ref. 49) points out that the above f ir s t  order penetration 

theory may be exp ected  to apply only a t very high v e lo c i t ie s .  For low er v e ­

lo c it ie s  a theory should include a co rrectio n  for ta rg e t strength  w hich in turn 

reduces the predicted  p en etra tion . There is  some la c k  of agreem ent with th e ­

ory b e ca u se  the m ajor contribution to the penetration p ro ce ss  a t high v e lo c i­

t ie s  may be due to  th e expansion  of the c ra te r .

The s im ila r itie s  w hich e x is t  betw een im pact e f fe c ts  of p ro je c tile s  and 

je t s  appear to be lim ited  to^the in it ia l portion of a je t  approxim ately equal to 

a cy lin d rica l p ro je c tile  of the same m ass and geom etry . In the developm ent 

of some th eo ries  o f penetration  both sp h erica l and cy lin d rica l p ro je c tile s  have 

been  consid ered  a s  short j e t s .  For p ro je c tile s  a t the in sta n t of im pact a shock 

wave is  propagated from the point of im pact into both the targ et and the pro­

je c t i l e . .  For a je t  o f m e ta llic  p artic les  or other so lid  m aterial p a r t ic le s , the 

stream  is  made up of separated  d iscre te  seg m en ts, and is  not cap a b le  of pro­

pagating a shock b ack  in to  the je t .

In co n tra st very high v e lo c ity  p ro je c tile s  form a h em isp h erical cra ter  

in d u ctile  m e ta ls , w hile cra ters  in rock are enlarged by te n s ile  sp allin g  a -  

round the rim .

/
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D esign  of Shaped C harges w ith C o n ica l L iners (Ref. 96)

All of the d esign  param eters of the lin er and th e charge are of primary- 

co n sid e ra tio n , some being more c r it ic a l  than o th e rs . Cone diam eter is  ap­

proxim ately proportional to targ et penetration for a g iven  charge geom etry and 

other param eters. (E ffects re la ted  to  d esig n  were observed  in s te e l  ta rg e ts ) . 

The e ffe c t of lin e r m aterial is  a ls o  m arked, but more com p lex , as evidenced 

by Figure 6 - 5 .  In g e n e ra l, p enetration  is  in creased  by g reater lin e r d en sity  

and d u ctility , although other m aterial properties may override th e se  e f fe c t s ,  

copper versus lead ; for ex am p le . C one angle is  optimum a t about 60° (F ig . 6 - 6 ) ,  

but is  interdependent with s tan d o ff, con fin em en t, and lin e r  th ic k n e s s . Pene­

tratio n  versus th ick n e ss  (F ig . 6 -7 )  in d ica te s  the b e s t  th ic k n e ss  to  be about

0 . 0 2 - 0 . 0 3  diam eters . A w all ta p e r , giving a large v aria tio n  o f w all th ick n e ss  

from apex to  b a s e ,  may reduce p en etra tion , but for som e d esig n s may reverse  

i t .  An exp lo siv e  shoulder (i . e . ,  a ch arge d iam eterg rea terth an  th e  c o n e O . D . )
'-S '. , ,

is  gen erally  d etrim en tal. Truncation of the cone is  som etim es b e n e f ic ia l . F i l l ­

ing the apex of the lin er does not a ffe c t  p en etration , but o b je c ts  within and 

nearer the b ase  of the ca v ity  in h ib it or prevent je t  form ation.

Exact cone m anufacture is  im portant b e ca u se  many typ es of d e fec ts  

may greatly  a ffe c t je t  form ation and reduce p en etration . E llip tic  ity  o f 1 .7  per­

ce n t d e cre a se s  penetration by more than 10 p e rce n t. A d istorted  con e w hose 

apex is  o ff-c e n te r  re la tiv e  to  i t s  b a se  diam eter may g ive penetration a s  much 

as 10 percent le s s  than id e a l. Annealing of most m etals or other m aterials to 

remove the residu al s t re s s e s  is  n e c e s s a r y . The bead on a welded cone must 

be ground flu sh ; to the cone on the outside but is  not harmful on the in s id e .
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Stand-off in Cone Diameter

Fig. 6-5. Stand-off vs. penetration by material. (Brimmer).

Fig,. 6-6 . Cone angle vs. penetration by stand-off. (Brimmer).
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W av in ess along th e s la n t height and w all th ick n e ss  varia tion  around the c ir ­

cum ference may lik e w ise  seriou sly  a ffe c t  p en etration . Furtherm ore, an in ­

c lin a tio n  of more than 0 .5  of a degree betw een the lin e r  and the charge ax is  

c a u se s  im pairment of e ffe c tiv e  c o lla p se  and je t  form ation.

The length  of the exp losiv e  charge a lso  determ ines the depth of p ene­

tra tio n . G reater charge lengths re su lt in greater p en etration , with a p articu ­

larly  marked in c re a se  up to 2 .5  or 3 tim es the cone diam eter (F ig . 6 - 8 ) .  Ef­

fe c tiv e n e s s  of the shaped charge a lso  depends upon the type of e x p lo siv e  

u sed , with high detonation v e lo c ity  and pressure being the m ost im portant pro­

p e r tie s . Symmetry is  important in charge preparation ju s t  a s  in  lin e r  manu­

facturing and o ff-c e n te r  positioning o f the detonator by 1 / 1 0  of th e  ch arge d ia ­

m eter is  detrim ental in  charges of standard le n g th s .

Other d esig n  facto rs  used to enhance p enetration  includ e ch arge co n ­

finem ent and in e rtia  or low v e lo c ity  charge co re s  . Confinem ent en h an ces p ene­

tration  only a sm all amount if the o th erd esig n  v a ria b le s  are ad ju sted  fo ro p ti-  

mum perform ance. H ow ever, the u se of a core  of lo w -v e lo c ity  ex p lo siv e  on 

n o n -e x p lo siv e  m aterial (wave shaped) in the main charge may in c re a se  p ene­

tration  by 2 5 p e rce n t.

Penetration by a p erfectly  fabricated  charge is  a function of stan d o ff,

i . e .  , the d is ta n ce  betw een the end of the charge,and  the ta rg e t. Optimum 

valu es of stan d off for s te e l targets are from 2 -3  d iam eters (F ig . 6 - 9 ) ,  but 

vary for d ifferen t cone angles and d ifferen t lin e r  and target m aterials .

Jet  Penetration  of  Rock

Lined shaped c h a rg e s  were i n v e s t i g a te d  by C la rk  (Ref . 88) t c  e v a l u -  

a te  their  e f f e c t  in breaking c o n c r e te  b l o c k s .  Breakage  by j e t s  w as  l e s s  than
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Fig. 6-9. Stand-off vs. penetration in cone angle. (Brimmer).
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th at ach iev ed  by the same amount of ex p lo siv es  in co n ta c t w ith the b lo c k , 

and co n sid erab ly  le s s  than the sam e amount of ex p lo siv e  w ith a mud c a p . 

Hopkins and Kolsky (Ref. 6 6 ) point out that in penetration of je t s  in to lu c i te ,  

the v e lo c ity  of both the je t  and penetration in terfa ce  were so great th at pene­

tration w as com plete before a s tre s s  wave of ap p reciab le  magnitude and dura­

tion  could be in itia ted  in the ta rg e t. These observ ation s would in d ica te  that 

w hile the high speed je t s  th em selv es are e ffe c tiv e  for penetration  th ey  may 

not be e ffe c t iv e  in b reak ag e .

By com parison , for repeated pulsed je ts  of w ater the in it ia l im pact of

the f irs t  few sh o ts on rock cre a te s  minor c ra ck s  and the su bsequ ent sh o ts  may
<

ca u se  b re a k a g e . The exp lo itation  of the c ra ck s  by the w ater p ressu re and su b­

sequ ent fractu re  rep resen ts a d ifferen t m echanism  and requ ires targ et d e fe c ts  

to be p re sen t.

No d eta iled  research  re su lts  on the sca lin g  of shaped charge p en etra­

tion  appear to have been  published although developed e q u a tio n s , w hich are 

in fa ir  agreem ent with o b se rv a tio n s , in d icate  th at for a g iv en .ch arg e m aterial 

and co n fig u ra tio n , the penetration depth should in c re a se  with the lin e a r  d i­

m ension of the ch a rg e . That i s ,  the fam iliar cu be root law  of e x p lo s iv e s  ap­

p lies  , w hich in turn im plies energy s c a lin g .

Somewhat lik e  short je t s  w ith high v e lo c ity , cy lin d rica l p ro je c tile s  

with len g th /d iam eter ra tios of 3 or g reater form cy lin d rica l c ra te rs  in stead  of 

h e m isp h e rica l. In m etals it has been found th at there are e s s e n t ia lly  three 

v e lo c ity  regim es of p ro je c tile  im p act. The f irs t is  a lo w  v e lo c ity  region where
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the p ro je c tile  is  su b jected  only to  minor deform ation. The second is  a tran ­

s itio n a l region w hich lead s into a third or high v e lo c ity  region where fluid im­

p act and in ertia  dom inate. Several th eo ries  have been  proposed to exp la in  

p en etration , su ch  as (1) the rigid p ro je c tile  th eo ry , (2 ) hydrodynamic th eo ries  ,

(3) power law  p o stu la tio n s . These are summarized by Herrmann and Jones 

(Ref. 4 9 ) . (See a lso  Chapter V ).

Three analogous regions a lso  may e x is t  for je t s ,  depending upon je t  

and targ et p ro p erties , including d en sity  and v e lo c ity  of the je t ,  and d e n s ity , 

hard n ess and strength of the ta rg e t.

P ack , et a l . , (Ref. 56) and R ostoker (Ref. 54) proposed je t  p en etra -
«

•tion equ ations with a correction  for targ et stren g th , and Cook (Ref. 3) extended 

th e se  th eo ries to determ ine the radius o f th e hole by assum ing th at th e im pulse 

transferred  to the targ et expands the ho le  la te r a l ly .

... "SE-lf B ern ou lli's  theorem (Ref. 56) is  applied to  a stead y  je t  im pacting a

targ;e trwhere the je t- ta r g e t  in terface  is  moving with a co n stan t v e lo c ity  v the 

stagn ation  pressure is

P = *P jv2  = * pj ^ vj  "  vi ^ 2 (6 -4 )

A strength  fa cto r k was introduced by R ostoker (Ref. 54) to give

v2 +  k = r p . ( v .  - v . ) 2 (6 -5 )
c 3 J  i

and E ich elberger w rites the strength fa c to r  in the form

k = i p jvo ( 6 - 6 )

where vQ is  the minimum je t  v e lo c ity  to  ju s t  ca u se  a c ra te r .
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The correction  for strength used by P ack , e t a l . , (R ef. 56) consid ered  

the co rrectio n  to  be exp ressed  in powers of Y /  pjV^ yield ing a f irs t  approxim a­

tion  to w hich w as added a co rrectio n  term

1  - (6 -7 )

where Y is  the dynamic yield  strength  of the ta rg e t, is  an em pirical fu n c­

tio n  of je t  and targ et d e n s it ie s , and r .is  the hole ra d iu s .

C ook (R ef. 3) extended the theory for estim ation  of the hole radius r^ 

by assum ing that the im pulse receiv ed  by the targ et c a u s e s  la te ra l expansion  

of the hole

j  Pj (v ^ -v ^  r j 2At = *Pt (Y2 + k) ur2At ( 6- 8 )

where rj is  the radius o f the j e t .  The final c r o s s -s e c t io n  is  found for y =  0

pir ■ r j  <vj  ■ V  2 k

or e lim in ating  y ield s

r = •VI r
y A

/p'j_ +  /p / 2 k

(6 -9 )

( 6- 10)

This ex p re ssio n  in d ica tes  th at .for a given je t  targ et m aterial com bina­

tio n , the hole radius is  proportional to the radius of the j e t ,  w hich has been 

borne out in o b serv ation s of je t  h o les in rock m a te ria ls .

Austin (R efs. 90 and 97) carried  out the most com plete study of je t  

penetration in rock reported in 'th e  lite ra tu re . D ata from h is  work plus that 

from experim ents by Lew is and C lark  (Ref. 87) are plotted in (F ig . 6 - 1 0 ) .  

D en sity  of target m aterials varies from approxim ately 1 .0  to 9 . 0 .  It i s  noted 

that the penetration, valu es do not follow  the th eo re tica l curve based  upon the
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Fig. 6-10. Normalized rock penetration by shaped charge jets vs. square 
root of density ratio. Nos. 1-25 4" diam. cast iron cones, 
Pp = 7.2; Nos. 26-29 7" and 9i" glass cones, = 2.6.
P = penetration, D = charge diameter, p = jet density, p = 
target density, L = jet length.
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theory by Pack and o th ers .  These data confirm the p ostu late  that the e f fe c ­

tive  strength appears to d e cre a se  with crater  s i z e .  It should be noted a lso  

that there is  consid erable  sc a t te r  in the d a ta .

Draper, et a l . ,  (Ref. 98) made a se r ie s  of t e s t s  with standard M-2A3 

and M3 military breaking charges against greenstone an d ep id o site  targets  to 

determine p o ss ib le  ap p licab ility  in conventional drilling and b la s t in g .

CHARGE DESCRIPTIONS
M - 2A3 M3

Wt - total 15 ■ 40
Wt of explosive 11.5 28.5
Type of explosive 50 - 50 pentolite
Cone Material glass steel
Cone Angle ? ?

Diameter 7 inches 9 i  inches
Length 12 inches 1 5 inches
Design Beehive Beehive s
Stand-off, normal 5£ inches 15 inches

•

Depths of penetration were 12 to 14 in ch es  in ep id o site  and 15 to 1!

in ch es  in greenstone for the M-2A3, and 32 inches and 29 i n c h e s , re sp ec tiv e ly

for the M 3.

/
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Both types of rock were unusually dense  and of high strength . G reen­

stone had a density  of 2 . 9 6  and a com pressive  strength of 4 4 , 2 0 0 psi  and e p i-  

d o s i te ,  3 . 2 6  and 6 3 , 1 0 0  ps i ,  r e s p e c t iv e ly .  Both rocks were a lso  unusually 

hard to drill with both diamond drills  and pneumatic d r i l l s .

Preliminary t e s t s  were made with shaped ch arges at UMR (1968) to 

ch e ck  resu lts  of o thers ' in v e s t ig a t io n s .  The rock te s te d  is  a tough dolomite 

of density  2 .5  7 and a com pressive  strength of 1 1 , 9 0 0  p s i .  S e lected  re su lts  

of the te s t s  by USBM,  UMR and th ose  by Austin (Ref. 97) are tabulated below:

AUSTIN'S TESTS
Charge Description:

Wt of explosive 5.5
Type of explosive C-3
Cone Material Cast Iron
Cone Angle 55°

‘Diameter 4 inches
Length * ?
Design cylindrical

& beehive
Stand-off, normal 8 + inches

Penetration:
Cylindrical:

Rhyolite 11-24 inches
Quartz mon. 16-34 inches
Limestone 8-10 inches
Sandstone 23-26 inches

Beehive;
Rhyolite 16-17
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UMR TESTS
Charge Description:

Wt of explosive

Type of explosive
Cone material
Cone Angle
Diameter
Length
Design
£/d ratio
* 3 inch is a beehive shape

11 ounces and
3 pounds
C-4
Cast Iron 
45° and 55° 
li and 3 inches* 
4̂  and 6 inches 
Cylindrical
4 and 3

Penetration - Dolomite:
Charge
Diameter

Explosive
WeiRht L/d Penetration

U 11 oz. 4 10-12± in. (45°)
2 1 lb. 3 8-12i in. (55°)
3 2 lb. (beehive) 21-24 in. (55°)
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An exam in atio n  of th e  r e s u l t s  in d ic a te  th at :

(1) The M 2-A3 ch a rg e  i s  in e f f e c t iv e  probably  b e c a u s e  of the g la s s  

l in e r  and oth er fa c to r s  of d e s ig n .

(2) The USBM t e s t s  w ere made on som e of the h ard est  d e n s e ,  tough 

ro c k s  a v a i la b le ,  and are not r e p re s e n ta t iv e  of a v e ra g e  ro c k s  e n c o u n te re d .

' (3) W ith a  s t e e l  l in e r  the M - 3 c h a rg e  w as  r e la t iv e ly  e f f e c t iv e  in d r i l l ­

ing h o l e s .

(4) Austin m akes no re fe r e n c e  to  a n n e a lin g  of h is  l i n e r s ,  w hich may 

be important to  c o n s i s t e n t ,  good p erform an ce .

(5) C a s t  iron and s t e e l  l in e rs  are not th e  m ost e f f e c t iv e  ty p es  th at  

c a n  be  u s e d .  C opper and oth er m eta ls  g iv e  som ew hat h igher p e n e tra t io n .

(6) The m ilitary  b e e h iv e  ch a rg e  is  n o ta n  optimum d e s ig n  for perform­

a n c e  p u rp o se s .

(7) T e s ts  at UMR in a tough dolom ite  show ed p e n e tra t io n s  of 1 - 1 / 8  

in ch  d iam eter h o le s  of up to  12 i n / l b .  M -3  p e n e tra t io n  varied  from 0 . 8  to 1 .0  

in c h e s  per pound for 2 - 2 \  in ch  d iam e te r  h o le s  and A u s t in 's  t e s t s  showed from

2 - 7  in c h e s  of depth per pound.

(8) The USBM c o n c lu d e s  th at  c o s t s  are  ap p ro x im ate ly  $ 8 .0 0  per foot 

of ho le  (1948) . For a 3 in c h  c h a rg e  (experim ental)  at UMR the c o s t  is  e s t i ­

mated at about $ 5 .0 0  per foot ( 1 9 6 8 ) .  For production type c h a rg e s  the c o s t  

should be c o n s id e ra b ly  l e s s  th an  t h i s .

From the above  it  ap p ears  th at no w e l l - d e s ig n e d  t e s t s  of the f e a s i b i l ­

ity  of using shaped c h a rg e s  for dril ling  and b la s t in g  have b een  m ade, and

th o s e  performed have not u ti l ize d  a l l  of the n e c e s s a r y  d e s ig n  s ta n d a rd s to  o b -  
/

ta in  optimum p e rfo rm a n c e .  No attem pt was made to adapt shaped ch arge
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perform ance to new  d e s ig n .  A ctu a lly , some reported in v e s t ig a t io n s  w ere c o n ­

ducted under u n fav o rab le  co n d itio n s  .

R ecent p ilo t  t e s t s  a tU M R  in d ic a te  th at  properly d e s ig n ed  c h a rg e s  may 

give  perform ance c o n s id e ra b ly  b e t te r  than th o s e  reported in the l i t e r a t u r e .

Based  on th is  inform ation it  b ecom es ev id e n t  th a t  more data  on c l o s e -  

■ ly  co n tro lle d  e x p e rim e n ts  i s  needed to e s t a b l i s h  the la w s  of high d e n s i ty  j e t  

p enetration  of r o c k .  M o st of the data in F igure 6 - 1 0  (sh ots  1 -23)  w ere a c ­

quired u sing  a 4 "  d iam eter  c h a r g e ,  55°  c o n e  o f  c a s t  iro n ,  the ch a rg e  being 

loaded with C om p . C - 3 .  The report by Brimmer (R ef. 96) in d ic a te s  th at  t h e s e  

l in e rs  may have b e e n  too  th ic k .  A lso ,  no s tu d ie s  have b e e n  made on th e  r e l a ­

t iv e  e f f e c t s  o f  d if fe re n t  l in e r  m ateria ls  on r o c k .  No in v e s t ig a t io n s  have b e e n  

made of the re la t iv e  e f f e c t s  of m etal j e t  v e lo c i ty  on p en etra t ion  a n d /o r  b r e a k ­

a g e .  The e f f e c t  of h igh v e lo c i ty  w ater  j e t s  would be e x p e c te d  to be lo w er  

than th at  for g l a s s  .

\ Energy Partit ion in g  *

The c a t e g o r ie s  in to  w hich the re le a s e d  e x p lo s iv e  energyfrom  a shaped 

ch arg e  is  d iv ided by th e  governing p h y s ic a l  and c h e m ic a l  p r o c e s s e s  have not 

b een  q u a n ti ta t iv e ly  e v a lu a te d .

For an unconfin ed  e x p lo s iv e  ch arge  the k in e t ic  en ergy  carr ied  by the 

products of d e to n a tio n  i s  u til ized  in (1) deforming th e  c a v i ty  l in e r ,  (2) im part­

ing k in e t ic  en ergy  to  th e  j e t  and l in e r ,  (3) in expanding a g a in s t  a tm osphere  

p re s s u re ,  and (4) in lo s t  h e a t .  It i s  e s t im ated  th a t  l e s s  than f iv e  p e rce n t  of 

the to ta l  e x p lo s iv e  energy  in a charge  with an Z / d  ra t io  of f iv e  is  u t i l iz e d  in 

forming the j e t .

S''
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For a con fin ed  ch arg e  th e  en ergy  partit ion ing  b e tw e e n  c a v i ty  and b la s t  

e f f e c t s  v a r ie s  a few  p e rce n t  w ith  th e  d eg ree  of c o n f in e m e n t .  As th e  c o n f in e ­

ment i s  in c re a s e d  from z e r o ,  th e re  i s  on ly  a sm all  in c r e a s e  in  th e  je tp e r fo r m -  

a n c e  (Ref. 9 6 ) .  M uch of th e  e n erg y  o f a co n fin ed  c h a rg e  in a b l a s t  borehole  

is  u t i l iz e d  in breaking the ro ck  or im parting k in e t ic  en e rg y  in  th e  form of 

w a v e s  or e je c te d  p a r t i c l e s .  For c a r e fu l ly  c o n tro lle d  t e s t s  on c u b e s  of c o n ­

c r e te  th is  amount h as  b e e n  found to  be a s  high a s  s e v e n ty  p e rc e n t  (Ref. 9 9 ) .

Assuming th a t  on ly  a sm all  portion of the e x p lo s iv e  i s  u t i l iz e d  in j e t  

form ation , i f  shaped c h a rg e s  are  em ployed for p e n e tra t io n  o n ly ,  a la rg e  part 

of the energy  of the e x p lo s io n  i s  l o s t .  On th e  o th er h a n d , i f  th e y  c a n  be em ­

ployed to perform both d ril l in g  and b la s t in g ,  th e  s a v in g s  in  eq u ip m en t, t im e , 

en erg y  consum ption  and c o s t  should  be a p p r e c ia b le .  C u rre n t ly ,  i t  i s  not p o s s ­

ib le  to  predict a c c u r a te ly  th e  o p e r a t io n a l-d e ta i l s  of su c h  a s y s te m .

As s ta ted  a b o v e ,  th ere  ap p ears  to  b e l i t t l e  in form ation  in  th e  l ite ra tu re  

a v a i la b le  on energy partit ion ing  of th e  im pact k in e t ic  en ergy  u t i l iz a t io n  of 

shaped  charge j e t s  on s e m i- in f in i t e  t a r g e t s ,  p a r t icu la r ly  of b r i t t le  m a te r ia ls .  

Some prelim inary a n a ly s e s  are a v a i la b le  for h y p e rv e lo c ity  im p act of p r o je c ­

t i l e s  on ro c k .

G ault and H ietow it (R ef. 33) an a ly zed  the p artit ion ing  of en ergy  a g a in s t  

hom ogeneous b a s a l t  by approxim ate  m eth o d s . (See P r o je c t i le  P e n e tra t io n ) .  

Theory showed th at l e s s  th an  one p e rce n t of the im pact en erg y  i s  tran sferred  

in to  e l a s t i c  wave e n e rg y .

If th e s e  approxim ations are  r e a s o n a b ly  c o r r e c t ,  h y p e rv e lo c ity  p r o je c ­

t i l e s  provide an in e f f ic ie n t  m eans of fra c tu r in g .  L ik e w is e ,  i f  e j e c t a  i s  made
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up of f ine  m a te r ia l ,  c o n s id e ra b le  energy  i s  u t i l iz e d  in com m in ution . A lso ,  

the la r g e s t  portion of the in it ia l  k in e t ic  energy  i s  s t i l l  in the form of k in e t ic  

energy a f te r  th e  im p act p ro c e s s  is  c o m p le te .  That i s ,  the p r o je c t i le  re ta in s  

more than h a l f  of i t s  k in e t ic  energy during and a f te r  the im pact p r o c e s s .

T h e se  a n a l y s e s  m aybe  used only a s  an in i t ia l  guide for shaped ch arg e  

j e t s ,  but it  i s  p rob ab le  that energy partit ion ing  is  a fu n ction  of v e lo c i t y ,  ma­

te r ia l  p rop ert ies  and other fa c to rs  a s  w e l l .  P e rc e n ta g e s  of partit ioned  energy  

should be quite  s im ila r  to that for h y p e rv e lo c ity  p r o je c t i l e s .

Target fa i lu re  co n d it io n s  due to p r o je c t i le  im pact are c o m p le x ,  and a

com p arison  of c ra te r in g  in b a s a l t  w ith th at in m eta ls  and w ater  in flu e n c e d
€

M oo re , e t  a l . , (Ref. 8 2 ) ,  to com e to the c o n c lu s io n  th at t e n s i l e  fractu re-p lays  

a dom inate ro le  in to ta l  c r a te r  form ation in  b a s a l t .  Late  s p a l la t io n  c r e a t e s  

c r a te rs  in ro ck  w h ich  are  about te n  t im es  a s  la rg e  a s  th o s e  in m e ta l .

Fluid im p act th eory  p red icts  th at th e  c r a te r  volume or e je c t e d  m ass  for 

g iven  m a te r ia ls  should be proportional to the p r o je c t i l e  e n e rg y . The r e s u lt s  

of th e s e  e x p e rim e n ts  in d ic a te  th at  the e je c t e d  m ass  v a r ie s  a s  the energy  to 

the 1 .2  power of th e  v e lo c i ty  to  the 2 . 4  power of the k in e t ic  e n e rg y .  In other 

w ord s , the e f f e c t iv e  ta rg e t  strength  d e c r e a s e s  w ith c r a te r  s i z e .

This would be a fa c to r  in favor of g e n e ra t in g  very  high v e lo c i ty  j e t s  

or p r o je c t i l e s .  If i t  a p p l ie s  over a wide range o f  v e l o c i t i e s ,  then  th e  c o s t  

per unit k in e t ic  en erg y  of je t s  and p r o je c t i l e s  v e rs u s  th e ir  v e lo c i ty  b ec o m e s  

an important d e s ig n  f a c to r .

It is believed that further research will establish whether this rela­

tionship may be found to govern over a range of velocities of interest, and the'
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r e la t iv e  c o s t  of producing very  high v e lo c i ty  im pact may be more a c c u ra te ly  

determ ined .

C um ulation  -  Tubular B oo ster

C o o le y ,  e t a l . , noted th a t  th e  th eory  of cum u lation  j e t s  from tubular 

c a v i t i e s  is  not c o m p le te ,  but assu m ed  th at the tw o -d im e n s io n a l  a n a ly s is  by 

Birkhoff (Ref. 51) c a n  be a p p l ie d .  (See shaped ch a rg e  th e o r y ) .  As noted in 

the a n a ly s is  of shaped c h a rg e s  E ic h e lb e r g e r  (R e f . 92) found th a t  the agreem ent 

of o b s e rv a t io n s  from th re e -d im e n s io n a l  (ax isym m etric  j e t s )  w as la r g e ly  fo rtu i­

tou s .

A portion of the m ass of th e  b o o s te r  is  assum ed to  a c t  in a manner a -  

halo.gous to a l in e r  in an e x p lo s iv e  c a v i ty  and' th at  the m a te r ia l  at the c a v i ty  

s u r fa c e  moves normal to the c o n i c a l  s u r fa c e  of the c a v i ty  (F ig .  6 - 1 1 ) .  From 

c o n s id e ra t io n s  of momentum th e  j e t  v e lo c i ty  is  found to be  tw ic e  the sh o c k  

v e lo c i t y ,  and the slug has zero  v e l o c i t y .  C a lc u la t io n s  are  a l s o  made for the 

m a s s -o f  a h y p o th et ica l  " s l u g " .  Both the th eory  and a p p l ic a t io n s  g iven  by 

C o o le y ,  et a l . , are in c o n c lu s iv e  and s u b je c t  to  r e v is io n .

C o o le y ,  e t  a l . ,  (Ref. 31) u t i l iz e d  a high v e lo c i ty  r if le  ( .2 2  c a l ib e r ,  

(F ig .  6 -1 2 )  with cum ulation  c h a r g e s  of paraffin  or s o l id if ie d  g ly c e r in  c a s t  in 

the m u z z le .  A nylon p iston  im p acted  the ch a rg e  at v e l o c i t i e s  to  1 ,0 0 0  fps . 

Aluminum and s te e l  ta rg e ts  w ere p en etra ted  to m oderate d e p th s .  S tandoff  b e ­

h av io r  is  s im ila r  to that for sh ap ed  c h a rg e s  (F ig . 6 - 1 3 ) .

f
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Fig. 6-12. Drawing of Cumulation Jet Test Equipment. (Cooley).
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Fig. 6-13.' Penetration as a function of stand-off distance for a 1.0 paraffin charge. (Cooley).



238

M is c e l la n e o u s

A method of obtain ing is o la t e d  h y p e rv e lo c ity  p e l le t s  of aluminum of

3 . 2  to  4 . 0  gram s w ith v e l o c i t i e s  of 7 . 5 7  to  1 0 .9 5  m m /y se c  ( 2 5 ,0 5 9  and 

3 5 , 4 7 8  f t / s e c )  from 3 . 3 3  in ch  d iam e te r  C o m p . B shaped  ch arg e  h a s  b e e n  r e ­

ported by M e re n d in o , e t  a l .  , (Ref. 1 0 0 ) .  A tru n cated  shaped ch a rg e  (F ig .  6 - 1 4 )  

is  provided w ith an in h ib itor  to  prevent th e  c o l la p s e  of the low er part of the 

c o n e .  C opper in h ib ito rs  w ere on ly  p a r t ia l ly  s u c c e s s f u l ,  perm itting som e high 

v e lo c i t y  m ateria l  behind the in i t ia l  m a ss  to  p a s s .  L u c ite  provided an e f f e c ­

t iv e  in h ib ito r  (F ig .  6 - 1 5 )  with on ly  a l i t t l e  low  v e lo c i t y  d e b r is .  T h is  may b e  

d e f le c te d  to a b a f f le  p la te  by a s e m i-a n n u la r  s e c t io n  o f  e x p lo s iv e  b e lo w  the 

b ase , of the shaped  c h a r g e .

Je t  t ip  v e lo c i ty  varied  w ith th e  c o n e  a n g le ,  bein g  7 . 5 7  m m /y s e c  for 

6 0 ° ,  8 . 8 6  for 4 5 ° ,  9 . 5 6  t o 9 . 8  for 3 7 ° ,  1 0 . 4  for 3 0 °  , 1 0 . 9 5 ^  for 2 5 °  and 1 1 .7  

for 2 0 ° .  T his  p r o je c ts  to  1 5 . 6  m m /y s e c  for  0 ° ,  but a 2 0 °  ap e x  l in e r  did not 

produce a c o n s o l id a te d  p e l l e t .

In v iew  o f  th e  f a c t  th a t  shaped  c h a r g e s  fo llo w  a l in e a r  s c a l e  r e la t io n ,  

i t  i s  s u g g e s te d .th a t  a j e t  t ip  of m a ss  o f  2 0 0  gram s would be  ob ta in ed  by in ­

c r e a s in g  th e  c h a rg e  d iam eter  to  12 i n c h e s .  T his  in turn may provide a s im ple  

m eans of providing high v e lo c i ty  p r o je c t i l e s  for h y p e rv e lo c ity  im p act s tu d ie s  .

S y k e s  and Vrablik  (Ref. 101) report on an e x p lo s iv e  sy s te m  for a c c e l ­

eratin g  2 .2  gram p e l le t s  to v e l o c i t i e s  o f  4 . 2  k m / s e c .  It w as a c c e le r a t e d  by 

embedding a f la t  c y lin d e r  of m etal in th e  end of an e x p lo s iv e  c h a r g e .  The 

w hole w as used a s  a f ina l s ta g e  of a r o c k e t  in  an experim ent to o b se rv e  the



Detonator

Comp B 
Charge

Inhibitor

Fig. 6-14. Design of shaped charge used with lucite inhibitor. 
(Merendino).

Va
ri
ou
s



27 ys after detonation

Liner Material (Aluminum) 
Inhibiting Material (Lucite)

Pellet

Fig. 6-15. Projectile formation from inhibited shape charge. (Merendino).
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lig h t em itted from an a r tif ic ia l n ick e l-iro n  m eteorite of known m a ss .

Jam es and Buchanan (Ref. 102) presented the re su lt of a s e r ie s  of pene­

tration  te s ts  on s te e l  using a 45° copper lin er 0 .0 3  7 th ic k , charge (P .E .)  five 

in ch es long and 1 - 5 /8  inch  d iam eter. Experim ents w ere made (1) for m easu re-- 

ment of depth and volum es of c r a te r s , and (2 ) for m easurem ent of v e lo c ity  of 

penetration in seven  m a te r ia ls . Ahistogram  of penetration  in d ica te s  a som e­

what skew  d istrib u tio n .

D en sity , te n s ile  stren g th , sh ear strength and hard n ess of targ et ma­

te r ia ls  were determ ined . No d irect correlation  w as found betw een d en sity  or 

ta rg e t strength and penetration for the whole length  of the j e t s .  H ow ever, for 

the higher v e lo c ity  front portion of th e je ts  there w as good agreem ent in pene­

tratio n  for targ ets  of the sam e d e n sity , but of d ifferen t s tre n g th s . There a l ­

so  were good co rre la tio n s found betw een strengths and hole  d iam eter. Pene­

tration  v e lo c it ie s  were found to be approxim ately proportional to the je t  v e lo ­

c i ty .



CHAPTER V II

PRESSURE VESSELS

INTRODUCTION

In general the p ressu res to w hich a v e s s e l  is  su b jected  may range 

from s ta tic  or q u a s i-s ta t ic  todynam ic or im p u lsive . S ta tic  type pressure v e s ­

s e ls  have been in v estig ated  in great d e ta il for cy lin d rica l geom etry, and to  a 

le s s e r  extent for sp h erica l geom etry . On the other hand very l i t t le  seem s to 

be known about the resp on se  of v e s s e ls  to dynam ic' p re s s u re s .

This chap ter is  devoted to  the current d esig n  p rin cip les w hich may have 

ap p lication  to a 5 0 0 ,0 0 0  p si v e s s e l  having su ffic ie n t volume to be u sefu l for 

h ig h -v elocity  je t  form ation. V e sse ls  for s ta tic  ap p lica tio n s su ch  as m aterial 

properties stu d ies and m aterial sy n th esis  under high confin ing p ressu res 

w ill not be co n sid ered . For the la tte r  a p p lica tio n s , p ressu res of the order of

1 ,0 0 0 ,0 0 0  p si are not uncommon. Such p ressu res are norm ally generated and 

contained in a sm all volume by rams converging on the sm all volume from 

various a n g le s . T hese d e v ices  are commonly termed f la t - fa c e  a n v ils , te tra ­

hedral ap p aratu s, and cu b ic  apparatus depending on the geom etry of the op­

posing p isto n s.

Due to th e ir  geom etry and sm all volume the above d e v ices  do not ap­

pear to be ap p licab le  to th is in v e s tig a tio n . The ch ap ter w ill be devoted to 

cy lin d rica l v e s s e ls  w hich could be employed as reactio n  ch am b ers, p is to n - 

cy lin d er arrangem ents, or tubing to transport a high p ressure flu id .

DYNAMIC PRESSURE VESSELS

A pressure v e s s e l  in its  broadest se n se  is  a co n ta in er which co n fin es 

the fluid long enough for the d esired  pressure e ffe c ts  to o ccu r. W ith th is

2 4 2
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d efin ition  the "stren g th " of a v e s s e l  may be due to i ts  inherent strength for 

interm ediate rate p r o c e s s e s , or to its  m ass or in ertia  for high rate p ro c e s s e s , 

such as the detonation of an e x p lo s iv e .

An in terestin g  ap p lica tio n  of the in ertia l type of v e s s e l  is  the use of 

lead  ja c k e ts  around sm all exp lo siv e  co res to afford the n e c e ssa ry  co n fin e ­

ment to su sta in  the detonation p ro c e ss . In th is manner the c r it ic a l  charge 

diam eter below  w hich stead y  s ta te  detonation w ill not o ccu r can  be reduced 

co n sid erab ly  from that n e ce ssa ry  for unconfined c h a rg e s . Normally in th ese  

detonating fu ses  th e" v e s s e l  "ruptures shortly after the d etonation  has p assed ;

how ever, the d esired  e ffe c t in  su stain ing the d etonation  has been  a cco m -
«

p lish ed . Techniques have re cen tly  been developed for com p letely  contain ing  

the reactio n  products from sm all exp losive co res  if n e c e s s a r y . Here the d e­

sign  is  both in e rtia l and co n v en tio n a l.

M acken zie  and Dalrymple (Ref. 103) detonated sp heres of C 4 -ex p lo ­

siv e  cen tra lly  lo ca ted  in cy lin d rica l con tain ers to determ ine the maximtlm a -  

mount of exp lo siv e  w hich could be detonated in various s iz e  cy lin d ers of 

various m a te r ia ls . Sidew all rupture was the prevalent type of fa ilu r e . Em­

p irica l cu rves w ere determ ined relating  the lim iting m ass of the e x p lo siv e  to 

the in sid e  diam eter and w all th ick n e ss  for several aluminum a llo y s and s ta in ­

le s s  s t e e ls .  No th e o re tica l a n a ly s is  was attem pted.

In another report on th is  same problem, M a ck en z ie , D alrym ple, and 

Schw artz (Ref. 104) s ta te  the commonly measured engineering strengths of 

m aterials are of l i t t le  value in the design  of dynamic v e s s e l s . The strength

/
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of a m aterial is  rate dependent and no sim ple re la tio n  e x is ts  betw een the s ta ­

tic  and dynamic strengths of any given m a teria l. Thu s, s ta t ic  c h a ra c te r is t ic s  

are of no great value in the d esig n  of dynamic p ressure v e s s e ls .

. Daugherty (Ref. 105) d esigned  and fab rica ted  a one m illion p si p res­

sure cham berto  con ta in  the pressure of a sm all detonating exp lo siv e  ch a rg e .

O
The internal volume of th is  v e s s e l  w as only 0 .2 7 5  in .  , and the v e s s e l  was 

of the m u lti-anvil ty p e . It appears that the d esig n  w as based  so le ly  on s ta tic  

p ressu rization  w hich may or may not be su ffic ie n t for exp lo siv e  p ressu riza ­

tio n .

Rate e ffe c ts  in p ressure v e s s e ls  have been  analyzed  th eo re tica lly  by 

Sp illers  (Ref. 106). His a n a ly s is  is  for an orthotropic v is c o e la s t ic  th ic k -  

w alled tube in plane stra in  su b je cte d  to an applied pressu re of the form

whKfe u(t) is  the unit step  fu n ctio n . The so lu tion  for rad ial s tre s s  ar atrad iu s 

r_ obtained through the L ap lace transform ation is  g iven  by

p(t) = Po u(t) (7-1)

ar
pQa
r sin (n7rIST>

Jtn a

(7-2)

4>(0) e <(> (y x ) e <J>(y2)
1 2 2 2 1

v and y are the roots of
l  2 X
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a
+  in 2 b  g y +  n2 ir2 — y 8  = 0 .
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£ri2 b (s  +  g2 2 ) (s +  Yn>
<f> (s) = ----------------------

Sin2 b + n2Tr2
a 22

s. is  the transform  v a ria b le ,

a and b are the in tern al and external rad ii re s p e c tiv e ly .

a i l  » a 2 2 ' 822 .' Y11 and Y22  are co n sta n ts  d escrib in g  the v is c o e la s t ic

properties of the orthotropic m ateria l.

S p ille rs th e n  d is c u s s e s  the sim p lification s w hich are introduced when

the m aterial is  assum ed to be in com p ressib le . An an iso tro p ic  m aterial does

not have a c o e ff ic ie n t o f co m p ressib ility  a s  an iso tro p ic  m aterial d o es; th u s ,

m aterial in com p ressib ility  must be interpreted to mean th at the m aterial under­

goes no d ila tation  . The s im p lification  of in co m p ressib ility  resu lted  in the La­

p lace  transform s of the resp o n sesh av in g  the transform -param eter as a ra tion ­

al fu n ction . The resp o n ses are thus of the same order of com plexity  as the

resp on se of an iso tro p ic th ick -w alled  tu be.

(7 -4 )

2  I £ n 2  b  +  n 2 TT2 + s
22
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STATIC PRESSURE VESSELS

It is  desired  to d esign  cy lin d rica l pressure v e s s e ls  to co n ta in  s ta tic  

or q u a s i-s ta tic  pressure up to 5 0 0 ,0 0 0  p s i .  A cy lin d rica l geom etry is  gen er­

a lly  more usefu l than a sp h erica l geometry, s in c e  i t  lend s i t s e l f  to  p isto n - 

cy lin d er and transport (tubing) ap p licatio n s as w ell as  a sim ple co n ta in e r.

It is  shown in Appendix B th at a th in -w alled  v e s s e l  (diam eter greater 

than 20 tim es w all th ick n e ss) ca n  co n ta in  a p ressure of not more than 1 /1 0  

of the te n s ile  strength of the m a teria l. Thus, even for s te e ls  having te n s ile  

strengths in the order of 3 0 0 ,0 0 0  p s i , a th in -w alled  v e s s e l  w ill s u s ta in , a t 

m ost, up to 3 0 , 0 0 0  p si in tern al p ressu re .

Higher pressure can  be co n ta in e d , how ever, by in creasin g  the ratio  

o f-w a ll th ick n e ss  to d iam eter. The s t r e s s e s  then vary a c ro ss  the w all and

the v e s s e l is  termed th ic k -w a lle d . Lame developed th e c la s s ic a l  equations

fort-the s tre s s e s  in su ch  a th ick -w a lle d  cy lin d er assum ing e la s t ic  behavior

a net-loading by in tern al and extern a l p ressu res p̂  and pQ re sp e c tiv e ly  (F ig . 7 - 1 ) .

These equations for rad ial and tan g en tia l s t re s s e s  a t radius r , a and a re_
 ̂ 0

sp e c tiv e ly , are

a2b2 (p0 -  p±) 1 p ^ 2 -  p0b2
(7 -5 )CTr

a0 + (7-6 )



Fig. 7-1. Thick-walled cylinder subjected to internal and external pressures.
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When the external pressure is  zero the above equ ations reduce to

a =
r b2-a2 -2

( 1  -  ~  )

r 2
(7-7)

_ a^p b2’-------—  ( 1 +  —  )
0 b2-a2 r2

(7-8)

where £  is  the internal p re ssu re . Equations (7-7) and (7 -8 ) in d ica te  that crr

is  everywhere com pressive and th at b is  alw ays tq n s i le .  The s tre s s  0  is
0 0

maximum at the inner s u r fa c e , where

0max
_ p(a2+ b2) 

b2-a2
(7-9)

As the outer radius b becom es in fin ite  it  ca n  be shown th at approaches—  0max
the in tern al pressure £ .  Thus, there is  a lim it to  the p ressu re w hich can  be 

co n ta in ed , even with in fin ite ly  th ick  w a lls .

Equation (7-8) show s th at the tan g en tia l s tre s s  d e c re a se s  with in ­

c re a s e  in radius outward from the b o re . Thus, the outer m aterial does not co n ­

tribu te  as much to the confinem ent a s  th at near the b o re . Various tech n iqu es 

have been  developed to c re a te  a more nearly  uniform s tre s s  d istribu tion  a cro ss  

the w all th ic k n e s s . B a s ic a lly  a ll of th ese  tech n iqu es attem pt to introduce re ­

sid u al com pressive tan g en tia l s t r e s s e s  near the opening w hich w ill tend to 

d e cre a se  the magnitude of the te n s ile  s tre s s e s  in th is  c r it ic a l  reg ion . The 

variou s methods for accom p lish ing  th is  are au to fre ttag e , shrink b an d s, mul­

tip le  cy lin d er co n fig u ra tio n s, and wire wrapping .
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A utofrettage is  the most w idely d iscu sse d  technique for introducing 

residu al com p ressiv e  s tre s s e s  near the cy lin d rica l c a v ity . The tech niqu e is  

used in gun barrel manufacture and is  ap p licab le  to other v e s s e ls .  It c o n s is ts  

of a p ressu rization  beyond the design  pressure so th at the m aterial becom es 

partly or fu lly  p la s tic  . Upon re le a se  of the pressure a resid u al s tre s s  pattern 

is  created  w hich m akes the s tre ss  at su bsequ ently  applied design  pressure 

more uniform throughout the th ick n ess  of the v e s s e l .

Appendix B g iv es  a d etailed  an a ly sis  of the au tofrettage p ro cess for a 

m aterial w hich is  e la s t ic  up to the y ield  point and p erfectly  p la s tic  th e re a fte r . 

It is  assum ed th at m aterial behaves e la s t ic a l ly  upon re le a s e  of the au to fret­

tag e  pressure and a ls o  upon rep ressu rization  to any value up to the au to fret­

tage p re ssu re . A maximum shear s tre ss  fa ilu re  criterio n  is  em ployed. Equa­

tions for rad ial and tan gen tia l s t re s s e s  are developed in Appendix B for the 

various s ta g e s  of the autofrettage p rocess for the c a s e s  of yield ing through­

out the entire w all and partial y ie ld in g .

S e e ly  and Sm ith (Ref. 107) sta te  that the assum ption of co n stan t m axi­

mum shear s tre s s  in the p la stic  region during the in it ia l p ressu rization  is  

reason ab le  if there is  no in crea se  in strength of the m aterial due to cold  work­

ing and if  the resid u al s t re s s e s  do not cau se  y ield ing in the reverse  d irection  

upon re le a se  of the p ressu re . These cond itions are su b sta n tia lly  met for ma­

te r ia ls  having a w ell-d efin ed  yield point and for cy lin d ers having dim ensions 

such that the ratio  jj- is sm all to medium in v a lu e .

Figure 7 -2  is  a graph of the ratio  of the internal pressure to the te n ­

s ile  e la s t ic  strength versus the ratio  of the extern al radius to the in ternal
/
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b. _ External radius 
a Internal radius

Fig. 7 2. Influence of autofrettage. (Seely and Smith)
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rad iu s. The bottom curve is  a plot of th ese  ratios when in e la s t ic  s tra in s  in 

the w all b e g in , b ased  on the maximum shearing s tre s s  theory; the middle curve 

shows the ra tio s  when in e la s tic  stra in s  com m ence but is  based  on the m axi­

mum principal s tre s s  theory; the upper curve shows the ra tios when the wall' 

becom es e n tire ly  p la s tic  at the maximum au tofrettage p ressu re . The middle 

curve is  norm ally not used s in ce  the maximum principal s tre s s  theory is  not 

valid for th is  type of load in g . The cu rves co in cid e  at the origin w hich c o rre - 

sp on d sto  a th in -w alled  v e s s e l .  For ^ =  5 it  is  seen  th at the p ressure c a n b e  

in creased  by a fa c to r  of approxim ately three from the time when the in sid e  

w all f ir s t  becom es p la s tic  to when the entire  w all becom es p la s t ic .

Berman (Ref. 108) l i s t s  the primary lim ita tion s to the au tofrettage pro­

c e s s  and its  a n a ly s is  a s :

1 . P ressu res much higher than the d esig n  pressure used to produce 

au to frettage  may be near the burst p re ssu re .

2 . M ateria l properties beyond the y ield  point are d ifficu lt to  d e te r­

mine and may vary from point to point in the m a te r ia l.

3 .  The re la tio n sh ip  betw een measured m aterial properties and the 

m u ltiaxia l s t re s s e s  in th ose parts of the v e s s e l  in the p la s tic  range 

is  approxim ate.

4 . The true residual s tre ss  pattern is  open to question  due to v a ria ­

tion s of m aterial properties in the p la s tic  range and the approxim a­

tion in th eir ap p lica tio n .

5.. A large portion of the v e s s e l is  con sid erab ly  u nd erstressed  un­

le s s  the d esign  pressure is  near the fu lly  p la s tic  p ressu re .

s'—
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Faupel (Ref. 109) sp eaks of p ercen t au tofrettage and p ercent over­

s tra in . Full or 100 percent au tofrettage is  obtained when the th e o re tica l m axi­

mum resid u al s t re s s e s  are le f t  a t the b o re . The cy lind er is  said  to  be 50 per­

ce n t autofrettaged when only h a lf of the maximum p o ssib le  resid u al s tre s s  is  

le ft  at the b o re . Full or 100 p ercent overstra in  occu rs when the en tire  w all 

becom es p la s tic ; 50 percent overstra in  in d ica te s  th at the p la s t ic . zone has 

penetrated only h a lf of the w all th ic k n e s s . For some rea l m ateria ls 100 per­

ce n t au tofrettage can  be accom p lished  by only 10 percent o v e rstra in . O pti­

mum d esig n  is  considered  as th at producing the maximum resid u al s tre s s  d is ­

tribution with minimum m a teria l.

— -^ -Faupel a lso  points out the im portance o f rev erse  y ield ing in com p res­

sion  ."T h is  phenomenon occu rs when the m aterial near the bore y ie ld s in com ­

p ressio n  upon re le a se  of the p ressure rather than follow ing H ooke1 s law  dur­

ing* -fire entire  r e le a s e .  If the th e o re tic a l maximum value of resid u al s tre s s  

is-governed by von M is e s 1 cr iterio n  (con stan t octahedral shearing s tre s s  or 

maximum d istortion  energy) it  can  be shown th at the lim iting cond ition  for no 

rev erse  yielding in a fully o v erstra in ed , c lo se d -e n d  cy lin d er is  a diam eter 

ratio  — =  2 . 2 2 .  For an open-end cy lin d er the lim iting ratio  is  1 . 9 4 .  For d ia ­

meter ra tios greater than th ese  rev erse  y ield ing  w ill occu r on re le a s e  of the 

au tofrettage pressure i f  the pressure is  g reater than tw ice  the e la s t ic  b reak­

down pressure for a c lo se d -en d  cy lin d e r, or 1 . 83  tim es the e la s t ic  breakdown 

pressure for a c lo se d -en d  cy lin d er.

Prager and Hodge (Ref. 110) p resen t the theory of reverse  yielding

making the sim plifying assum ptions of in co m p ressib ility  and equal v alu es of— /

te n s ile  and com pressive yield stren g th . The e la s t ic  range for unloading from
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a p la s tic  s ta te  and subsequent loading in the opposite  s e n se  then equ als 

the e la s t ic  range for the original lo ad in g . Thus,  a pressure re le a s e  of mag­

nitude Ap w ill induce reverse  y ield ing of Ap > 2 p , where p is  the p res-
y p  YP

sure a t w hich the w all begins to y ield  upon the in it ia l p re ssu riz a tio n . Their 

a n a ly s is  assu m es plane strain  con d ition s and th at von M is e s ' y ield  criterio n  

a p p lie s .

Assume an in it ia l pressu rization  to  ca u se  the v e s s e l  to  y ield  out to a 

radius £. so  th at the region a < r < c  is  p la s tic  and the region c  _< r <_b is  

e la s t i c .  The s t r e s s e s  in the e la s t ic  and p la s tic  zones are

a = r  ,

- t (1 -  —  -  2 In  L  )
y p  b 2 c

c 2 n  b2 .—  t (1 - —  ) 
v 2  yP - 2

a < r  < c

(7-10)

c < r  < b

t (1 +  —  +  2 Jin L  )
y p  , 2 c

° 0
c 2 b2—  T (1 + —  )
u2 y p  _2

a <_ v  <_ c

(7-21)

c < r < b

a ■■ 
z

y p
C 2  r

(—  + 2  £n — ) 
b2 c

yp b2

a < r  < c

(7-12)

c. < r < b

/
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where x is  the y ield  strength in sh ear and where the radius c  is  re la ted  toyp —
the pressure £  by

p = x ( 1  - - 2 in —  )
yp 1,2 c (7-13)

Let c_̂ _ be the radius of the e la s t ic -p la s t ic  in terface  for the reverse  

y ield ing which occu rs fo ra  pressure re le a s e  of magnitude A p ,  where A p  > 2p . 

The radius c ' for a given Ap can  be determ ined from

2 Jin 7, + (f“)2 - 1 = 2  £nJ - T^c b  a 2 xAe_ (7-14)
yp

The ch an ges in the s t r e s s e s  produced by the d e cre a se  in p ressu re Ap
4

jarelthen shown to be

I -  .. c ' 2 _ r . a _< r <_ c
(7-15)A a  = r

2 x (1 - -—  - 2 An - £ 7 )
yp b2 a

,*2
-  2 x —  (1 -  -— )yp b 2 r 2

c' < r < b

Aa0 =

,' 2- 2 T ( 1  + -e—  + 2 £n -r)yp b 2

-  2 T
.»2

yp k2 ( i  +  — )

a < r < c

(7-16)
c 1 < r < b

A a  -  z

- 2 T (—  + 2  in )
yp b2

-  2
, ' 2

yp b2

a < r < c
(7-17)

c' < r < b

/
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The resid u al s t re s s e s  rem aining after re le a se  of the in tern al pressure 

w ill then be the d ifferen ce  betw een the s tre s s e s  given in equations (1 0 ) ,  ( 1 1 ) ,  

and (12) and the corresponding s tre s s e s  given in equations (15), (16 ), and (17).

When the m aterial ex h ib its  strain  hardening, the p la s tic  a n a ly se s  of 

the s tre s s e s  in a th ick -w alled  v e s s e l  becom e more com plicated  and g en era l­

ly  involve num erical so lu tio n s . Such a n a ly ses  may be based  on e ith e r te n ­

s i le  s t r e s s -s tr a in  diagram s or sh ear s tre s s -s tr a in  d iagram s. Jorgensen  

(Ref. I l l )  used te n s ile  data to analyze the s tre s s e s  in e la s t ic a l ly  strained and 

p artia lly  ovei strained th ick -w alled  cylind ers s in ce  te n s ile  data are more read ­

ily  a v a ila b le  and ca lc u la tio n s  are somewhat s im p lified . The equation for the 

u ltim ate p ressure p w hich b e s t fit the experim ental data was

pult
2_
/3

a + a0 u____
2

£nR' (7 -18)

where
a * ultimate stress psi u
a0 = outside wall stress taken from the stress-strain diagram.
R' = ratio of outside radius to inside radius in the strained 

condition.

In a la te r  in v estig ation  Jorgensen (Ref. 112) compared experim ental 

data for pressure v e s s e ls  for s te e ls  with num erical c a lc u la tio n s  based  on both 

te n s ile  and to rsio n al s t re s s -s tr a in  d ata .

Three regions are consid ered : the outer e la s t ic  region r < r  < b , ay - -
p erfectly  p la s tic  region r <r < r , and a region of strain  hardening a < r  < r .

, p -  -  y -  -  p
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The pressure summations p , p , and p in th e e la s t i c ,  p la s t ic ,  and stra ine y a

hardening regions in term s of the te n s ile  s t r e s s -s t r a in  data are shown to be

y r ^
P = -  ( 1  -  )

6  /3  b2
(7-19)

o r2 „ yp = —  a i n  — u
y 73 y rp (7 -20)

, r=p r + u
3 = —  J (a + a ) Jin —  ■— na L  m. n r + u/ 3 r=a m m

(7-21)

The corresponding equ ations for to rsio n a l s t r e s s -s tr a in  d ata are

r 2
P = T„ (1 - )
6 y b2

(7 -22)

r=p r + u n n
p = 7 ( t +  x ) Jin n  — 3 

t L m  n  r + ur=a m m
(7-23)

where r , r = initial intermediate radii m n
u , u = intermediate radial deformation m n
a  , a  =  equivalent true intermediate stresses m n

a  = true yield stress
r = yield shear stress

From 'the  d is c u s s io n  a t the  end o f th is  paper i t  appears th a t Jorgen­

sen ' s  ana lyses  may be in  e rro r s in ce  he used e= u / r ,  w here  e is  the  ra d ia l
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s tra in , instead  of the co rrec t exp ressio n  e = 3 u /3 r . There is  a lso  some q u es­

tion  a s  to the v alid ity  of assum ing con stan t volume con d ition s in the e la s t ic  

portion of the v e s s e l ,  although there is  general agreem ent th at the co n stan t' 

volume assum ption is  valid  in the p la s tic  portion.

C rossland  and Bones (Ref. 113) related  to rsio n al and te n s ile  te s t  data 

to the p re ssu re -ex p an sio n  cu rves and ultim ate p ressu res of th ick -w a lle d  c y ­

lin d e r s . The problem of y ield  for m aterials with an upper y ield  strength is  

com p licated  by the fa c t  th at the upper yield  strength is  a function of the s tre ss  

g rad ien t. The in it ia l y ield  s tre s s  in a th ick -w alled  cy lin d er is  approxim ately 

e q u a l, how ever, to  th at found from a torsion  specim en with the sam e s tre ss  

gradient a s  in a cy lin d e r . The co n stan t pressure w hich w ill c a u se  continued 

exp an sion  when the cy lin d er has ju s t becom e fu lly  p la s t ic  but before strain­

hardening has com m enced is  termed the "c o lla p se  p re s s u re " . The experim en­

ta l re su lts  compared favorably  with the th eo re tica l cu rves as evid enced  by 

the cu rves in Figure 7 - 3 .  .These cu rves show the re la tio n sh ip s  betw een the 

c o lla p s e  pressure and the d iam eter ra tio , and betw een the in it ia l y ield  p res­

sure and the diam eter ra tio  for 0 . 1 5  percent carbon s t e e l .  The in it ia l y ield  

p ressure w as predicted very accu ra te ly  when the upper y ield  sh ear s tre s s  was 

corrected  for sh ear s tre s s  g rad ien t. The p ressu re -ex p an sio n  curve (pressure 

versu s tan gen tia l stra in  at outside surface) w as obtained by m anipulating the 

follow ing three eq u atio n s:

(7 -24)
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A, B Theoretical collapse pressure-diameter ratio cufves based on ^
plastic yield shear stress, x? (A’.t,, = 7*4 ton/in2; B:t, = i 1
6 .8 ton/in^.

Experimental points for collapse pressure.
C Theoretical initial yield pressure-diameter ratio curve based 

on an upper yield shear stress corrected for shear stress 
gradient.

D Theoretical initial yield pressure-diameter ratio curve based 
on an upper yield shear stress = H.5 ton/in^.

.Q Experimental points for the initial yield pressure. 1 '

I
t *

f l



2 Jin r + u (7-25)Y e r

P T
r+u d(r + u) (7-26)

where

u = radial displacement at radius r
= equivalent shear strain at radius r + u  

a, b = inside and outside radii respectively 
t = shear stress at radius r 
p = internal pressure

Figure 7 -4  show s the re la tion sh ip s betw een the th e o re tica l ultim ate 

pressure and the d iam eter ra tio , and betw een the experim ental ultim ate p res­

sure and the d iam eter ra tio  for the 0 . 1 5  percent carbon s t e e l .  The ultim ate 

pressure is  the h ig h e st pressure on the p re ssu re -ex p a n sio n  cu rv e . The th e ­

o re tica l curve and experim ental points agree c lo s e ly  in Figure 7 - 4 .

Sim ilar graphs showing e x ce lle n t co rre la tio n s  for in itia l y ield  p res­

su re s , co lla p se  p re ssu re s , and ultim ate p ressu re , were obtained for 0 .3  per­

cen t carbon s te e l and for V ib rac .
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Fig- 7-4. Experimental and theoretical ultimate pressure-diameter 
ratio curves. (Crossland and Bones).

I
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Dawson (R ef. 114) ca lcu la ted  the exp an sion  (tan gential stra in  at out­

side su rface) and resid u al s t re s s e s  in a cy lin d er of work hardenable m aterial 

using a method proposed by Nadai (Ref. 1 1 5 ). Dawson deduced the sh ear 

s tre s s -s tr a in  curve for the av a ila b le  te n s ile  s t r e s s -s tr a in  curve using the 

equ ations:
a t

t = —  (7-27)
/3

Y (7-28)

It is  assum ed that the shear stra in  y is  proportional to 1 /r  a ll through

the cy lin d er at ea ch  stag e  Of the ex p an sio n . The in tern al p ressure p_is then

. Y„

■ /
r(y ) dx (7-29)

and the sh ear stra in  a t the outside su rface  r. =  b is  g iven  by

where

v = Poisson's ratio

and
tangential strain at r = b

(7 -30)

fy

The a n a ly tica l c a lc u la tio n  of the expansion w hich involved a num erical in ­

tegration agreed w ithin 3 .5  percent of the experim entally  m easured v a lu e . 

Sim ilarly  the resid u al tan gentia l bore s tre ss  agreed w ithin four p ercen t.

A com prehensive study of the y ield  and bursting c h a ra c te r is t ic s  of near­

ly  100 th ic k -w a lle d , c lo se d -en d  cy lind ers w as performed byFau p el (Ref. 116).
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The e la s t ic  breakdown p ressu res and the bursting p ressu res w ere rela ted  to 

the properties of the m aterials and d esig n  equations proposed . The e la s t ic  

breakdown p ressu res p for open end , c lo s e d -e n d , and restra in ed  end v e s ­

s e ls  are given by the follow ing eq u atio n s:

ov t f  -  1)
p (open ends) = — ------yp /3F T T (7-31)

/

I

p (closed ends) 
yp

r r2 - 1]
/3  L R2 J

(7-32)

a (R2 -  1) 
____Y__________p (restrained ends) = — — 1________________

yP /(3R 1* +  1) +  4v(v -  1)
(7-33)

\ i

where R is  the radius ratio  — and is  the .0 1  percent o ff se t y ie ld  stren g th . 

The c lo se d -e n d  equation w as found to  d e scrib e  the behavior fa ir ly  w e ll.

Faupel then s ta te s  that i f  th e  cy lin d er w all y ie ld s at a co n sta n t s tre ss  

a s  is  assum ed in c la s s ic a l  p la s t ic ity  theory the bursting or u ltim ate pressure 

Puj t  i s  given by the equation

i

2 av . b 3 ,. = —  ̂ Jin — uit a (7-34)
' /

He then show s that i f  the ultim ate te n s ile  strength a^ is  g reater than the yield

stre n g th  a the bursting pressure is

ult
2 a 
/3

Jin — a ’ 2 - ^ ]L u J (7-35)

'■ \
I

where a  is  here taken as the 0 . 2  0  percent o ffse t or low er y ield  stren gth .
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The above equ ation  predicted the bursting pressure at l e a s t  90 p ercent of the 

time to b e tte r  than -  15 percent of the observed v a lu e .

Burrow s, e t a l . , (Ref. 117) summarize the various fa ilu re  c r ite r ia  used 

in pressure v e s s e l  d e s ig n . Table 7 -1  shows the a ltern ativ e  c r ite r ia  of e la s ­

tic  fa ilu re  re la tin g  the principal e la s t ic  s t re s s e s

[a9 > a z = 0 , 5  ( o 3 +  c r ) > ' V  (7-35)

in  a uniform ly th ic k , in fin ite , hollow , c lo se d -e n d  cy lin d er, under in ternal

p ressu re , to the m ajor principal s tre s s  a in a te n s ile  te s t  sp ecim en .

Table 7-1 - Elastic Failure Criterion (Burrows, at al.)

CRITERION FORMULA

Maximum Stress*

Q II Q
CD

Lame (1831) 
Rankine (1888)

Maximum Strain*
a  =  (3/4) ( a fl - a r )  +  (1/4) (1 - 2v) ( a Q +  3 a j .Poncelet (1840) 

Saint-Venant (1870)

Maximum Shear

Q II Q
CD

1 Q
a

’

Coulomb (1773) 
Tresca (1864) 
Guest (1900)

Energy
Beltrami (1885) 
Haigh (1919) i

!

a =  (3 /4)0 •5 (aQ - af) { [(5 - 4v)/3]

+  4(1 - 2v)a0ar(a0 - a r ) 2  } ° ‘ 5  j
l
1»

jModified Energy i j
(Huber (1904) j \
jHencky (1924) | 0 = (3/4)°-5(oQ - a ) jjvon Mises ' (1913- | 0 r |
_______  . ; 1926) j__________________ _̂__________________________ )
*Least acceptable at p r e s e n t ____________________ i
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Table 7 -2  shows th e se  sam e fa ilu re  c r ite r ia  when p la s t ic ity  is  a s ­

sumed with consequ ent adoption o f co n sta n t volume (in fin ite  bulk modulus) 

so  th at P o isso n 's  ratio  is  0 . 5 .

Table 7-2 - Plastic Failure Criteria (Burrows, et al.)

CRITERION ] FORMULA
i
iMaximum Stress
i

j

Q II Q CT>

1 Maximum Strain
!

a = (3/4) (<x0 - or>
|Maximum Shear a ii Q

C
D

1 Q
! Energy «G = (3/4)°-5(aA - a ) 0 r
f[Modified Energy

.
a (3/4) 0-5 Co' - a )8 r

Burrows, et a l . , a lso  d e scrib e  the work of a ta s k  force  to re so lv e  the 

d ifferen ces in points of view  on the c r ite r ia  to be used in ca lc u la tin g  the w all 

th ick n e ss  required for high pressure steam  pip ing . T hirty-one d ifferen t equ a­

tion s for p ip e-w all s t re s s e s  are p resen ted  along w ith short d e scrip tio n s of 

th e ir  a p p lica b ility . The fin al equ ation  w hich w as developed is

where

t ___ E_d--2S 2yp (7-36)

t = minimum wall thickness 
p = internal pressure 
d = outside diameter 
S = code allowable S-value
y = temperature-dependent parameter having a value of 0.4 

for ferritic and austenitic steels below 900 degrees F.
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i /

'-3T

( r

\

The above equation was adopted by the Power B oiler S ectio n  of the ASME Boil­

er Code and w as approved by the Power Piping Com m ittee of the ASA B31C ode 

for Pressu re Piping in approxim ately 1954 .

The cond ition  of u nrestricted  p la stic  flow  of a c ircu la r  tube in plane 

stra in  w ith in tern al pressure £  and obeying von M is e s ' fa ilu re  theory is  d is ­

cu ssed  by Prager and Hodge (Ref. 1 10 ). In u nrestricted  p la s t ic  flow  the in ­

terio r and ex terio r rad ii a  and b in c re a se  with tim e, th e ir in it ia l v a lu es being 

denoted by a Q and bQ. The pressure £  n e c e ssa ry  to keep the w idening tube 

fu lly  p la s t ic  w ill vary with tim e . The in it ia l valu e of pQ is  g iven  by

p 0 = 2 t  Jin —
y p  a 0

where t i s  the y ield  strength in sh e a r ,
y p

( 7 - 3 7 )

Each p artic le  moves rad ia lly  during the flow  p ro c e s s . The rad ia l v e ­

lo c ity  v o f a p artic le  r_ d ista n ce  from ax is  w ill be a function of the radius r_ 

and the tim e t_. The theory of p erfectly  p la s tic  m ateria ls allow s the param eter 

t_to be rep laced  by the param eter a .

v  = v  ( r , a )  ( 7 - 3 8 )

Thus, the rad ial "v e lo c ity "  depends on r_and on a ,  w hich p lays the role of the 
«

tim e . The stra in  ra tes a t the " in s ta n t"  a are therefore given by

a  • a  • _—  , e Q = —  , = 0 ( 7 - 3 9 )

A p a rtic le  orig in ally  a t some d ista n ce  rQ from the a x is  of the tube has

s t r e s s e s  actin g  on it  a t the time when the in terior radius has reached  the value
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of a given by the equations

(7 -40)

G0 Typ (7 -41)

a z Typ b| + a2 -
+  1 (7-42)

...... . The in tern al pressure n e c e ssa ry  to keep the tube fu lly  p la s tic  and e x ­

panding is g iven  by the equation

- • ■ • The above equation in d ica te s  th at the pressure required for continuing 

expansion  d e c re a se s  as the in sid e  radius in c re a s e s  or with in crea sin g  tim e .

B ailey  (Ref. 118) d erives equ ations for the s tre s s e s  in a th ick -w a lle d  

cy lin d er undergoing c re e p . He s ta te s  that there is  a lin e a r  re la tio n sh ip  b e ­

tw een s tre ss  and log rate of creep  in sh ear for s te e ls  at tem peratures up to 

approxim ately 500 d egrees C as given by the equation

p  =  t  & nyp (7-43)

t = k + k log y
1 2 10

(7 -44)
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where

T =
a  + cr r____ 0 (7-45)

y = creep rate in shear (radians per hour)
and are experimentally determined constants.

The s t r e s s e s  in the r , 0, and z d irection s are then shown to  be

Jin—
V  T  T  Va  =  2n Jin — Jin — i n  —  + P — r- r a a b „ ;bJin-a

(7-46)

3 ba n = 4n Jin — + 2n Jin — O r a
r r2n Jin — Jin — + p a b

a
-(7-47)

a = 2n £n — + n Jin — 2n Jin — Jin -̂ +a b 2 ( u n i )
<tn> a

(7-48)

where n =  .4 3 4 3  .

U nfortunately, most creep  data is  obtained in u n iax ia l te n s ile  te s ts  

rath er than to rsio n a l type t e s t s .  C reep with rupture in a p ressu re v e s s e l  i s ,  

how ever, currently  (1968) believed  to be reason ab ly  w ell correlated  with te n ­

s i le  creep -ru p tu re d a ta , a t le a s t  for a range of diam eter r a t io s .

Prager and Hodge (Ref. 110) d iscu ss  the cond itions for failu re of a re ­

p eated ly  loaded tu b e . They s ta te  th at the internal pressure must be s u ff ic i­

en tly  sm all to  avoid u nrestricted  p la s tic  flow and to avoid the estab lish m en t

i
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of a c y c l e  of  p l a s t i c  deformat ion.  The f i r s t  c o n d i t io n  i s  s a t i s f i e d  if  the i n ­

ternal  pressure £  is  l e s s  than the pressure  a t  w hich  th e  cy l in d e r  b e c o m e s  

fully p la s t i c  p  ̂ where

Pf P
2x Jin —  

yp a
(7-49)

The second cond i t ion  is  s a t i s i f i e d  when

p-< P f P =
o ■, b 21 £n —

yp a for —  < 2.22 a “ (7-50)

p < 2 p
yp

o (b2 ~ - 2t rj~
yp

a2) for —  > 2.22 --  ̂ • a (7-51)

M acLaughl in  (Ref.  119) performed a t h r e e - d im e n s io n a l  p h o t o e la s t i c  

a n a l y s i s  of s t r e s s e s  in t h i c k - w a l l e d  c l o s e d - e n d  c y l in d e rs  using  s t r e s s ­

freezin g and s l i c in g  te c h n iq u e s  He found that  the oc tah ed ra l  shear in g  

s t r e s s e s  in h e m is p h e r i c a l l y -e n d e d  c y l in d e rs  were l e s s  than hal f  th o s e  in 

f la t - e n d e d  c y l i n d e r s . This phenomenon occurred even  though the h e m is p h e r ­

i ca l ly -end ed  cy l in d e rs  were com posed of  approxim ate ly  40 percent  l e s s  ma­

te r ia l  in the end r e g io n .  The oc tah ed ra l  shear in g  s t r e s s  w as  a l s o  13 percent  

lower  in models having end plugs than th o s e  without the p lu g s .  In d ic a t io n s  

were that  an optimum e n d - w a l l  t h i c k n e s s  may e x i s t  and that  further study is  

w arrante d .

A c y l in d r ic a l  pressure  v e s s e l  may be  s t rengthened  by shrinking a n ­

other cy l in der  around the main c y l i n d e r . The outer c y l in d e r  i s  normally heated  

s o  that  it expands  s u f f i c i e n t ly  to ju s t  s l ip  over the main c y l in d e r .  As the
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outer ja c k e t co n tracts  upon cooling  it  exerts an extern al pressu re on the in ­

ner cy lin d er. The re su lt is  th at com pressive tan g en tia l s t r e s s e s  are gen er­

ated in the inner cy lin d er as w ell as te n s ile  s t re s s e s  in the ja c k e t .  The ou t- 

e rcy lin d e r  is  referred to a s  a band if  its  th ick n ess  is  sm a ll. Such bands are 

designed to carry  only hoop fo r c e s . If the outer cy lin d er is  re la tiv e ly  th ick  

the v e s s e l  is  then referred to a s  a compound or m ultilayered v e s s e l .

The e la s t ic  s t re s s e s  in a compound v e s s e l  can  be analyzed by using

/
L am e's equations for s tre s s e s  in th ick -w alled  cy lin d ers and co n sid eration s 

o f the d isp lacem en ts at the in te r fa c e s . S eely  and Smith (Ref. 107) analyze 

th is  problem for ja c k e t  and cy lin d er m aterials having the sam e v a lu es of v 

and E, and the sam e s tre n g th s . Letting a , b , and £  denote the internal7ra ­

dius of the main cy lin d e r, the extern al radius of the main cy lin d er (or in ter­

nal radius of ja c k e t ) , and the extern al radius of the ja c k e t ,  re sp e c tiv e ly , 

(F ig . 7 -5 ) they so lv e  for the v alu es of b and c  such th at two sim ultaneous re ­

quirem ents are s a t is f ie d . F ir s t ,  the maximum circu m feren tia l s t r e s s e s  in the

cy lin d er and the ja c k e t  are equal to the working s tre s s  cr when the a llo w -
w

ab le  in ternal pressure £  is  re a ch e d , and se co n d , the radius £  has i ts  minimum 

p o ss ib le  v a lu e , thereby making most e ffe ctiv e  use of the .m ateria l. The v a l­

ues of b and c  are then

where

b = ka 
c = k2a

(7-52)

1 +  (p/a ) +  2 A  +  (p/a )
u 2  _  w W

3 - (p/a ) w
(7-53)

/



Fig. 7-5. Two-region nomenclature. (Huddleston)



2 7 1

Becker and M o llick  (Ref. 12 0) present a theory for the e la s t ic  d esign  

of a compound cy lin d er made by shrinking together sev era l co n ce n tric  c y lin ­

ders . In th eir a n a ly s is  the cy lind ers may have d ifferen t strengths and they 

may operate at any tem perature and under internal or extern al p re ssu re . The 

cy lin d ers are further assum ed to be homogeneous and iso tro p ic , and to have

the same Young's m odulus.

/
Lam e's equ ations for s tre s s e s  in a th ick -w a lle d  cy lin d er are used in 

con ju n ction  with the maximum sh ear s tre ss  failu re criterio n  . Foroptimum d e­

sign a ll s u c c e s s iv e  rings w ill reach  th eir y ield  strengths sim u ltan eou sly .

D etonating the radii of the boundaries betw een the cy lin d ers as a_, b ,

. . . ,  £ , and denoting p , p, , . . .  . ,  p„ as the rad ial pressure at the radiusa b *-

designated  by the su b scrip t the follow ing equation for in ternal pressure is  d e­

rived

pa = ab [1 - (f)2] + Tbe [1 - (̂ )2?

+ +  Tk£ u -  ( f ) 2 ] +  P£

(7-54)

where f  , T bc * • • • j, are the yield strengths in sh ear in the cy lin d er b e ­

tw een the radii d esign ated  by the su b scrip ts .

The follow ing equation re la te s  the m agnitudes of the various radii for 

sim ultaneous y ield ing to occur

6 2 = T u (b2fg  g gh V (7-55)
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The diam etral in terferen ce  <5 w hich is  the d ifferen ce  betw een the d ia -
g .

m etral d e flectio n s at cj. of the inner and outer cy lin d ers under the action  of p^,

p , and p, is  given by the equ ation  g h

6
S

= Ah.
e

(7-56)

P h y sica lly  6 is  the sum of the in c re a se  in the inner diam eter of the 

outer cy lin d er and the d e cre a se  in the outer diam eter of the inner cy lin d er.

The authors a lso  show th a t the re la tiv e  d e fle c tio n s  are mating sur­

fa c e s  (the in terferen ces) w hich are unchanged by ch an g es in the in ternal or

extern al p ressures on the a sse m b ly .
«

Huddleston (Ref. 121) p resen ts th e theory o f minimum w a ll-th ic k n e ss

/
m ultiregion h ig h -p ressu re  c y lin d e rs . The a n a ly s is  com bines the Lame equa­

tio n s  for the s tre ss  d istribu tion  in  th ick -w alled  cy lin d ers w ith von M ise s ' 

y ield  th eory . Results for both plane s tre s s  and plane stra in  cond itions are 

presented  in the form of nondim ensional radius and p ressure param eters for 

v e s s e ls h a v in g  1 , 2 , 3 , 4 ,  and 5 re g io n s . The re su lts  are ty p ica l of the graphs 

shown in Figures 7 - 6 ,  7 - 7 ,  and 7 -8  for five  regions in plane s t r e s s .  The ra ­

d ii to  the boundaries of the various regions are a ,  b ,  . . . ,  r  f (going

from the in sid e outward) and the in te rfa c ia l pressure at th e se  radii are p , 

Pb ' ‘ ' ,p i '  * • , pe ’ F igure 7 - 6 is  a graph of the ratio  of the i th radius r  to 

the internal radius a_ versu s the ratio  of the in tern al p ressu re p^ to the yield  

strength a . Figure 7 -7  is  a graph of the ratio  of the in te rfa c ia l pressure at3,
Paradius r, to the yield  strength o versu s the ratio  t t ~ . The com putational

1 cl cl

/
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P /ct a a

Fig. 7-6. Radius ratios squared versus internal pressure parameter 
for five regions in plane stress. (Huddleston).

t
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Fig. 7-7. Intermediate pressure ratios versus internal pressure
parameter for five regions in plane stress. (Huddleston).
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schem e does not include the com p lications of reverse  y ield ing during fa b ri­

ca tio n . The dashed portions of the cu rves rep resen t so lu tion s to the assum ed

m athem atical model but are e la s t ic a lly  u nstab le  due to rev erse  y ie ld in g .
Pa

Figure 7 -8  is  a graph of the ratio  -3-^  versu s the number of re g io n s . 

The param eter R is  the overall outside to in sid e radius ra tio . The shaded por­

tion of the graph is  the region of e la s t ic  b eh av ior. It is  noted th at the in ter­

nal p ressu red o es not exceed  the te n s ile  y ield  strength without rev erse  y ie ld ­

ing occurring .

Pressure v e s s e ls  may a lso  be strengthened by wrapping them w ith a 

high strength wire under ten sion  so that the m aterial near the bore com es un­

der co m p ressio n . When the v e s s e l is  l a t e r • pressurized  the s tre s s  near the 

bore r is e s  from com pression  to ten sio n  and that in the wire r is e s  to a higher 

te n s io n , a ll w ithin the e la s t ic  l im its .

The primary present ap p lication s of the wrapping tech niqu e involve 

large-volum e th in -w alled  rocket motor c a s e s  (Refs .122-12  7 ). G la ss  fib ers 

are often used for wrapping such v e s s e ls  due to  th e ir  high strength and lig h t 

w eight. The d esign  p ressures in the rocket c a s e s  a re , how ever, in the order of 

1000 psi w hich is  low compared to what can  be contained  in a th ick -w a lle d  

v e s s e l .

A c a s c a d e  arrangement can  a lso  be used to con tain  a high p ressu re . 

Here one pressure v e s s e l is  placed insid e another, with the sp ace  betw een 

them being filled  with a fluid pressurized to a value le s s  than that in the in ­

ner v e s s e l .  A m ajor d ifficu lty  with such a system  is  that the s iz e  of the in ­

nerm ost, h ig h est pressure cham ber becom es rapidly sm aller as the number of



Fig. 7-8. Limiting internal pressure parameter versus number of 
regions for plane stress (v=0). (Huddleston).
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sta g e s  is  in c re a se d . Bridgman (R efs . 12 8 and 129) used such a tw o -sta g e  in 

some of h is co m p ressib ility  s tu d ie s . A more recen t ap p lication  is  for large 

volume sp h erica l v e s s e ls  for n u clear power reacto rs (Ref.. 1 30 ). Here the 

v e s s e l had a large volume (inside radius = 48 in .)  and contained  w ater at 

600°F  pressu rized  to 1600 p s i.

Berman (Ref. 131) proposes a c a sc a d e  or c o a x ia l d esign  w hich he b e ­

lie v e s  can  be used to 5 0 0 ,0 0 0  p s i . He su gg ests as many a s  five c o a x ia l v e s ­

s e ls  w hich are separated  by a fluid in w hich the pressure is  e x te rn a lly  co n ­

trolled  so th at at each  pressure each  v e s s e l  su sta in s  the same maximum s tre ss  

in ten sity  based  on a ll three principal s t r e s s e s .  C onstant m aterial properties 

are assu m ed . An important advantage of the controlled  f lu id -f ill  d esign  is  

that m ateria ls having a high d esign  s tre ss  may be used in the inner lay ers  

s in c e  a large hyd rostatic pressure is  created  at the inner su rface  at d esig n  

p ressu re . This hyd rostatic pressure is  about 50 percent greater than that in 

a com parable sh r in k -fit  v e s s e l .

Sem erchan and Plotnikov (Ref. 30) d escrib e  a R ussian apparatus for

generating pulsed je ts  at 2000 m /s e c .  The apparatus c o n s is ts  of a pressure

m ultiplier made up of two co a x ia l cy lin d ers w hose p iston s are rig id ly  in te r-

co n n e cted . The low pressure cy lin d er has an in sid e diam eter of 50 mm and

2
op erates at a pressure of 80 MN/m (1 1 ,6 0 0  p s i) . .  The high p ressu re c y lin -

2der has an in sid e  diam eter of 10 mm and operates at a pressure of 2000 MN/m 

(2 9 0 ,0 0 0  p s i) .  The high pressure cy lin d er is  a s in g le -la y e r  th ick -w a lle d  v e s ­

se l made from s t e e l .  It is  stated that the s tre s s e s  in the high p ressure c y ­

linder computed by the usual methods for a th ick -w alled  tube exceed  the
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te n s ile  strength of the m ateria l. The high pressure piston is  made from the 

sam e s te e l as the cy lind er and is  hardened to a hardness of R =  4 0 - 4 5 .  The 

se a l of the high pressure cham ber c o n s is ts  of a s e t  of alternating  copper and 

lead  rings w hich are su b jected  to h y d rostatic  com pression  by a yoke and s e a l­

ing nu t. The low  pressure cy lin d er w as charged with com pressed  a ir  and is  

equipped with a capping s e a l w hich works on the uncom pensated area  prin­

c ip le .  This s e a l c o n s is ts  of a cap  p laced  in the p iston  aperture and a se t  of 

alternating  chlorovinyl and te x to lite  r in g s . The report a lso  d e sc r ib e s  the 

method of charging and triggering using a diaphragm burst te ch n iq u e .

M aterial C onsid erations

' Recent  trends in p ressure v e s s e l  ap p lica tio n s involving higher p res­

su re s , th ick er w alls  and new m ateria ls  require a d etailed  know ledge of the 

various m ech an ical properties o f the m ateria ls  w hich are of im portance to  the 

structural sa fe ty  of the v e s s e ls .

Langer and Harding (Ref. 132) s ta te  th at a fter making a prelim inary d e­

c is io n  regarding the a cce p ta n ce  of one or more m ateria ls with re sp e c t to  th eir 

a v a ila b ility  in required s iz e ,  shape and th ic k n e ss  in adequate so u n d n e ss , the 

ab ility  to be formed or fab rica ted  by co n v en ien t tech n iq u es and su ita b ility  in 

overall c o s t  in re la tion  to a lte rn a t iv e s , the d esig n er must know the e ffe c t  of 

various m ech an ical properties on a s p e c if ic  se t  of d esign  co n d itio n s . The 

authors s ta te  th at te n s ile  stren gth , y ie ld  strength and b rittle  fracture strength 

are a m easure of the in itia l strength of the v e s s e l ,  w hereas creep  strength 

and s tre ss  rupture strength are in d ica tiv e  of th e lon gtim e se rv ice  of the v e s ­

s e l .  The d u ctility  of the m ateria l, w hich is  u su ally  measured by the percent
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elongation  and reduction of area in the te n s ile  t e s t ,  must a lso  be consid ered  . 

S tra in -fa tig u e  re s is ta n c e  and re s is ta n c e  to notch se n s itiv ity  g ive a m easure 

of the strength  of the v e s s e l to w ithstand alternating loads and tem peratures .

The fa ilu res of pressure v e s s e ls  have been  c la s s if ie d  by Langer and 

Harding (Ref. 132) in to  two main groups: a) sh ear or c le a v a g e  fa ilu re  and

b) fa ilu re  as the ultim ate resu lt o f e x c e s s iv e  p la s tic  deform ation. The e x ­

tent to w hich c le a v a g e  fa ilu re  occu rs depends on the b rittle  fracture proper­

t ie s  of the m aterial which require the e x is te n c e  of s t r e s s ,  low  tem perature and 

a d e fec tiv e  n o tch . However, e x c e s s iv e  p ressures in a d u ctile  v e s s e l  beyond 

the d esig n  value re su lt in  p la s tic  deform ation.

As noted by Schw artz, e t a l . ,  (Ref. 133) the b a s ic  assum ption of a 

fra c tu re -s a fe  d esig n  of the pressure v e s s e l depends on the fa c t  th at few , i f  

any, engineering  stru ctures are free of internal f la w s . Such flaw s may de­

velop e ith e r during the in itia l s ta g e s  of m anufacture of the m aterial or dur­

ing the co u rse  o f i t s  fa b rica tio n . The method of fractu re-:safe  d esig n  using 

the "Fractu re  A nalysis Diagram" developed by P ellin i and Puzak (Ref. 134), 

can  be applied  for s te e ls  at tem peratures far below  the c ra c k -a r re s t  and n il-  

d u ctility  tem p eratu res. C are must be e x e rc ised  to assu re  th at c r it ic a l  com ­

b in ation s of flaw  s iz e  and s tre ss  le v e l are not attained  or e x ce e d e d . This 

procedure may not be ap p licab le  to s te e ls  w hich do not have d is tin c t tra n s i­

tion tem perature fe a tu re s . Thus, the d esigner .has e ith er to put a lim itation  

on the working s tre ss  or to use s te e ls  of low er n il-d u c tility  tem p eratu res. 

But Langer and Harding (Ref. 132) have commented th at th is  method cannot 

be used e ffe c t iv e ly  on pressure v e s s e l  d esig n , e s p e c ia lly  when one has to
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use a high strength s t e e l ,  b e ca u se  the a v a ila b le  y ield  strength d e cre a se s  as 

the strength in c r e a s e s .

In th e ir d isc u ss io n  on the strength  of th ick -w a lle d  cy lin d e rs , C ro s s ­

lan d , e t a l . ,  (Ref. 135) s ta te  th at before p la s t ic  deform ation sta rts  the v e s ­

s e l w ill be in it ia lly  e la s t ic  with the maximum s tre s s  at the c o r e . As the p res­

sure in c re a se s  the core undergoes the p la s tic  deform ation, the outer sh e ll 

s t i l l  retaining its  e la s t ic  property. As the deform ation in c r e a s e s , the p la s t ic -  

e la s t ic  boundary moves outward until it  re a ch e s  the periphery of the v e s s e l ,  

the expansion being continued at a co n sta n t or c o lla p s e  pressure until the 

core  gains the strengthening e ffe c t  of s tra in -h ard en in g . F in a lly , when the 

strengthening e ffe c t of strain -hard ening  becom es equal to the w eakening e f ­

fe c t  of the reduced w all th ic k n e s s , th e  failu re, of the v e s s e l  o c c u r s .

Langer and Harding (Ref. 132) point out th at s in c e  the load flu ctu a ­

tion s in a pressure v e s s e l  designed  for long tim e se rv ice  are u su ally  of the 

ord er:of hundreds o f th ou sand s, (10^ to  10^ c y c le s )  rather in m illio n s , w hich 

fa l ls  c le a r ly  into the range of low c y c le  fa tig u e , the term endurance lim it lo s e s  

much of its  s ig n if ic a n c e .

C . F /  T iffany (Ref. 136) s ta te s  th at exam in ations of the low  c y c le  fa ­

tigu e fa ilu res of pressure v e s s e ls  in d ica te  the p resen ce  of e ith er flaw s , n o tch es 

or some other c ra ck  lin e  d e fec ts  at the fracture o rig in s . M ills  (Ref. 137) 

s ta te s  th a tth e  fracture toughness is  b e liev ed  to  be the important m aterial pro­

perty governing the rate of growth of th e se  d e fe c ts .  The fracture propagation 

from sm all cra ck s  and d e fec ts  in mild s t e e l  i s  thought to  occu r as fo llo w s.
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As the fluid pressure is  increased  the s tre ss  in ten sificatio n  a t a crack  tip  in­

c re a s e s  lin early  with the fluid pressure until at some pressure the crack b e­

gins a period of slow  grow th. During th is  period the crack extension  is  se lf-  

lim iting in th at it  w ill not continue unless the nominal s tre ss  is  in creased . 

This fac t is  a consequence of the p lastic  deformation occurring a t the tip  of 

the frac tu re . The amount of crack  extension per unit s tre ss  increm ent in­

c re a s e s  w ith s tre ss  until finally  the process c e a s e s  to be se lf-lim itin g  and 

crack  extension  continues w ithout further in crease  in s tr e s s .  At th is  point 

the propagation becom es unstable  and rapid failure e n su e s . To assu re  against 

such a failure th e se  unavoidable sharp flaws or c ra ck -lik e  n otches must be 

considerably  sm aller than the c ritic a l s ize  a t a given operating s tre s s  le v e l.

Goodman (Ref. 138) obtained experim ental data to  a s s is t  in  e s ta b lis h ­

ing m aterial se le c tio n , design and fabrication c rite ria  for re liab le  lightw eight 

p ressu re  v e s s e ls . Although h is work w as concerned with m iniature th in-w alled  

v e sse l (2 in . I .D .)  sim ulating rocket c a s e s ,  some of h is conclusions appear 

to  be pertinent to th ick -w alled  v e s s e ls . He concludes th a t no sim ple (coupon) 

te s t  can  accu ra te ly  predict the significant b iaxial behavior and burst s tre ss  

of a given m aterial in an actual pressure v e s s e l, and th at m aterial properties 

should be performed in biaxial s tre ss  fields in which the sig n ifican t geom etri­

cal effects  are included. T ensile in stab ility , which is  the upper bound on 

the burst stren g th , w as accurately  predicted by a p la s tic ity  a n a ly sis  based 

on uniaxial s tre s s -s tra in  d a ta . Also, ten sile  coupons which accompany larg ­

er item s during heat treatm ent may not accurately  reflect the properties of the 

larger s tru c tu re , e sp ec ia lly  if there are any differences in m echanical history
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(such as flattening) or therm al h istory  (such a s  annealing before h eat tre a t­

ment or m ass e ffe c t  in qu enching). Furtherm ore, the u n iax ia l te n s ile  te s t  

w ill in d icate  only g ross an iso trop y .

Ingraham (Ref. 139) l i s t s  some of the seriou s lim itation s of the V -notch  

Charpy im pact t e s t .  These lim ita tion s are (1) its  la c k  of se n s itiv ity  at strength  

le v e ls  above 2 0 0 ,0 0 0  p si; (2) the s iz e  lim its  im posed by the u se  of th in  sh eet 

m ateria ls ; and (3) the im pact energy value is  a com bination of both c ra ck  in ­

itia tio n  and propagation. Ingraham su g g e sts  the u se of cracked  sp ecim ens 

with natural c ra ck s  in stead  of the standard V -n otch  Charpy sp e cim en s.

The pertinent u n iaxial m ech an ical properties of v irtu ally  a ll e x is tin g
«

S tee lsh a v in g  ultim ate strengths g reater than 2 5 .0 ,000  p si have been  gathered 

from the literatu re  and are tabulated  in Appendix B . Appendix B a lso  g iv es  the 

re su lts  of b ia x ia l s tre s s  determ inations on m iniature pressure v e s s e ls  made 

of AISI 4340 s t e e l ,  Ladish  D6AC s t e e l ,  7178 Aluminum and 6A&-4 V Titanium . 

E ffects  of tr ia x ia l s t r e s s e s  on the m ech an ica l properties of pressure v e s s e ls  

made of a mild s t e e l ,  w hich cam e as com m ercially  h o t-ro lled  round sto ck  of 

3 /4 "  d iam eters, are a lso  given in Appendix B .

The follow ing m aterials are con sid ered  to be m ost ap p licab le  to  p res­

sure v e s s e ls  in gen eral (M ills , R ef. 137):

1. M arten sitic  Alloy S te e ls  (AISI 4340  and AMS 6434):

High strength is  ach ieved  by quenching from above the a u ste n itic  

transform ation tem peratures follow ed by tempering to  produce a 

tempered m artensite  m icrostru ctu re .

/•
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2 . A ustenitic S ta in less S teels (301 , 3 0 4 , and 310):

U seful for cryogenic environm ents. These s te e ls  have a fac e- 

centered -cu b ic  c ry sta l structure and are not sub ject to low - 

tem perature em brittlem ent as are body-centered cubic m etals.

3 .  Precipitation-H ardenable S tainless S teels (AM 3 5 5 , 17-7  PH, and

17 -4  PH):

’High strength obtained by a complex se ries  of annealing , condi­

tioning , transform ing, and aging trea tm en ts . The final increase  

in strength  is  attributed to the formation of a coherent precipitate

in the m artensitic  matrix upon aging a t tem peratures ranging from 
«

approxim ately 850 to 1100°F . -

4 .  M araging S teels (18 Ni):

The alloys having 18 percent nickel are believed  to be strength­

ened by the formation of a precipitate  during aging of a low -carbon 

m artensitic  stru ctu re .

5 . Titanium Alloys (T1-6A1-4V, T1-5A1-2. 5Sn, and Ti-13V -LlCr-3A l):

M oderately h igh-strength  and re la tiv e ly  low d en sity  make th ese  

m aterials com petitive with s te e ls  when w eight is  an important 

fac to r.

6 .  Aluminum Alloys (2014-T 6 and 2219-T 81):

R elatively low strength compared to other pressure v e sse l ma­

terials; how ever, lightw eight is  advantageous in some ap p lica­

tions .

/
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7 . N ickel Alloys (Inconel 718 and Rene 41):

P articu larly  u sefu l under high tem perature co n d itio n s .

An important a sp e c t of pressure v e s s e l  d esig n  th at is  u su ally  n eg lected  

is  that of the e ffe c t o f the fluid on the v e s s e l .  B eaverson  (Ref. 140) l i s t s  

three kinds of d e le teriou s e f fe c t s .  F ir s t , there is  permanent damage due to 

s tre ss  corrosion  such as occu rs when w ater is  p ressu rized  in an a llo y -s te e l  

cham ber of SAE 4340 s te e l of a maraging s t e e l .  For exam p le, cham bers 

that w ithstand 5 0 0 ,0 0 0 -6 0 0 ,0 0 0  p si in ternal p ressu re alm ost in d efin ite ly  when 

the pressure medium is  g a so lin e  can  fa il (when new) on two one-m inute e x ­

posures to 1 0 0 ,0 0 0  p si when w ater is  the p ressure medium. Thus, high w ater 

pressure cham bers require m ateria ls d ifferen t from the u su al SAE a llo y  s te e ls  

and maraging s t e e ls .  Beaverson a lso  m entions an experim ent on delayed fra c ­

ture .tim es for various flu ids in co n ta ct with p recracked  sp ecim ens of 300 M 

steel.’.. Failure tim es in m inutes w ere:

Recording ink 0 .5

D istille d  w ater 6 .5

Benzene 2 2 4 7 .

In terestin g ly , prior to about 1 9 6 0 -1 9 6 3  published litera tu re  w as ob­

tained on precracked specim ens with recording ink in the c ra ck  to make the 

c ra ck  propagation more e a s ily  v is ib le .  Thus, the value of such data should 

b e 'q u e stio n e d .

Second , some e ffe c ts  p e rs is t a fter the fluid is  w ithdraw n, but are not 

perm anent. For exam p le, the p ersistin g  e ffe c ts  of a hydrogen so lution  can  

be removed by a p o st-treatm en t ca lle d  b a k in g -o u t.
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Third, the Rebinder e ffe c t  som etim es e x is ts  when the fluid is  in  co n ­

ta c t  with the m e ta l. An exam ple is  the lowering of d u ctility  o f copper when 

co n cen tra tio n s of o le ic  acid  in a certa in  range are p resen t in a surrounding 

so lv e n t. The e f fe c t  d isap p ears when the d eleteriou s fluid is  rep laced  by a ir . 

A lso , flu ids ca u se  "porous" m etals to be in a more b rittle  s ta te ; for exam p le, 

p re sse d -a n d -s in te re d  beryllium  and c a s t  iron ex h ib it th is  e f fe c t .

/



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

GENERAL

Requirements of the excav atio n  industry have made it evident that 

drilling and b lastin g  c y c le s  must be rad ica lly  modified and appropriate new 

tech niqu es adapted to in c re a se  excav atio n  ra tes  w ithout in creasin g  c o s t s .  

U tilization  of hyp ervelocity  p ro ce sse s  other than con ven tion al b lastin g  with 

high exp lo siv es  show some prom ise-of furnishing b a s e s  for developm ent of 

new te ch n iq u es. H ow ever, ap p lica tio n s of w ater je t s ,  m etal je ts  and h ig h - 

v e lo c ity  p ro je c tile s  have been in v estig ated  in only a perfunctory manner in the 

United S ta te s . Few attem pts have been made to improve known d esign s of 

some exp losive d e v ices  for b lastin g  pu rp oses, or more im portantly, to adapt 

b lastin g  procedures to th e ir u s e . M ost in v e stig a tio n s  have been based  on 

the plan of using new p ro c e sse s  for adaptation to con ven tion al excav atio n  

p roced u res.

The u tiliza tio n  of h yp ervelocity  p ro ce sse s  for penetration and d is ­

integration of rock is  s t i l l  in ’ an experim ental s ta g e , with the excep tion  of 

the d irect use of high (chem ical) e x p lo siv es  for b la s t in g . Although there 

has been exten siv e  re sea rch  on hyp ervelocity  w ater je ts  reported from the 

USSR, th eir current use appears to be restric ted  to re la tiv e ly  large d iam eter, 

lo w -v e lo city  je ts  for mining of c o a l . The most recen t books and a r tic le s  a v a il­

able from Russia do not in d ica te  that very h ig h -v e lo c ity  ca p illa ry  je ts  are in 

p ractica l use for e ith er cu tting  or breaking .of in situ  ro ck , but a 1 0 ,0 0 0  atm

286
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20 shot per minute Russian w ater cannon is  reported by C ooley  (Refi 3 1 ) . Re­

search  at m oderate v e lo c it ie s  has a lso  been performed in G reat B rita in , but 

no ap p licatio n s appear to have been  made-, la rg e ly  due to  the c o s t  of g en erat­

ing the in ten se  p ressu res n e ce ssa ry  to extrude w ater je t s  at high v e lo c it ie s .  

Pressure v e s s e l  d esig n  is  a lso  an important problem for ultrahigh p re ssu re s .

Je ts  from shaped ch arges are of h ig h est v e lo c it ie s  p resen tly  a tta in ­

able  and p enetrate rocks to  depths dependent on pertinent p aram eters. Hyper­

v e lo c ity  p ro je c tile s  w ill break b lo ck s of ro ck , but th e ir  e f fe c ts  appear to be 

lim ited to near su rface  fractu re , particu larly  on a se m i-in fin ite  s o lid . Shots 

from lig h t g as guns at required ultrahigh v e lo c it ie s  are c o s t ly .

The b a s ic  th e o re tica l perform ance o f w ater cannons an d lig h t g as guns 

is  analyzed by som ew hat sim ilar m athem atical p roced u res. M ost of the pro­

c e s s e s  occurring in  each  of th ese  d ev ices  involve the gen eration  and prop­

agation of shock  w a v e s . Solutions in turn require a knowledge of the eq u a -
T.

tion s o f s ta te  w hich govern m aterial behavior. Perform ance of w ater cannons 

including the behav ior of com pressed w ater or the pressure v e s s e ls  under 

tran sien t load s has not been  com pletely  exam in ed .

EQUATIONS OF STATE.

For com p lete th eo re tica l an a ly se s  of most of the p ro ce sse s  involved 

in hyp ervelocity  tech n olog y , it  is  n e ce ssa ry  to  have reason ab ly  accu rate  

equations of s ta te  a v a ila b le  for appropriate g a s e s ,  liq u id s and so lid s .

The d ifferen t g aseou s equations are d ev ised  to apply at low , in ter­

m ediate and high p ressu res and tem p eratures. The id ea l gas equation has

{_,



288

been  used with some s u c c e s s  in the p ro ce sse s  taking p lace  in lig h t gas gun s,

but it  is  not w holly a p p lica b le . Several equations have been  proposed for 

high pressu res such a s  th ose  occurring in  detonation w a v e s , and ea ch  appears 

to be ap p licab le  for sp e c ia l c a s e s .

Equations for w ater are taken  la rg e ly  from the p-V -T  d ata o f Bridgman, 

w hile shock equations have been  developed for a large number o f su b sta n ces  

by m easurem ent of p artic le  v e lo c ity . T h e s e , together w ith th e p hase d iagram s, 

may be used to predict the form ation of ic e  at high p ressu res . A n alysis by ap­

propriate equations for w ater in d ica te  th at w ater w ill fre e z e  above a certa in  

c r it ic a l  shock  pressure .although th is  has not been  dem onstrated exp erim en tally .

Equations of s ta te  for so lid s  include e la s t ic ,  p la s tic  and sh o ck e q u a - 

t io n s . Each of th ese  has a p p lica b ility  in the p articu lar a n a ly se s  co n cern ed . 

WATER TETS

.Several th eories have been  advanced to exp la in  the behavior of a x i-  

sym m etric w ater je t s  at various v e lo c i t ie s ,  consid ering  the w ater to be e ith er 

com p ressib le  or in co m p ressib le , applying n o n -v isco u s o rv isc o u s  assum ptions 

at e ith er su bson ic or su personic v e lo c i t ie s . Temperature e f fe c ts  are u sually  

n e g le c te d .

'Peak p ressures developed in w ater cann on , and corresponding M ach 

num bers, how ever, are much h igher than th o se  for w hich th eo ries  have been 

d eriv ed . When a je t  em erges from the n o z z le , shock w aves are se t .up both 

in the air and in the w ater je t .  The la tte r  probably are re sp o n sib le  for part of 

the mixing and d isp ersion  of the je t ,  and other facto rs  are turbulence and



friction of the a ir .  The relative e f fe c ts  of th e se  are not known.

Experim ents  w ith j e t s  have shown that the c o re  is  much more p e r s is te n t  

than w as o r ig in a l ly  b e l ie v e d ,  but i t  i s  o b scu red  b y  th e  d rop lets  and sp ray  of 

the mixing part o f  th e  j e t .  The unit p ressu re  o f  th e  j e t s  d im in ish e s  quite  rap id ly  

w ith tra v e l  d i s t a n c e ,  making near zero  s tan d o ff  th e  m ost e f f e c t iv e  d is ta n c e  

for cu tt in g  and b re a k in g ,  p articu lar ly  for p u lsed  j e t s .

U se of equation of state  data and proper thermodynamic theory ind icate  

that water may freeze  at about 2 6 kilobars dynamic p ressu re . However, the 

freezing pressure is  affected  by other fa c to rs ,  including temperature and 

impurities in the w ater .  No experiments have been  conducted to determine 

whether instantaneou s freezing of water does o ccu r a t the th eo retica l  c r i t i c a l  

pressu re . O therliquids are known to exhibit free z in g , and i f  w aterd o es  freeze" 

it will present a serious o b s ta c le  if  it  cannot b e .co rrected  with an tifreeze  or 

additives or by other m eans.

WATER TET IMPACT

Several methods have been devised for producing high speed w ater 

j e t s ,  including co m p resso rs ,  hydraulic ram s, w ater can n o n s , and by e x ­

ternal augm entation. The c o s t  of com pressing water to large pressures is 

not given in the l itera tu re , but it appears to be h ig h . The e f f ic ie n cy  of pro­

ducing je t s  by any of the other methods is  l ik e w ise  not g iv en , although none 

of the presently  d escribed  p ro cesses  appears to be e f f i c ie n t .  In som e, much 

of the high pressure water is  lo st in the production of j e t s .  Although im pressive 

horsepower is  stipulated at the n o zzle , the c o s t  of input energy has not been
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presented in print. Comparisons with drilling and b lastin g  are a ls o  made in 

a nozzle-horsepow er b a s i s .  H en ce , no re liab le  information on overall e f ­

f ic ie n c ie s  has been found in the l i te ra tu re .

The impact e ffe c ts  of w ater je t s  on rock vary with th eir  diam eter and 

v e lo c i ty .  Large je t s  of three cm diam eter and larger are u tilized  to mine c o a l ,  

largely  by a washing and eroding a c t io n .  Much sm aller ca p illa ry  je t s  of d ia ­

m eters of one to two mm are employed in very high v e lo c ity  j e t s  only in the 

la b o ra to r ie s .  One of the reason s is  that only small volumes of w ater can  be 

com pressed to required high p re ssu re .

Je ts  of v e lo c it ie s  as low a s  200 m /s e c  w ill cu t so ft rocks such as 

sandstone and lim eston e, but w ill  not cut harder rocks such  as  marble and 

anhydrite, which require v e lo c i t ie s  to and higher than 500 m / s e c .  There 

appears to be a c r i t ic a l  v e lo c ity  for e a c h ty p e  of rock below which cutting or 

penetration w ill not take  p lace  e ith e r  for stationary o r tran sv e rse  j e t s .  W ater 

pressures n e ce ssa ry  for in it ia l  cutting  vary from about 2 0 ,0 0 0  to 3 0 ,0 0 0  p s i ,  

and depths of c u tt in g 'b y  tran sv erse  je t s  are limited .to a few c e n t im e te rs .  

Thus, i t  is  d ifficu lt to v isu a liz e  a m echan ica l schem e whereby cutting narrow 

s lo ts  in a rock fa ce  could be u tilized  for e ffe c t iv e  breakage and e x ca v a tio n .

Pulsed je t s  are more e f fe c t iv e  for breakage of rock than continuous 

j e t s ,  e s p e c ia l ly  in porous or cracked  ro c k s .  However, a ll  reported experi­

ments were made on b locks of rock and not in solid fa c e s  of ro ck . For the 

la tte r  geometry and for strong hard rock,-breakage was not reported , but would 

be limited in comparison with breakage of b locks of weaker rock .
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Both British  and Russian investigators  su ggest that high speed je t s  

could be used for cutting rocks at the face  of a tu nnel. One method would 

involve cutting both normal and parallel to the fa c e ,  but estim ated power 

requirements at the nozzle  are greater than m echanical methods were for the 

soft sandstone te s t e d .  No ca lcu la t io n s  were made for harder or more dense  

ro ck s .  The u se  of traversing je t s  requires the movement of the pressure v e s ­

se l or nozzle  at speed s of about 1 c m /s e c  or grea ter .  Pressure v e s s e ls  are 

very heavy and would require a heavy traversing m echanism . A lso , the e f ­

f ic ie n cy  of com pression  methods is  very low . No method is  given for c u t­

ting parallel to a working face  nor are combined methods d e scr ib e d .
4

Russian in v estigato rs  suggested that they were cutting r o c k s 'a t  a 

working f a c e ,  s lo tting  it and then breaking it away by "known m eans" . 

However, no s u c c e s s fu l  methods of utilizing high v e lo c ity  cap illary  je t s  for 

continued e x ca v a tio n  have been reported in av a ilab le  li tera tu re .  It would 

appear, th erefore , that there are many m e ch an ica l ,  te ch n ica l  and econom ical 

problems which may be d ifficult of so lution . These include e f f ic ie n c y  of 

producing high p ressu res  , d e s ig n o f  equipment u sable  underground and adapta­

tion of je t s  for cutting and breakage of rock on a working f a c e .

There is  l i t t le  understood about the b a s ic  mechanisms involved when 

high v e lo c ity  w ater je t s  cut s lo ts  in solid ro ck , i . e .  , whether grains are f r a c ­

tured, eroded or simply washed out. Energy partitioning for impact of water 

je ts  has not been  in v e s t ig a te d , and water je t  action  at v e lo c it ie s  of 1000 m /s e c  

is  consid erably  d ifferent than that of shaped charge j e t s ,  for exam ple, whose 

velo city  m aybe as high as 1 0 ,0 0 0  m / s e c .  Limited energy is  transmitted to the
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rock even at high v e lo c ity .  The instantaneou s pressure in a detonation wave

in high e x p lo s iv e s ,  on the other hand, may be as much as 10^ p si or higher.

For confined exp lo s iv es  th ese  p ressu res  e x is t  long enough within the rock to

generate  pulses which w ill fracture i t .

In summary, if water je t s  are of high enough v e lo c ity  to cu t ro c k ,th e y

appear to do so without generating strong shock  or s tre ss  w aves in the ro ck .

The very high volume of breakage reported for pulsed je t s  was for a porous

sandstone o n ly . Thus, breakage may be lim ited to th is  type of ro c k ,  and none

was reported for harder ro c k s .  Ultrahigh v e lo c ity  je t s  appear to u til iz e  most

of th eir  u sable  energy in cu tt in g . That i s ,  penetration p r o c e s s e s ,  coup ling ,
«

. e t c . ,  are such that onlyw eak shock  and s t r e s s  w aves are generated in the ro ck .

W ater, compared to higher d e n sity  m ater ia ls ,  is  an in e ff ic ie n t  cutting 

agent b e ca u se  of its  low d e n s ity .  M e ta l l ic  je t s  are much more e f fe c t iv e ,  

.particularly  at v e lo c it ie s  where inertia  e f fe c ts  dominate penetration p r o c e s s e s ,

i - . e . ,  from 7 ,0 0 0  to 1 0 ,0 0 0  m / s e c ,  depending upon material p roperties . 

HYPERVELOCITY PROTECTILES

The impact of hypervelocity  p ro je c t i le s  of a wide range of d e n sit ies  

has been studied e x te n s iv e ly ,  and em pirical equations se t  up to attempt to 

d e scr ib e  the behavior of target and p ro je c ti le  m a ter ia ls .  Three regim es of 

v e lo c ity  are d escr ib ed , but the p ro je c t i le  v e lo c it ie s  of in tere st  for rock ta r­

g ets  appear to be in the high ra n g e .

The most common method of a cce le ra t in g  hypervelocity  p ro je c t i le s  is  

by means of light gas guns. Other typ es of projectors u til ize  e le c t r i c ,  e x ­

plosive  and combinations of tech n iq u es  . M ost hypervelocity  re sea rch  has
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been to sim ulate micrometeorite impact on sp ace  v e h ic le s  . However, for very 

high v e lo c i t y , sm all p ro je cti le s  of light m aterials must be u sed . The most used 

target material has been aluminum b e ca u se  of in terest  in meteorite e f fe c ts  on 

sp ace  v e h i c l e s .

In the higher v e lo c ity  reg io n s , theory in d ica tes  that strengths may be 

alm ost n e g l ig ib le , and density  is  the most important material property. How­

ever, rock strength properties do a ffec t  depth of penetration even at h ighest 

v e lo c it ie s  which have been ach iev ed .

There have been several inv estigations performed on ro c k s ,  primarily 

b a s a l t ,  to sim ulate the e ffe c ts  of m icrom eteorites on rocks on the moon. 

For short p ro je c t i le s  whose i/d ratio is  two or l e s s ,  a small hem ispherical 

craterisform ed  a t im p a c tb y  the in itia l p r o c e s s e s ,  followed by te n s i le  slabbing 

around the c ra te r .  Much larger craters  are formed in rock than in m etals b e ­

ca u se  of th is  la t te r  p rocess , which is  a lso  due to the fa c t  that "rocks are gen erally  

weak in te n s io n .  Other secondary types of fracturing are a lso  c a u se d ,  such 

as minorradial and circum ferential fractu res .  However, th ese  are usually  fine 

cra ck s  occurring only near the surface of the ro ck .

Where b lo cks  of rock are used as targets  some of the major fracturing 

is  due to the p resen ce  of the reflecting  fa c e s  of the ro ck . However, i f  rock 

is  part of a solid working f a c e , th is type of damage to the rock would be minimal 

and limited to in it ia l  impact and re laxation  e f f e c t s .

Many of the e ffe c ts  of a short high v e lo c ity  p ro jectile  can  be simulated 

by a small surface charge of high e x p lo s iv e ,  cratering in metals i s  somewhat 

sim ilar ,bu t hem ispherical craters are not formed by high exp lo siv es  . E ffic ien cy
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of the im pact-breakage process has not been  ev a lu ated , although the amount of 

energy that is  utilized in producing s t r e s s  w aves is  estim ated to be l e s s  than 

one percent of the to ta l p ro jectile  k in e tic  energy. Considering the analogous 

e f fe c ts  of a small unconfined su rface  ch arg e , the estim ated very ,sm all per­

cen tage  of energy appears to be of the co rrec t  order of magnitude . Thus , hyper­

v e lo c ity  p ro je c t i le s  have a very low energy e f f ic ie n c y  both in drilling and 

breaking of ro ck .

In view of the s ize  and c o s t  of light gas guns, a much sm aller  type 

p ro jecti le  a cce le ra to r  would be required for p o ss ib le  underground ap p lica tio n s  . 

This could include use of small e x p lo s iv e  ch arges  for pro jecting sm all m is­

s i le s  _at high v e lo c i t i e s . T h e se ,  how ever, have the same disad vantage as 

unconfined shaped ch a rg e s ,  i . e .  , much of the exp lo siv e  energy i s  required 

to s e t  up stab le  detonation conditions and may not be used in the p ro je c ti le  

or j e t .  U n less  an in exp en siv e , e f f ic ie n t  method can  be found for a cce le ra t in g  

p r o je c t i le s , and a technique can  be found to improve their breaking and d ril l­

ing e f f ic ie n c y ,  th is method appears to have l i t t le  promise for p ra c t ica l  ap­

p lica tio n  in rapid excav atio n .

PRESSURE VESSELS'

The s ta t ic  an a ly ses  of cy lin d rica l  pressure v e s s e ls  having su ff ic ien t 

internal volume to be of use in h ig h -v e lo c i ty  je t  app lications in d ica te  that

5 0 0 ,0 0 0  psi is  a practica l goal with present m aterials and tech n o lo g y , a l ­

though such a design would probably be an upper lim it.

The c r i t ic a l .s tre s s  in a sim ple pressurized th ick -w alled  c y l in d e r is  in 

the tangential d irection , is  maximum at the inside, radius and d e c re a s e s  away
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from the bore . Various strengthening techniqu es m aybe employed to c re a te  a 

more uniform s tre s s  distribution throughout the cylinder w a ll .  They are auto- 

frettage , shrink bands , wrapping, and multiple cy linder configurations . S tress  

an a ly se s  of th ese  structures involve p la s t ic  as w ell as  e la s t ic  behav ior . The 

maximum sh ear s tre ss  criterion and von M is e s '  criterion  are considered  to be 

the most ap p licab le  measures of fa i lu re .  The most refined a n a ly se s  include 

the e f fe c t  of s tra in  hardening and as a resu lt require a numerical approach.

The development in the la s t  five years of su bstan tia l number of high 

strength s t e e ls  having ultimate te n s i le  strengths in the order of 3 0 0 ,0 0 0  psi 

will be most s ig n if ican t if  the re la tiv e ly  low d u ct i l i t ie s  of th ese  s t e e l s ’is  not 

a lim iting fa c to r .  The an aly ses  by Berman (see Chapter VII) in d ica te s  that a 

co a x ia l  multiple cylinder arrangement with extern a lly  controlled fluid pressure 

betw een the cy lind ers  c a n ^ ^ k e  sa fer  use of th ese  high strength s t e e ls  due to 

the higher hydrostatic  pressures near the bore .

The e f fe c t  of the pressurized fluid on the strength of the v e s s e l  must 

a lso  be considered  at extreme p re ssu re s .  For exam ple, the s t re s s  corrosion 

e f fe c t  of w ater on SAE 4340 s te e l  and maraging s te e l  d e c re a s e s  the pressure 

which the v e s s e l  can  withstand to only 1/5 of that when the pressurized fluid 

i s ’ g a s o l in e .

Very l i t t le  th eo retica l work has been done on pressure v e s s e l s  to d eter­

mine th eir  respon se  to dynamic or rapidly changing internal p re ssu re s .  Some 

research  in th is  area must have been done in gun d e s ig n , although very l i t t le  

of th is  information is found in the litera tu re .  A proper design of a dynam ic- 

pressure v e s s e l  would include, among other th in gs , an an a ly se s  of the e f fe c ts
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on m aterial p ro p erties. Repeated e x te n sio n  of the v e s s e l  by high order p res­

sure p u lses and the resu ltan t creep  are a lso  lim iting fa c to rs .

SHAPED CHARGES AND CUMULATION

Early use of m ilitary breaching ch arg es on co n cre te  show s th at they  

would e ffe c tiv e ly  drill h o les in ro ck lik e  m a teria l. How ever, no com plete te s ts  

have been  conducted to a sce rta in  a ll  of the param eters in v o lved , i . e . , type 

of lin e r , strength of e x p lo s iv e s , con e geom etry , and other re la ted  fa cto rs  for 

rock ta rg e ts .

Shaped ch arges a lso  provide a re la tiv e ly  in exp en siv e  m eans for study 

of the e ffe c ts  o f high speed je t  im pact w ith lin e rs  ( je ts ) of a wide range of 

d e n sities .. S p e c ia l d esign s of ch arg es g en erate  sh o rt, e s s e n t ia lly  s in g le  

p artic le  large m ass je t s .  H ence,, where the e x a c t s iz e  and shape of the pro­

je c t i le  is  not im portant, lined shaped ch arg es o ffer a means of gen erating  high 

v e lo c ity  p r o je c t i le s . Cum ulation by im pact on hollow  (inert) ch arg es appears 

to have some promise of producing liquid  je ts  , but requ ires further in v e s tig a tio n .

Shaped exp lo siv e  ch arges have been  in v estig ated  for th e ir a b ility  to 

drill h o les in rock and to fracture rock  m a te r ia ls . Large (40 lb .)  m ilitary  type 

breaching ch arg es were tested  for th is  purpose by the Bureau-of M ines in two 

ty p e s o f unusually  d ense strong ro c k s . The co n clu sio n  drawn, on the b a s is  of 

drilling h o les for conven tional tunnel b la s tin g  rounds, was that d rilling  c o s ts  

were too h igh . H ow ever, ho attem pts were made to d esign  an ew  type of b la s t ­

ing procedure around the perform ance of shaped charges . Current te s ts  ind i­

c a te  th at the la tte r  procedure may prove fe a s ib le .
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For breakage purposes, shaped charges are much le s s  e ffe c tiv e  than

the sam e amount of exp losiv e  used as a conventional m u d-cap . This is  in 

keeping with the theory that high v e lo c ity  penetration is  la rg ely  dependent on 

d e n s itie s  of the je t  and the ta rg e t, and that penetration ta k e s  p lace  too rapid­

ly  to  g en erate  strong , p ersisten t p u lses in the ro ck .

DISCUSSION

R esu lts of w ater je t  re sea rch  in  Britain and USSR in d ica te  th at both 

stead y  and pulsed high v e lo c ity  je t s  of w ater per se  may be u sefu l in  cutting 

an d /or breaking rocks in the laboratory . However, the production of high v e ­

lo c ity  w ater je t s  by means of m echan ical or o ther typ es of com p ressors is  

c o s t ly  and requ ires heavy equipm ent. L ik ew ise , the production of hyperve­

lo c ity  p ro je c tile s  by means of lig h t gas guns requires e la b o ra te , so p h istica ted  

equipm ent, and the c o s t  per shot is  g rea t, p articu larly  w h en -h ig h v elocities 

are requ ired . Production c o s t  per shot of controlled  shaped charge je ts  is  

only a sm all fraction  of th at of the other methods o f h yp ervelocity  g en eratio n .

There are sev era l important d ifferen ces betw een the phenomena of hy­

p erv elo city  p r o je c t i le s ,  the m echanism  of shaped charge je t s ,  and th o se  of 

w ater je t s ,  in  re sp e c t to th eir u s e , m echanics of v e lo c ity  generated  and im­

p act e f fe c ts  on various ta rg e ts . The e ffe c t o f a p ro je c tile  is  la rg e ly  lo ca liz e d  

with re sp e c t to  b reak age , u sually  producing only a shallow  cra te r  with s p a lla ­

tion around the rim of the c ra te r . Very high v e lo c ity  p ro je c tile s  may produce 

additional fracture and sp a lla tio n , although in e rtia l e f fe c ts  dom inate at the 

u ltrahigh v e lo c it ie s .

/
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Shaped charge and w ater je t  e f fe c ts  are a lso  lo c a l iz e d in  a plane nor­

mal to the a x is  of the je t ,  but penetrate to depths more than an order of mag­

nitude greater than conventional cy lin d rica l p ro je c tile s  or com parable d ia ­

m e te rs . In the high v e lo c ity  regim e w ater je t s  are much le s s  e ffe c tiv e  in pene­

tration than m etal je t s  b ecau se  penetration  in  a g iven target is  proportional to 

the square root of the je t  d e n sity . The h o le s  produced by m etal je t s  are su b­

je c t  to subsequent u se for further e x p lo siv e  b reak ag e , w hile p ro je c tile  c ra te rs  

are too shallow  for further u sa g e .

Rock breakage by both w ater je t s  and p ro je c tile s  reported in the l i te r a ­

ture have been  lim ited to fin ite  b lo c k s . For s o lid , se m i-in fin ite  rock some of 

the re flec tio n  m echanism s would not be p resen t to ca u se  te n s ile  fra ctu rin g . 

Many of the e ffe c ts  of a hyp ervelocity  p ro je c tile  ca n  be sim ulated by a sm all 

su rface  charge of high e x p lo s iv e . Both are su rface  phenomena and involve 

lim ited tran sm issio n  of energy into  the ta rg e t.

There are ce rta in  s im ila ritie s  in the e f fe c ts  of the im pact of p ro je c tile s  

and je t s .  At very high v e lo c it ie s  , the penetration  depends alm ost e x c lu s iv e ly  

on the re la tiv e  d e n s itie s  of ta rg e ts  and im pacting a g e n ts . Partitioning of en ­

ergy for the two types may be analogous although the s im ila ritie s  have not 

been  q u an titatively  d efin ed . S ig n ifica n t d iffe ren ces  betw een p ro je c tile  and 

je t  im pact are prim arily due to  th e.greater len gth  and p h y sica l ch a ra c te r  of the 

je t .

C av ity  ch arg es w ill d rill u sab le  h o le s , h e n ce , research  and d evelop ­

ment should be aimed toward the d esig n  of econ om ical drilling and b lastin g  

procedures around th eir perform ance c h a r a c te r is t ic s .  W ater je ts  of the same
/
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v e lo c ity  th e o re tica lly  drill m uch.sm aller h o le s . P ro je c tile s  e x ca v a te  shallow  

cra te rs  o n ly .

There is  a lim ited amount of data a v a ila b le  on the e f fe c ts  o f hyper­

v e lo c ity  im pact on rock by e ith er je t s  or p r o je c t i le s . In sim ulation  of m icro­

m e te o rite s , it  is  consid ered  n e ce ssa ry  that p ro je c tile s  not be deformed by the 

a cce le ra tin g  p re ssu re . In research  with ro ck ta rg e ts  th is  may not be a strin ­

gent requ irem ent. H en ce, e x p lo siv e  a cce le ra tio n  of p r o je c t i le s , in  w hich 

th ey  are u su ally  p artia lly  deformed or eroded, may be a c c e p ta b le .
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SUMMARY -  STATUS OF RESEARCH AND DEVELOPMENT

A. W ater Je ts

1 . Production

a .  C om pressors

Theory -  Theory of gas com p ressors is  w ell e s ta b lis h e d . 

There w as l i t t le  inform ation found in the litera tu re  on the theory or the 

operation and e ffic ie n c y  of high p ressu re w ater co m p resso rs .

D evelopm ent -  Two or th ree v ers io n s  of p iston  com p ressors 

have been  developed in the USSR. O th erty p es of com pressors or mul­

tip lie rs  are used in Britain and the United S ta te s .

_______ _ A pplication -  Very large  horsepow er motors are requ ired ,

.... w ater lo s s e s  in je t  form ation are h ig h , upper range of p ressu res is  

. lim ited , pulsed je t s  ca u se  m achinery breakdow n *

C o s t -  Actual operation c o s ts  are not g iv en , but th ey  a p - 

—  pear to be e x c e s s iv e .  --------- - --------  -------------  - --------  - -

b . W ater Cannons

Theory -  Theory is  w ell developed and is  sim ilar to th at for 

piston type lig h t gas guns .

D evelopm ent -  Large models have been  developed in USSR and 

sm aller ones in the United S ta te s .

A pplication -  T hese have had co n sid erab le  experim ental d e -  

velopm entin  USSRand some in the United S ta te s . No actu al e x c a v a ­

tion  ap p lica tio n s are reported .

/
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C o st -  C o st o f experim ental m odels has been  h ig h .

c .  N ozzles

Theory -  Stream line theory for n o zz les  is  w ell-k n o w n , but 

can  be approximated only in capillary  „ iz e s .

Experim entation -  For v e lo c it ie s  to 1000 m /se c  sm all entry 

an g les of about 13° w ith a straight se c tio n  of two to  three diam eters 

has been proven a good d e sig n .

d . Augmentation

Theory -  Theory of sm all je t  form ation has been  w ell d evelop ed .

Experim entation -  Prelim inary experim ents only have been  c o n - 
«

d u cted . Theory has been  p artia lly  v e rifie d .

A pplication -  No ap p lication s have been  m ade.

C o st -  No c o s t  figures are g iv en . E ffic ie n c y  depends on a 

number of yet undetermined fa c to r s .

.2. S ta b ility

Theory -  Theory esta b lish ed  for low v e lo c ity  je t s  o n ly . No 

w ell developed theory, w as found for ca p illa ry  je t s  a t high M ach num­

bers .

Experim entation -  P ressu re , con tin u ity  and v e lo c ity  d is tr i­

bution have been  m easured for je ts  to 1000 m /s e c .

3 . Jet Impact

Theory -  The b a s ic  m echanism s of w ater je t  im pact in rock 

for experim ental v e lo c it ie s  have not been reported . U ltrahigh v e lo c ­

ity  m echanism s would be the same as for m e ta llic  j e t s .
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Experim entation -  Action of m oderately high v e lo c ity  je t s  is  

cutting and p en etration . Good breakage occu rs for porous, cracked  

rocks with pulsed je t s .  Coupling and s tre s s  w ave tran sm issio n  ap­

pear to be very lim ited .

A pplication -  No actu a l ap p lica tio n s to  ex cav atio n  p ro ce sse s  

are reported in the a v a ila b le  lite ra tu re .

B . M eta llic  Je ts

1. Je t formation

Theory -  The theory o f je t  form ation from lined shaped ch arg es 

was developed on a tw o-d im ensional b a s i s , w hich serv es as a q u a li­

ta tiv e  m easure o n ly .

Experim entation -  E xten siv e  experim entation  on v e lo c ity  and 

m ass d istribu tion s in  je t s  has been  perform ed. D esign  param eters are 

w ell-know n for m ilitary  purposes o n ly .

2 . Je t Impact ,

Theory -  Theory is  based  upon f ir s t  order formula w hich pre­

scrib e s  penetration to  be proportional to  square root of d e n sity . In­

ertia l e ffe c ts  dom inate w ith minor co rrec tio n  for target stren g th s.

Experim entation -  E xtensive te s t s  have been  made on m etal 

ta rg e ts , and a very few on ro ck . Theory o ffers a good approxim ation 

for both typ es of targ ets  .

t
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A pplication -  Shaped charges have had e x te n s iv e  military- 

a p p lica tio n s . Perfunctory te s ts  only have been  made in rock w ith no 

im aginative effort to u tilize  je t  p ro p erties.

C o st -  E stim ates of c o s ts  for d rilling  only are h ig h . Other 

drilling  and b lastin g  ap p lication s have not been  in v e s tig a te d . Shaped 

ch arg es provide a low c o s t method of gen erating  hyp ervelocity  je t s  

and p r o je c t i le s .

C . H ypervelocity  P ro je c tile s

1. P ro jection

Theory -  The theory of ligh t g as guns and various other.m eans 

of a cce le ra tin g  p ro je c tile s  is  w ell d ev elop ed .

Experim entation -  E xtensive experim entation  has been  per­

formed on the various methods of a cce le ra tin g  p r o je c t i le s .  The pre­

sen t lim it appears to be about 4 0 ,0 0 0  f p s .

C o st -  The c o s t of producing h y p erv elo city  p ro je c tile s  with 

lig h t gas guns may be as high as $1000 per sh o t for h ig h est v e lo c i­

t i e s .  Lower v e lo c it ie s  are le s s  e x p e n siv e .

2 . P ro je c tile  Impact

Theory -  Several em pirical form ulas only have been  developed 

w hich haye lim ited application  at lower v e lo c i t ie s .  The firs t order je t  

theory is  b elieved  to apply at very high v e lo c i t ie s .

Experim entation -  Extensive experim entation has been per­

formed on m e ta ls , and a few on rock ta rg e ts . M any p ro je c tile  im pact 

e ffe c ts  can  be sim ulated by sm all charges o f high e x p lo s iv e s .
./
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A pplication -  H ypervelocity  p ro je c tile s  appear to be re la ­

tiv e ly  in e ffe c tiv e  for e ith e r  penetration or breakage of rocks b e ca u se  

im pact p ro ce sse s  a ll tak e  p lace  at or near the su rface  of the ro ck . 

Coupling and wave generation  are lim ited .

C o st -  See  P ro jectio n  (C - l)  ab o v e .
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RECOMMENDATIONS

1. Further research  is  needed into the theory of the s ta b ility  of hy­

p ervelocity  axisym m etric w ater je t s  where the pressu re d ifferen ce  betw een 

that behind and th at in front of the nozzle  is  very la rg e , i . e . , a t high M ach 

num bers.

2 . If the econom ic use of high v e lo c ity  w ater je t s  appears fe a s ib le ,  

then more b a s ic  re se a rch  w ill be required on the s ta b ility  of h yp ervelocity  

cap illa ry  je ts  , and th e ir  e ffe c tiv e n e ss  in  cu tting  and breakage of rock  in  s itu .

3 . The e ff ic ie n c y  of p ro ce sses  required to. produce high v e lo c ity  w ater 

je ts  should be e s ta b lish e d  in theory and experim ent. There is  not su ffic ie n t 

inform ation cu rren tly  a v a ila b le  to evalu ate  re la tiv e  c o s t s .

4 .  The re su lts  of im pact of p ro je c tile s  on rock  should be compared 

with the e ffe c ts  of sm all su rface  exp lo siv e  c h a rg e s . The la tte r  are le s s  e x ­

pensive by se v e ra l orders of m agnitude.

5 . M easurem ents should be made of stra in  energy in  rock s cau sed  by 

p ro je c tile  im pact to  verify  the a n a ly sis  of G au lt, e t a l . ,  w hich s ta te s  that 

le s s  than one p ercent goes to stra in  wave en erg y .

6 . The p o te n tia lit ie s  of shaped ex p lo siv e  ch arg es should be developed 

fu rtherto  u tiliz e  th e ir  value as drilling a g e n ts . Procedures should be adapted 

to th e ir c a p a b ilit ie s  rather than attem pting to  adapt them to conven tional pro­

ce d u res . Previous te s ts  of shaped ch arges w ere in d e n se , hard ro ck , and 

were conducted to determ ine re la tiv e  drilling c o s ts  o n ly .

7 . Further re sea rch  in rapid excav atio n  tech n iq u es should co n sid er 

the use of rad ica l new methods other than the current conven tional c y c lic
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system  of d rillin g , loading and b la s t in g , but should fu lly  u tiliz e  known te c h ­

niques in drilling  and b lastin g  w here th ey  may be ap p lied .

8 . For use underground, re la tiv e ly  low c o s t ,  lightw eight equipment 

for producing w ater je t s  would be required i f  th is  method proves fe a s ib le  for 

cu tting  or breaking ro ck .

9 . Combined methods o f w ater je t  cu tting  and ex p lo siv e  breakage may 

be required , b e ca u se  je t s  cann ot be used to cu t p ara lle l to  a working fa c e .

10 . If w ater je t s  are found to be ap p licab le  for cu tting  ro ck s at u ltra - 

high v e lo c it ie s ,  tech n iqu es w ill b e  required for prevention of freezin g  a t high 

tra n sien t p re ssu re s .

. ,,..11. Energy partitioning at various v e lo c ity  le v e ls  for je t s  and p ro je c -  

g®.* .$■ t i le s  need s to  be more c le a r ly  d e fin e d .

t .  s£L2. The re la tiv e  e ffe c t iv e n e s s  o f je t s  o f w ater and more d en se  m ateri-

v a ls  should be in v estig ated  w ith re s p e c t to th e ir re la tiv e  e ffe c t  on r o c k s , par­

as* ____ticu la r ly  with re feren ce  to  th e energy requirem ents for producing the je ts  and

th e ir  energy partitioning on im p act.

13 . M ost of the high order breakage obtained by w ater je t s  w as w ith 

pulsed flow op porous or re la tiv e ly  s o ft , cracked  ro ck . Such sp e cta cu la r  

breakage was not reported for hard , com pact d ense rocks su ch  a s  g ran ite . 

E ffe c ts  of pulsed je t s  on hard ro ck s should be determ ined.
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m ass of propellant g as in a PP gun

barrel length

p ro je ctile  m ass

m olecular w eight

u niversal gas co n stan t

slope
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time

gas v e lo c ity  

e sca p e  v e lo c ity

v e lo c ity  of a p ro je c tile  propelled by a co n sta n t p ressure po

p ro je c tile  v e lo c ity

v e lo c ity  of p ro je c tile  when f irs t  w ave re flected  from breech  
reach es it

v m uzz le  v e lo c ity  o f  p ro je c t i le



X d is ta n c e  co o rd in a te

x q length  of cham ber in PP gun

x p osition  of p ro jectile
P

Y ratio  of sp e c ific  h eats

P d en sity

° Riemann function defined from da =  ( d p / a p ) g
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Theory of S in gle  Stage Light G as Guns

M ost of the theory outlined in th is Appendix is  summarized from the 

treatm ent by S e ig e l (Ref. 1 45 ). M aterial from 'other so u rces  is  referenced  as 

it is  u se d . U n less  o therw ise indicated the pressure is  furnished by a pre­

burned p rop ellan t, i . e . ,  no g as is  added or no additional com bustion ta k e s  

p la ce  a fte r  the p ro je c tile  s ta rts  to move.

P ro je c tile  V elocity

The d ifferen tia l equation of motion for a p ro je c tile  in the barrel of an 

id e a l gun is

M _

dt P P A
(A -l)

w hich may be integrated  to  give

1
Mv^/2 = A f  p dx 

Jo P P
(A-2)

If th e  e ffe c tiv e  average p ressure is  defined as

1 1
P = L / Ppdxp <A" 3>o

then the p ro je c tile  v e lo c ity  is  g iven  by

v = V̂ p AA/M (A-4)

V elo city -C o n sta n t B ase Pressure

F o rco n sta n t b a se  pressure along the w hole barrel in tegration  of equ a­

tion  (A-2) y ie ld s
2p0A£

u02 = " U -  <A- 5)

307
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w hich for a sp h erica l p ro je c tile , for exam p le, becom es

« o V 2p„A£

M

2p0 (Trdz/4)£

(ird3/6)pp

V 3po 
~Pp
3p° i  
Pp V (A-6)

If a co n stan t pressure could be m aintained behind the p ro je c tile  the 

v e lo c ity  would be g iven  by

u, = /2p„AJl/M (A-7)

(Such a condition is  not obta in ab le  in actu a l p ra c tice  in a s in g le  s tag e  gu n .) 

Pressure D istu rbances

In a co n stan t diam eter gun the f irs t  movement of. the p ro je c tile  c a u s e s  

a rarefaction  wave w hich is  re flec ted  from the b re e c h . In a gun w ith cham - 

brage ,part of the rarefactio n  is  re flec ted  from th e  enlargem ent se c tio n  a s  a 

com pression wave and the rem ainder from the b reech  a s  a ra re fa c tio n .

For the system  shown in F ig . A - l  th e  co n serv a tio n  of m ass y ie ld s

A(c - u)pdt = A(c - u - du)dt (p + dp) (A-8)
w hile ap p lication  o f N ew ton's law  re su lts  in

Ap(c - u)dt du
dt (A-9)

mass acceleration
t

and elim ination of du from Equations (A-8) and (A-9) y ie ld s

(A-10)

The wave p assag e  is  assum ed to  be isen tro p ic  (rev ersib le  and ad iab atic) and 

h en ce ,

dp o
dp " a (A-ll)
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Fig. A-l. Schematic of disturbance in gas in chambers.
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or the square of the speed of sound in the g a s , thus

or the d isturbance trav e ls  w ith the speed of sound re la tiv e  to the g a s . 

Su bstitu tion  of (A-12) in (A-9) g iv es

dp = apdu (A-13)
w hich is  the fundamental ex p re ss io n  for a "u +  a " (downstream) d istu rb an ce . 

For a d istu rbance travelin g  upstream i t  is  read ily  shown that

c =  u +  a ( A - 1 2 )

dp = - apdu (A-14)
The above e x p re ssio n s  may be derived m ore-rigorously • as fo llo w s. 

C on sid er the lay er of gas (Figure A-2) in a co n sta n t d iam eter tu b e .

For sm all in fin itesim al ch an g es due to a chan ge in x  a t a given t ,

dp = (9p/3x) dx 
du = (3u/3x) dx 
dp = (3p/3x) dx

(A-15)

S im ilarly ,

d(pu) = 9ĝ U‘) dx (A-16)

and the continuity  equation is

or

pu = pu + d(pu) pu + 3ou
3x dx + ifl.3t •

P 3u
3x + u ie . +  le . =3x 3t 0

(A-17)

The a cce le ra tio n  of the la y e r  of g as is  given by

du, _ _3u _3u
dt 3t U 3x (A-18)



time rate of mass increase

time t

qpdx
a t -

Fig. A-2. Schematic for change of properties across a layer of 
gas.
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w hile the momentum equation is

P ft = P “ (p + dp) = p - dx^

( A - 1 9 )

or 9u 3u
T ~  +  u —
d t  dX

1 32.
p 3x

Assuming that the p rocess is  ise n tro p ic , the speed of sound a and the R ie - 

mann Function a are defined

~  ̂r\ (A-20)A2 -  (7?)3p s

da = (* dp)P s (A-21)

or

da = (—  dp) ap r s

For co n stan t entropy (A-20) and (A-21) may be w ritten

,2  =  i e .dp ’ s constant

g  1da = —  dp = —  dp , s constant p aP

(A-22)

(A-23)

(A-24)

Equation (A-24) may be w ritten  for d ifferen tia l ch an g es in pressure 

or d en sity

dp = ^  da (A-25)

dp = apda . (A-26)

t
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9p _ £_ 9a 
9t "  a 9t

and
(A-27)

9p = q_
9x a 9x (A-28)

= aD Jfi.
9x 9x (A-29)

Thus, the gradient of the Riemann Function a  may be su bstitu ted  for the gra­

d ients in pand p . Substitu tion in (A -17) arid (A -19) re su lts  in

9u , 9u , 9 cr n 
9t‘ + u 3x +  a 3x = ° (A-30)

d t  dX dX
(A-31)

The " c h a ra c te r is t ic s  equ ation s" are obtained by adding and su btracting  

(A-30) and (A-3 1)

(u + a) + (u + a) (u + a) = 0 (A-32

yjT (u -  a) + (u -  a) (u -  a) = 0 (A-33)

and, u tiliz in g  the notation

d 9 , , , . 9 TT = TT + (u + a) —  dt 9t — 9x
th e se  equ ations may be w ritten

(A-34)

^  (u ±  a) = 0 . (A-35)

The c h a ra c te r is t ic  equations (A -32) and (A -33) are equ ivalen t to the 

continu ity  and momentum equations, provided the gas pressure is  determ ined 

by d en sity  a lo n e , i . e . ,  the expansion p ro cess is  ise n tro p ic .

/
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C h a ra c te r is tic  Theory

The c h a ra c te r is tic  equation (A-35) in d ica te s  th at the tim e rate  of chan ge 

of u ± o_along a path of slope u ± a is  z e ro . That i s ,  to  an o b serv er tra v e l­

ing with v e lo c ity  u ± a there is  no chan ge in the g a s . In the x - t  p lane two 

s e ts  o f lin e s  are obtain ed , one w ith a slop e of u +  a along w hich u +  £  is  

co n stan t and one with a slope o f u +  a along w hich u -  £  is  c o n s ta n t . The two 

s e ts  in te rs e c t  and form a c h a ra c te r is t ic  n e t.

The lin e s  are interpreted as paths of d istu rbance w aves and the net is  

consid ered  as a net of in tersectin g  d istu rb an ces . B ecau se  of the fa c t th at the 

quantity  u -  £  rem ains co n stan t along the lin e s  of u -  a , the behavior of the 

gas and p ro je c tile  in a co n stan t d iam eter gun can  be formed b y u se  of the ch a r­

a c te r is t ic  net by means of num erical p roced u res. In some c a s e s  a n a ly tica l 

so lu tion s are p o s s ib le .

Sim ple W ave Region -  C onstant D iam eter

-------- W hen the p ro je c tile  beg ins to ;a c c e le r a t e ", a "u -  a "  rarefaction"m oves

toward the b reech  with a v e lo c ity  - a  , i . e .  , (u -a) =  a (F ig . A -3 ) . As theo o

p ro je c tile  moves with a v e lo c ity  d escrib ed  b y A -B -C -D -E  (F ig . A-4) i t  co n tin ­

ues to in it ia te  a whole se r ie s  of su ch  ra re fa c tio n s . The region AOL (F ig . A-5) 

is  a region of re s t or undisturbed g as in w hich u =  £  and £  =  a» . For a(u+a) 

c h a ra c te r is tic  w hich extend s into th is  region

u +  a = a 0 (A-36)

w hich ap p lies to a ll of the (u+a) c h a r a c te r is t ic s  th at extend in to  the re s t

reg io n , a s  w ell as  along th eir fu ll le n g th , i . e . ,  a ll of th ose  in AOLE (F ig . A -6 ).

/■
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Fig. A-3. Projectile path and disturbances in the x-t plane.
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"Fig. A-4. Subsequent projectile path and disturbances.
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Fig. A-5. Plot of u+a characteristic lines.
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Fig. A-6. Characteristics up to point E where first reflected 
disturbance reaches projectile.
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This area is  known as the "sim p le w ave" reg ion . In the region of re s t A -O -L  

(F ig . A -7 ) c h a ra c te r is t ic s  are straight lin e s  w ith a  slop e aQ, but outside th ey  

are n o t. (F ig . A -9 ).

Further, the (u-a) ch a ra c te r is tic s  ea ch  have a (u-a) equal to a co n ­

stan t along them , e . g . , for the c h a ra c te r is tic  BM (F ig . A -8 ) .

u -  a = Ug - <jg (A-37)

It can  be shown that a ll of the (u-a) l in e s  originating  at the p ro je c ­

t i le  and extending into the region of re s t are lik e w ise  stra igh t l i n e s . 

N um erical C a lcu la tio n s

Equations (A -32), (A -33), and (A-34) plus th e re la tio n s

p = p Cp) for the given entropy (A-38)
a = a(p) for, the given entropy (A-39)
a  = o (  p) for the given entropy (A-40)

The la s t  three ise n tro p ic  re la tio n s used by S e ig e l w ere obtained from therm o­

dynamic data for g a s e s  and were employed in grap h ical form.

Sm all segm ents of the cu rves are assum ed to be stra igh t lin e s  and a c ­

cu racy  depends upon th e sm alln ess of the seg m en ts . The n e t, th ere fo re , co n ­

s is t s  of q u a d rila te ra ls , and if the conditions ( u , v , x , t , p  and a) at the points 

A and B (F ig . A -10) are known, then the cond itions at C can  be c a lc u la te d . 

From th e c h a ra c te r is t ic  equations it is  known th at

u - a  = u. - o., u + ct - + a (A-41)c c A A  c c B B  .
and therefore

Uc ’ * (uB + UA + °B - °c>

“ e ‘  i  (u B -  UA +  °B +  °A>

(A—42)

/
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r Fig. A-7. Simple Wave region.
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f f

Fig. A-8 . A u-a line, B-N in simple wave region, -BNM is a straight 
line.
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Fig. A-9. Sketch showing curvature of u-a lines outside of simple 
wave region.
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From a c  the v e lo c ity  of sound and p ressu re a t C may be determ ined. The 

slo p es of the lin e s  AC and BC are ca lc u la te d  a s  the means of the s lo p e s  at A 

and C , and a t B and C :

(slope)A = SA = ±[CuA - aA) + (uc - ac)]

SB = i [ C u B  + aB^ + (uc + ac)]
(A-43)

The coord in ates of C are then

x =c

t  = c

SA <XB ~ SBtB) ~ SB (*A ~ SACA> 
SA - SB

(*B ' SBtB) ~ (*A ~ S A C A >
' SA ~A B

(A-44)

Thus, the co n d itio n s at C are a ll determ ined .

For the s p e c ia l c a s e  when th e unknown point c '  is  on the t a x is  (at the

b re e c h ), only one known ad jacen t point is  requ ired .
. . • .

V II Q > 1 V>

SA' ■ ** <UA'i — 3.

V II rt > 1 V
V

V ' 1

(A-45)

F irst R eflected  W ave

The point a t w hich the f ir s t  re fle c te d  w ave re a ch e s  the p ro je c tile  is

d escrib ed  by point E (Fig . A -11) w hich is  the in te rse c tio n  of the p ro je c tile  path ,

determined by the sim ple wave equ ations and th e f irs t  w avelet ALE. The f irs t

leg  of the w av elet path is  drawn from x =  x  with a slope o f - a  .o o

S’ "



I 3 2 5

t /

Fig. A-ll. Scheme for calculating intersection of curves.
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The conditions at L are:.

^  O o ,  u 0> x — “ X o ) t  — x c/  ) 3.  =  a Q (A-46)

Points of known param eter v alu es are s e le c te d  a t B, C , D and E, (v-a) 

rays drawn and the con d ition s a t points 1 to  6 c a lc u la te d  by the method given  

ab o ve. Com pletion of the row of q u ad rilaterals g iv es  the v alu es at point E . 

P ro jectile  Path -  Post -  R eflectio n

Points M , 4 , 5 , 6 are determ ined by a con tin u ation  of the netw ork. 

The point G is  formed by an ite ra tiv e  p ro cess  s u b je c t  to the follow ing:

a) The point G is  the in te rse c tio n  of a lin e  through E of slope w hich 

is  the average of the s lo p es at E and G , and a lin e  through 6 of slop e w hose 

average of the slo p es a t 6 and G is :

slope E-G = SE = 1/2 (uE + uG)

slope 6-G = S6 = 1/2 (u6 + + aG + a6) (A-47)

-----—b)—N ew ton's law  requires th at------------------ .----------------- ,------------------------- -̂---------

UG ~ UE _ A .
tG - tE M (PG + PE} (A-48)

The f ir s t  approxim ation of the tim e a t G is  the in te rse c tio n  of the e x ­

ten sio n  of the cu rves DE and 5 - 6 .  a is  p ro v ision ally  assum ed to  be a„ andCjj £|

the approxim ation of the v e lo c ity  is

y
\

' i

f.

I

i

^  - UE + (t (1)
- V (pE^ M (A-49)

I

l
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and the ite ra tiv e  procedure is  given by

s ( 2 > _E 2

, ( 2 ) _ (u6 +  a6) +  +  3q ^ )

m  (x - s(2) t )-(*£- S^2)t ) (2)_ K fi K_____ J ____ £___ £_
( 2 )  _  e ( 2 )  
E 7 -  S6'

(A-50)

u < 2 ) -  u  +  (t(?} - t )  P-E  *  P °  ■- AG E ' G E; 2 M

= (u6 + a6) - u<2>

(2 ) (?)
The v alu es of p and a are obtained from (A-39) and (A-40) 

G G

, (3) UE + “g2>
» &6

(3) _ (u6 + a6) + (uG2) + aG2)) (A-51)

*

C onvergence is  rapid , and e ffe c t of counterpressure may be introduced. 

Isentropic Expansion -  C on stan t Diam eter

For on e-d im en sion al ad iab atic  flow , without fr ic tio n  and h eat lo s s  as 

an approxim ation, sim ple so lutions are obtain able  for some in terior b a l l i s t ic s  

problem s. The c h a ra c te r is t ic  eq u atio n s, w ritten in term s of the Riemann Func­

tion £ , defined by

- . ■ da = (dp/ap)g (A-52)
S ' "
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are
du +  da = 0 (A-53)

along d x/d t =  u + a ,  and

du -  da = 0 (A-54)

along d x/d t = u - a .  As shown above th ey  may be w ritten

7 7  (u ±  a) = °  (A-55)a t

w hich is  integrated to y ield
u +  a = constant (A-56)

along paths u -  a = d x /d t, re sp e c tiv e ly  (F ig . A -10).

In fin ite  Chamber

For an e ffe c tiv e ly  in fin ite  cham ber, co n stan t d iam eter, th e  region 

behind the in itia l position  of the p ro je c tile  is  the "sim p le  w ave" region and

(A-57) 

(A-58)

(A-59) 

(A-60)

where u is  zero at p = p and a = a „  .

In a gun where the cham ber is  su ffic ie n tly  long th a t the f ir s t  r e f le c ­

tion  does not reach  the p ro je c tile  before i t  le a v e s  the gun, the cham ber is  e f ­

fe c tiv e ly  of in fin ite  len g th , or x q =  00.

the en tire  region is  d escribed  by

du + da = 0

or
du + dp/ap = 0__

w hich is  integrated to give

or, in terms of

u + Jdp/ap = 0

u + a = ae

\ ✓

\

\  ,

\

/

\I-
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\

\
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A cou stic Inertia  -  In fin ite  Chamber

For x q=  “ equ ation  (A-58) may be w ritten

dp = -apdu (A-61)

which ap p lies  only to  a (u+a) d istu rb an ce . Equation (A-61) in d ica te s  th at the 

drop in  pressure is  d ire ctly  proportional to a p. The v e lo c ity  at any point is  

given by Po

u (A-62)

w hich holds only for a preburned propellant gun o f co n sta n t d iam eter and of 

e ffe c t iv e ly  in fin ite  cham ber len g th . The equation of motion o f the p ro je c tile  

is  g iven by equ ation  (A - l) . “

Ideal G as ~~

The equ ation s for an ideal isen trop ic g as are

P = pRT (A-63)

P = PYPo/ p o Y ' (A-64)

where su b scrip t o in d ica te s  the in itia l re s t s t a te .  The a co u stic  im pedance 

during isen tro p ic  exp an sion  is

I±1 r t lP \ 2y yp0 / p \ 2y
P o /  a0 \ Po /

(A-65)

The sound v e lo c ity  is

a 2  =  XE. = ill =  y R T  p in (A-66) .

/
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and the Reimann Function becom es

a 2
Y-l a (A-67)

From equations (A-56) and (A-65) th e p ro je c tile  v e lo c ity  is  re la ted  to the 
v e lo c ity  u by:

£ _  =  
Po

(A-68)

and in the lim it of y =  1 the equ ation  assu m es the form

£_ = e~u/a0 
P O

(A-69)
From the above equation it b ecom es apparent th at the d im en sio n less  pressure

p /p ^  depends upon the d im en sion less v e lo c ity  v / a Q. For low  speed  guns where 

v / a Q << 1 the pressure drop is  sm a ll, but for high speed guns th e drop b e ­

com es c r it ic a lly  la rg e . The e f fe c t  o f y on the pressu re drop is  shown in 

F ig . A -12 . The higher the in it ia l v a lu e  o f sound v e lo c ity  a ^ ,  the sm aller the 

p ressure drop (F ig . A -1 3 ).

From equation (A-68) the p ressu re drops to zero when the g as v e lo c ity  

re a ch e s  the "e sc a p e  v e lo c ity ,"  i . e . ,

uegc = 2a0/(y-l) (A-70)

and equation (A-68) can  be rew ritten  as

£ _  ^  
Po (1 " U_____

uesc >
y-l CA-71)

\ ,

\ /

■!

\

\

\

/TV.
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A ctual p ro je c tile  v e lo c it ie s  rarely  exceed  o n e -h a lf of the e sc a p e  v e lo c ity . 

The plot o f (A-68) F ig . A-13,w ith p/ p q as a function of aQ/y u  is  nearly  a sin g le  

curve for a ll valu es of y and is  approximated by

£___ -yu/a0= e (A-72)

H en ce , the pressure drop is  a lso  a function of aQ/y *  The ra tio  of s p e c if ic  

h e a ts  cann ot be e a s ily  changed but a Q can  be. in creased  by u sing a lig h t gas 

a t high tem p eratu res. .

P ro je c tile  Equations

If equation (A-68) is  com bined with (A -1) and the resu ltin g  equation in ­

te g ra te d , the d ista n ce  traveled  is  given in term s of the p ro je c tile  v e lo c ity :

P°Ai * p

Ma|

2

Y+l
_2___y+l
y-1 y—1

1 2a0

1 - 2a0
(y + l) / (y -1 ) (A-73)

or

(A-74)

The p lot of d im en sion less v e lo c ity  versu s d im en sion less trav el d is ta n ce  shows 

th at sm aller h eat ca p a c ity  ra tio s  in crea se  the v e lo c ity  (F ig . A -1 4 ).

/
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As noted above p ro je c tile s  seldom exceed  o n e -h a lf the e sca p e  v e lo c i­

ty  b e ca u se  the pressure becom es so  low that fr ic tio n a l and b ack  pressure re ­

s is ta n c e  are equal to the pressure on the rear of the p ro je c t i le .

A curve for d im en sion less p ro je ctile  v e lo c ity  Up /UQ versu s dim ension­

le s s  sound speed a /v u  , (F ig . A - 15)shows the maximum a tta in ab le  v e lo c ity
0 o
1

is  u =  (2p Ax / M ) 2 for a co n stan t pressure p . Thus u / u  is  a m easure o o p ' .  o P o

of the e ffic ie n cy , a high value being obtainable when the initial sound v e­

lo city  a^ is la rg e .

The p ro je c tile  v e lo c ity  o f a g iven gun w ith an in it ia l propellant p res­

sure p is  a function of a /y  only  (F ig . A -15). As ind icated  ab o v e , a high e f -  o o

f ic ie n c y  requ ires a high value of aQ/ y , which mbans a Q should be as large 

a s  p o ss ib le  and y as sm all as  p o s s ib le . The h eat c a p a c ity  ratio  y ca n  be 

varied only from 1 to 5 / 3 ,  h en ce  the only way to  obtain  a s ig n ific a n t in c re a se  

in p ro je c tile  v e lo c ity  is  to  in c re a se  a Q.

F in ite  Length Cham ber

For a gun w herein the p ro je c tile  does not le a v e  the barrel before the 

f irs t  re fle c tio n  re ach es i t ,  the solution  is  more com plex than d escribed  for an 

e ffe c t iv e ly  in fin ite  cham bered gun.

An a n a ly tica l exp ressio n  relating  x q to  the v e lo c ity  of the p ro je c tile  

at the arrival of the f ir s t  re fle c tio n  w as obtained by H eybey (Ref. 145) and 

transform ed by S e ig e l:

P o A ^ o  

Mai +1 (y -1) "I (y+l)/2(y-l) -1 (A-75)
1  - l s t _

2ae
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F i g .  A - 1 5 .  D im e n s io n le s s  i n i t i a l  sound speed  v s .  d im e n s io n le s s  p r o j e c t i l e  v e l o c i t y .
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w hich is  for y =  1

PoAjXc

Mâ

/2ac
1st

-  1 (A-76)

W hen x  / x  is  plotted a g a in st the le ft-h an d  member of equation (A -76), 
p l s t  °

(F ig . A -16) it  is  found th at

pl s t  i  2 m 5 ^ l  

Xo ' ' Mai
(A-77)

The e ffe c t  of the re flec ted  d istu rb an ces is  to d e cre a se  the p ressu re on the

p ro je c tile  (F ig . A -17) and (F ig . A -18). For x =  <*> the p ro je c tile  perform ance is
o

2
analyzed by plotting u / a  versu s p Ax /M a  . W here x  is  fin ite  a num eri-p o o p o o

c a l  so lu tion  is  determ ined for each  assumed cham berlength  a s  in F ig .  A -19 for 

Y =  1 . 4 .  The points o f departure from the x q =  « cu rves are found from equ a­

tion  (A -75).

A lso , the ratio  G /M  (m ass of g a s /m a ss  o rp ro je c tile )  may be introduced

(A-78)
PPIG Gun
do/ di  = 1

where y P Q/  pq  =  aQ . Typ ical cu rves for d ifferent ra tio s  o f G /M  for a y = 1 .4  

gas are shown in F ig . A -2 0 . S im ilar curves ca n  be drawn for other param eters 

including guns w ith enlarged ch am b ers .

to  give

X0 =
PoAjXo 
Mai =

G_
yM

y
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Fig. A-18. Effect of reflection on projectile velocity.
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Fig. A-20. Dimensionless projectile velocity vs. dimensionless projectile travel.
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Cham bered Gun

The flow in the tran sitio n  se c tio n  o f a cham bered gun is  tw o -d im e n sio n a l, 

but may be solved by assum ing it  ca n  be approximated by on e-d im en sion al 

flo w . One method of solution  is  by m eans of the c h a ra c te r is tic  e q u a tio n s, 

w hile another more d irectm ethod assu m es that the change of m ass and energy 

in  the tran sitio n  se ctio n  are n e g lig ib le . A com parison of the re su lts  of the 

la s t  method with experim ental re su lts  (F ig . A -21) shows good agreem ent fo r c e r -  

ta in  sp e c if ic  te s t  co n d itio n s .

It can  read ily  be shown by m eans of the c h a ra c te r is tic  fu nction  th at 

u + ^ in c r e a s e s  in the tran sitio n  s e c t io n , w hich in turn in c re a s e s  the p ro je c­

t i le  v e lo c ity  above that of a non-cham bered gun . This re su lt is  ach iev ed  re ­

g a rd le ss  of the equation of s ta te  o f the g a s .  H ow ever, the "a p " is  a p p lic ­

ab le  to both typ es of guns for id ea l g a s e s  o n ly . For n o n -id ea l g a s e s  the per­

formance is  not determined by the sound sp e ed .

The a n a ly s is  of pressure p u ls e s , re fle c t io n , p ro je c tile  a c c e le ra tio n , 

e t c . , for a cham bered gun is  som ew hat s im ilar  to that for a co n sta n t diam eter 

gun (Ref. 1 45 ). This includ es the assum ption of a cham ber of e ffe c t iv e ly  in ­

fin ite  length for isen trop ic behav ior of id ea l g a s .

For a gun with an in fin ite ly  long cham ber, x  =  ~ ,  it  ca n  be shown
o

th at the value of u + a is  g reater than aQ w hile in a co n stan t d iam eter gun 

u + o  The p ro je ctile  v e lo c ity  in th e cham bered gun i s ,  co n se q u e n tly , g reater 

in the cham bered gun.
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For a cham ber of in fin ite  d iam eter a ll of the ch a ra c te r is tic  lin e s  for the

cham ber have a slope of ±a , and h en ce  num erical com putations need be c a r -o

ried out only for the b arre l, and the length  of the cham ber has no in flu e n ce .

The e sca p e  v e lo c ity  for a gun with x  =  <» is  found to be
1 o

esc V
Y+l 2ao
~ T ~  ^ (A-79)

w hile the in crea se  in e sca p e  v e lo c ity  is

AUesc(°°) Uesc(D0/D =°°) Uesc(D0/Dn -  1) (A-80)

In the lim it as  v =  1 the d ifferen ce  approaches 0 .5  a , and show s a l -
o

so th at the in c re a se  in e sca p e  v e lo c ity  is  approxim ately equal to h a lf o f the

speed of sound a Q for a ll valu es of y betw een  5 /3  and 1 . This a lso  y ie ld s  a l -

2m ost a stra igh t lin e  re la tion sh ip  betw een Augn and (D ^/D q) for a ll v a lu e s  of 

y (F ig . 2 2 ).

The perform ance of a co n stan t diam eter x q =  °°gun has been  shown to

depend upon the param eter aQ/V . F o ra  cham bered gun if  Au  ̂ is  plotted a g a in st

(yu / a Q) for a co n sta n t diam eter gun, th e curve may be approximated by two

stra igh t lin e s  (F ig . A -23) for a ll v a lu es of Y. A lso , the re la tio n sh ip  betw een

2percent in c re a se  in e sca p e  speed due to cham brage and the ratio  of (D ,D  )1 o

is  approxim ately a stra igh t lin e :

(A-81)

This may be u tilized  to  approxim ate the e f fe c t  of cham brage w ithin a few per­

c e n t .

Au = Au [1 - (D../D0)2 ]p p°° 1

J
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Fig. A-23. Increase in projectile velocity vs. dimensionless 
projectile velocity.
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P re ssu re -v e lo c ity  re la tio n sh ip s and the so n ic  flow  of g as into the b ar­

rel may be determ ined from appropriate equations and the e f fe c ts  of r e f le c ­

tion s of w aves from the breech  where x f  <*> . The c h a ra c te r is t ic  equ ationso '

may be u tilized  in a manner sim ilar to that employed for a co n stan t diam eter 

gun to c a lc u la te  the f irs t  re flected  d istu rb an ce . The re la tio n sh ip s for d iffe r­

ent v alu es of cham brage length  and d iam eters, re fle c tio n s  and e ffe c t iv e ly  in ­

fin ite  cham brage are shown in  F ig s . (A-24) and (A -25).

Two methods of com putation are employed to determ ine p ro je c tile  b e ­

h av io r. The f ir s t  is  the method of c h a ra c te r is tic s  d escrib ed  ab o v e . The s e c ­

ond u tiliz e s  aL agran gian  schem e of dividing the g as into sm all la y e r s . P re s- 

sure p u lses are assum ed to vary neg lig ib ly  over sm all t im e s , and the move­

ment of the s id e s  of each  la y er determ ines the new volume and p re ssu re . The 

p ro cess  is  then repeated  and motion determ ined.

Back Pressure o f G as in Barrel

O ne-d im ensional gas equations are required to determ ine the retard­

ing e ffe c t of gas in the b a rre l. For d e ta ils  of theory s e e  S e ig e l (Ref. 1 4 5 ). In 

th is  c a s e  the so lu tion  requ ires the u se of '

1 . The c h a ra c te r is t ic  equations applied to the propellant gas

2 .  The c h a ra c te r is t ic  equations applied to the g as in front of 

the p ro je c tile

3 . Shock equations

4 . N ew ton's equation applied to the p ro je c tile
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U sing approxim ations the th eo re tica l retardation of a p ro je c tile  may 

be ca lcu la ted  and e ffe c ts  o f fr ic tio n  are somewhat s im ila r .

H eating Propellant G as

E ffective  a cce le ra tio n  requ ires a lig h t g as w ith a low a c o u stic  in e rtia  . 

Hydrogen and helium are both u se d . In crease  of tem perature en h an ces per­

form ance, a ls o .

H eat may be obtained from ch em ica l re a c t io n s , su ch  a s  the com bus­

tion  of hydrogen and oxy g en . H eating of hydrogen by an e le c tr ic  arc d is ­

charge is  used in some la b o ra to r ie s . H eating by sh ock  w ave has been  a t­

tem pted with moderate s u c c e s s .

The tw o -sta g e  gun co n ta in s  a back  cham ber and a p iston  cham ber. A 

high pressure is  bu ilt up in the b a ck  cham ber until a ca lib ra te d  diaphragm 

b u rs ts , cau sin g  the p iston  to  move forward into the pump tu b e , heating the 

lig h t g as and com pressing i t .  The p iston  provides an e ff ic ie n t  m eans of tran s­

ferring the energy from the b ack  cham ber to the propellant g as  to  high in ternal 

e n erg ies  and more p e rs is te n t p re s s u re s . D e ta ils  of com putation are sim ilar 

in  princip le to th ose  of a s in g le  s ta g e  gun, although ad d itional fa cto rs  must 

be consid ered  such a s  sh o ck  w aves in the propellant ch am ber, e t c .  (See 

S e ig e l ,  R ef. 144 , pages 8 2 -1 0 0 ) .

M ost of the th e o re tica l developm ents outlined concern ing  guns have 

b een  based  on the assum ption of an id ea l gas equation of s t a te .  Real gas may 

d ev ia te  con sid erab ly  from th is  type of b eh av ior. An Abel equation of s ta te  

h as been  employed by some in v e stig a to rs  with co n sid e ra b le  s u c c e s s .  A lso , 

van der W a a l's  equation is  employed for d ense g a s e s .
/
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APPENDIX B -  I

STRESS ANALYSIS

Thin-W alled  V e s s e ls ,  E la stic  A nalysis

Low p ressu res can  be contained  by v e s s e ls  having w all th ic k n e s s e s  

w hich are sm all compared to the overall diam eter of the v e s s e l .  It can  be 

shown that stra in s  are then approxim ately uniform a cro ss  the se c tio n  and 

therefore the s tre s s e s  are a lso  uniform.

The circu m ferentia l s tre ss  a  and the longitudinal s tre s s  a in theC J6

th in -w alled  v e s s e l  shown in F ig . (B -l)  are g iven  by the fam iliar equ ations

P dA
a  = c 2t ( B - l  J

_ P  d .  
~  4t ( B - 2 )

Equations (B -l)  and (B-2) are valid  when the radius of the v e s s e l  is  a t le a s t
d.

ten  tim es the w all th ick n e ss  or —  >  2 0 .

T hu s, P di  > P (20) =2t - 2 lOp (B-3)

and
\  i 5p ( B - 4 )

A th in -w alled  v e s s e l ,  th ere fo re , cannot con tain  a p ressu re greater 

than 1 /1 0  of the te n s ile  strength of the m ateria l. The radial s tre s s  ar on the 

in sid e  su rface  is  equal to the pressure £  and is  u su ally  n eg lected  s in c e  it is 

sm all compared to the other s t r e s s e s .

T h ick -W alled  V e s s e ls ,  E lastic  A nalysis

H igher p ressu res can  be contained  by in creasin g  the w all th ick n e ss  

of a th in -w alled  v e s s e l .  However, a fter a ce rta in  point the assum ptions of

3 5 1



Fig. B-l. Thin-walled pressure vessel.
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uniform stra in  and s tre s s  a cro ss  the se ctio n  are no longer v a lid .

The gen eral equations for the radial and tan g en tia l s t r e s s e s ,  a r  and

a . ,  in  a th ick -w a lle d  cy lin d rica l v e s s e l , (F ig . B-2) su b je cte d  to internal 
0

and extern al p ressu res , and PQ, are derived in sev era l te x ts  on the theory of 

e la s t ic ity  and advanced m echan ics of m aterials (R efs. 11 6 , 140 and 1 41 ).

t
T hese e q u a tio n s, attributed to Lam e, are:

a2b2 (p0 - p ) 1 p .a 2 - pQb2
a = ---------- —  —  + — --------  (B-5)

r  b 2 - a2 r 2 b 2 - a2

a0 =

a2b2 (pi  - p0) 1 pi a2 - p0b2

b2 -  a2 b2 -  a2
(B-6)

For a th ick -w alled  v e s s e l  su b je c to n ly  to an in tern a l p ressure p = 'p  , 

Pq =  0 ,  equ ations (B-5) and (B-6) then reduce to:

a2 p
r  u 2  2b^

a - s i )
t-2

(B-7)

a2 p

b2 - a2
(1 + —  ) (B-8)

I

\

where te n s ile  s t r e s s e s  are consid ered  p o s itiv e .

Equations (B-7) and (B-8) in d icate  that a  is  everyw here com p ressive 

and th at a Q is  everyw here te n s i le . a Q is  maximum at the inner s u r fa c e , where

a0max
p (a2 + b2) 

b2 - a2
(B-9)
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Fig. B-2. Thick-walled cylinder subjected to internal and 
external pressures.

/
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As the outer radius b becomes infinite it can be shown that the a.
— 0max

approaches the internal pressure £ .  If the v e sse l is  loaded only by the in­

ternal pressure in the radial d irection , and if the cylinder is  free to expand

along its  length , the axial s tre ss  a w ill be zero . However, if the cylinder
z

is  com pletely restrained  in the axial direction

^ a2 p
a = 2v ----c—

Z b2 - a2

(B-10)

Axial s tre ss  w ill a lso  be introduced if the pressure jd is  allowed to a c to n  the 

ends of the v e s s e l ,  in  which case

or p

" b2 - a2
(B -ll)

Autofrettaqe «• T heoretical Analysis

Timoshenko (Ref. 142) rigorously analyzes the s tre s s e s  produced by 

the autofrettage p ro ce ss . His analysis is based on a maximum shear s tre ss  

failure criterion and he assum es that the v e sse l is  loaded only by pressure 

acting rad ially . The m aterial is  assum ed to behave e la s tic a lly  up to the yield 

point, and perfectly  p lastic  thereafter.

As the autofrettage pressure increases the inside  w all firs t becomes

plagtic at a pressure p given by

b2 - a2P = T -----------
*yp yp b2

C B-12)

where ae ~ a r

yp
(B-13)

and a and b are the inner and outer radii resp ectiv ely .
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As the pressure is in creased  further the p lastic  deform ation penetrates 

deeper and deeper into the w all of the cy linder. The pressure  n ecessary  to 

cau se  the entire w all to yield is

p = -2 t An t- rult yp b
and the radial and tangential s tre s s e s  are

a = 2 x An £ r yp b

cr. = 2 t (1 + in r) 
0 - yp b

(B-14)

(B-15)

(B-16)

If the internal pressure is  now rem oved, residual s tre s s e s  remain in the wall 

of the cylinder. Assuming the m aterial follows H ooke's law  during unloading, 

the s tre sse s  which are to be subtracted are given by th e  equations

. a Pult b2Aa = ------  (1--- )
r b2 - a2 r2

CB-17)

a  P i i i tAa = ------(1 + 2-  ) (B-18)
0 b2 - a2 r 2

The residual s tre s s e s  after re lease  of the p ressure  w ill then be the 

difference between equations (B-15) and (B-17) f o r a r and equations (B-16) 

and (B-18) for a Q. If the cylinder is  then repressurized  to p the  resultan t 

s tre s s e s  w ill again be given by quations (B-15) and (B-16) . However, th is 

time the m aterial w ill be working only in its  e la s tic  ra n g e .

Timoshenko c a lcu la te s  the  various s tre s s e s  for the particular c ase  

where b = 2a and where the autofrettage pressure is  sufficient to  cau se  y ield ­

ing throughout the entire w all th ic k n e s s . The resu lts  are shown in graphical

/
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form in Figure (B -3 ), in terms of the shear yield  s tre s s  t . The ar an^  °q 

s tre ss  d istrib u tio n s when the cylinder is first brought to the autofrettage p res­

sure are shown by the curves min and s t resp ec tiv e ly . The s tre s s e s  to be sub­

tracted upon re le a se  of the autofrettage pressure are shown by curves s t^ and 

mkn. The resid u al s tre sse s  are shown by the shaded a re a s , the plus sign in ­

dicating resid u al te n s ile  s tre s s e s , and the negative signs indicating residual 

com pressive s tre s s e s  . If the cylinder is  again loaded by an internal pressure 

p the resu ltin g  tangential s tre ss  w ill be the sum of th at shown by curve 

s^tj and th at shown by the shaded a re a s , th is sum being shown by curve s t .  

The maximum resu lta n t s tre ss  is  seen to be 2 t  ;  and no yielding occurs dur-
yp v*

ing th is second p ressurization  to p .

Timoshenko a lso  considers the c ase  where the ultim ate pressure is  re ­

duced so th at only a portion of the w all is  p la s tic a lly  deformed. The pressure 

p 1 sufficient to cau se  yielding out to a d istan ce  r = c is  given by the equa­

tion
p 1 = - 2  t  i n  — + t  t b 2  -  c 2 >
* yp c yp b2 (B-19)

The corresponding tangential and radial s tre s s e s  in the inner p las tic  

region are given by the equations

„  „ r  . b 2 +
a „  = 2 t  £ n  —  + t  --------------------

0 yp c yp b 2
a  < r  < c (B-20)

^ „ r  , c 2 -  b 2
a  = 2 t  £n — + t -------------

r  y p  c y p  b2
a  < r  < c (B-21)

/
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Fig. B-3. Stress distrubtions for autofrettage.

/
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The tan g en tia l s tre ss  in the outer e la s t ic  portion can  be determ ined 

by evalu ating  a  in  equation (B-2 1) at the boundary betw een the e la s t ic  and 

p la s tic  regions r =  c ,  and treating the e la s t ic  portion as a v e s s e l  with in sid e  

radius <: and ou tsid e radius b . The value o f o at r =  c  is  given by the equ a­

tion
a =  -  t

b2 - c2

r ^  b2
(B-22)

and the tan g en tia l and radial s t re s s e s  in the e la s t ic  region are

' 2 b2
a e = b2

( i  + —  ). c < r < b (B-23)

a = (1 - —  )
r b2 yp r2

d < r < b (B-24)

The s tre s s e s  to be subtracted  upon re le a se  of the pressure can  be c a lc u ­

la ted  sim ply if  th e  m aterial fo llow s H ooke's law  during the r e le a s e .  The c y ­

lind er can  be treated  as two co n cen tric  cy lin d ers w ith the boundary cond itions

p̂  ̂= p' at r = a

Po = Typ
(b2 - c2) 

b2
at r = c

inside
region C B—25)

(b2 - c2) p. = t - —  ---------
1 ^  b2

P o  = 0

at r ■ c

at r = b

inside
region (B-26)

being applied to equ ations (B—5) and (B -6 ) . The resid u al s tre ss  w ill then be 

the d ifferen ce  betw een the s tre ss  at the in it ia l p ressu rization  to jd]_ and the 

s tre s s  charge during re le a se  of the p ressu re . Upon rep ressu rization  to p res­

sure the m aterial is  assumed to behave e la s t ic a l ly  with the tan g en tia l and
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rad ial s t re s s e s  again being g iven  by equ ations (B-20) and (B-*-2 1) ^and (B-23) 

and (B-24) for the inner and outer regions re sp e c tiv e ly .



APPENDIX B -  II

TABULATION OF MATERIAL PROPERTIES

Table B2-1. U niaxial Properties for M etals  Having 
Strengths G reater than 2 5 0 ,0 0 0  p s i .

Footnotes to Table B2-1

Table B 2 -2 . B iax ia l S tress  T ests  of M iniature P res­
sure V e s s e ls , Source: Goodman (Ref. 137)

Table B 2 -3 . M ateria l S p e c ifica tio n s  for B iax ia l S tre ss  
T ests

Table B 2 -4 . T riaxia l Strength Properties o f M ild S te e l ,  
Source: Hu, et a l .  (Ref. 143)
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Tab le  B2-1 -  U n ia x ia l P rope rtie s  fo r  M e ta ls  H av in g
S trengths G re a te r th a n  250 ,0 00  p s i.
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9 N i - 4 C o - 0 .25C Steel

H i g h  Strength. S t e e l  (9

P l a t e  1/2 to 1 in t h ick 
N o r m a l i z e d  1600F, 1 hr, a i r  c o o l ­
ed, a u s t e n i t i z e d  1500F, 1 hr, 
q u e n c h e d  a n d  t e m p e r e d  as i n d i ­
c a t e d  b e l o w  
O i l  o r  w a t e r  que n c h e d  
A i r  q u e n c h e d

fl-4Co)

9 N i - 4 C o - 0 . 4 5 C  Ste e l She e t  up to 1/4 in thi c k 
N o r m a l i z e d  (1600F, 1 hr), air 
cooled, a u s t e n i t i z e d  (1475F, 1 hr) 
o i l  q u e n c h e d  and t e m p e r e d  as i n 4 
d i c a t e d  below.
T e m p e r e d  at 400F (martensite) 
T e m p e r e d  at 6 00F (martensite) 
P l a t e  1/4 to 1 in thick 
T e m p e r e d  400F (martensite) 
T e m p e r e d  600F (martensite) 
N o r m a l i z e d  (1600F,1 hr), a i r 
cooled, a u s t e n i t i z e d  1475F, 1 hr, 
s a l t  (or o t h e r  media) q u e n c h e d  
at t e m p e r a t u r e s  i n d i c a t e d  b e l o w  
(4-8 h r ) , air cooled 
Q u e n c h e d  at 4SSF (bainite) 
Q u e n c h e d  at 475F (bainite) 
Q u e n c h e d  at S 0 0 F  (bainite)

■

9 N i - 4 C o - 0 . 4 5 C  S t eel Forgings
f o r m a l i z e d  (1600F, 1 h r), air 
cooled, a u s t e n i t i z e d  (147SF, 1 hr) 
oil q u e n c h e d , 't e m p e r e d  at t e m p e r ­
atures i n d i c a t e d  b e l o w  
T e m p e r e d  at 4 00F (martensite) 
T e m p e r e d  at 6 00F (martensite) 
N o r m a l i z e d  1600F, 1 hr, a i r  c o o l ­
ed, a u s t e n i t i z e d  (1475F, 1 hr) 
s a l t  (or o t h e r  media) q u e n c h e d  
at t e m p e r a t u r e s  i n d i c a t e d  b e l o w  
Q u e n c h e d  at 4 75F (bainite) 
Q u e n c h e d  at 5 00F (bainite)

9 N i - 4 C o - . 2 5 C Steel C o l d  r o l l e d  sheet 
A u s t e n i t i z e d  at 1550F, oil 
quenched, p r e t e m p e r e d  at 300F, 
c old r o l l e d  25% to 0 .08 in t h ick 
s h eet and r e t e m p e r e d  at t e m p e r a ­
ture in d i c a t e d  b e l o w  
R e t e m p e r e d  r o o m  t e m p e r a t u r e 
R e t e m p e r e d  300F 
R e t e m p e r e d  400F 
R e t e m p e r e d  500F 
Retemuered. 700F
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Table B2-1 (c o n t.)  -  U n ia x ia l P ropertie s  fo r  M e ta ls  H av ing
S trengths G re a te r th a n  2 50 ,000  p s i.
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3 0 0M

D 6AC

M a r - S t r a i n e d  All(

A u s t e n i t i z e d  1650F, s a l t  quenchecj, 
t e m p e r e d  600F, r e t e m p e r e d  4 00F 
A u s t e n i t i z e d  1550F, s a l t  quenched, 
t e m p e r e d  600F, r e t e m p e r e d  400F

ly Stee! s

W C M - 1

W C M - 4

A u s t e n i t i z e d  1650F, a i r  qu e n c h e d ,  
t e m p e r e d  600F, r e t e m p e r e d  400F 
A u s t e n i t i z e d  1650F, a i r  qu e n c h e d ,  
t e m p e r e d  600F, r e t e m p e r e d  400F

Mod. S-5 

WHC

A u s t e n i t i z e d  1650F, s a l t  quenched, 
t e m p e r e d  575F, r e t e m p e r e d  400F 
A u s t e n i t i z e d  1650F, a i r  qu e n c h e d ,  
t e m p e r e d  600F, r e t e m p e r e d  400F

HY-Tuf.

V a s c o j e t - 1 0 0 0

A u s t e n i t i z e d  1600F, a i r  q u e n c h e d ,  
t e m p e r e d  550F, r e t e m p e r e d  4 0 0 F  
A u s t e n i t i z e d  18S0F, a i r  qu e n c h e d ,  
t e m p e r e d  1000F, r e t e m p e r e d  8 00F

A M  .355 

422

A u s t e n i t i z e d  180F, a i r  qu e n c h e d ,  
t e m p e r e d  850F, r e t e m p e r e d  700F 
A u s t e n i t i z e d  1900F, a i r  qu e n c h e d ,  
t e m p e r e d  800F, r e t e m p e r e d  7S0F

-

A ISI 4340
II

Ladish D 6AV
II

3 0 0 - M

C h r o m i u m - N i c k e l - M o l y

T e m p e r e d  400F 
T e m p e r e d  600F
Bar 1.5-2 in dia, t e m p e r e d  300F 
T e m p e r e d  600F
B a r  1 in dia, t e m p e r e d  200F

jdenum iteels

C57
C53

520
490

575

3 0 0 - M  
11

USS S t r u x

II

II

Bar 1 in d iam t e m pered, 6 0 0 F 
B a r  1 in dia, t e m pered, 800F 
F o r g e d  b a r  1 in dia, t e m p e r e d  
450F
T e m p e r e d  550F 
T e m p e r e d  650F

525
425

HS-2 6 0  
11

AMS 6434 

R o c o l o y  270
II

T e m p e r e d  400F 
T e m p e r e d  600F
S h eet .109 in thick, t e m p e r e d  
400F
T e m p e r e d  400F 
T e m p e r e d  700F

C54
C50

C58
C56

/
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Table  B2-1 (c o n t.)  -  U n ia x ia l P roperties fo r M e ta ls  H av in g
S trengths G rea te r than  250 ,000  p s i.
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M a r - S t r a ined A l l o y  S teels

30 0M
280 M E  J u l y  63

D 6AC
277 M E  J u l y  63

W C M-1
340 M E  J u l y  63

W C M - 4
306 M E  J u l y  63

Mod. S-5
• 328 M E  J u l y  6 3

WHC -
318 ME J u l y  63

HY-Tuf.
240 M E  J u l y  63

V a s c o j e t - 1 0 0 0
276 ME J u l y  63

A M  355
, 215 ME J u l y  63

422
235 ME J u l y  63

C h r o m i u m - N i eke 1-Molybde n u m  Stee Is

AISI 4340 287 270(a) 11 M E  M a r  63 .It 255 235(a) 12 ME M a r  63
Lad i s h  D 6 A V 299 211(a) 8.5 ME M a r  63f f 267 247(a) 8.1 ME M a r  63
3 0 0 -M 340 180(a) 6 ME M a r  63

300 - M 289 245(a) 9.5 ME M a r  63It 260 2 1 5 (al 8.5 ME Mi'*' 63
USS S t r u x

291 243(a) 10 fte M a r  63tl 281 243(a) 11 M E  M a r  6311 26S 233(a) 10 M E  M a r  63

H S - 2 6 0 290 253(a) 12 M E  M a r  63
263 236(a) 8 ME M a r  63

AMS 6 434
266 218(a) S ME M a r  63

R o c o l o y  270 332 240(a) 7 ME M a r  63
308 265(a) 5.3 ME M a r  63

.

/
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Table B2-1 (c o n t.)  -  U n ia x ia l P roperties  fo r  M e ta ls  H a v in g
S trengths G re a te r th a n  250 ,000  p s i.
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R o c o l o y  270
H P - 9 - 4 - 2 5
H P - 9 - 4 - 4 5

II

C h r o m i u m - N i c k e l - M <

T e m p e r e d  1000F 
T e m p e r e d  4 00F 
T e m p e r e d  400F 
T e m p e r e d  600F

l y b d e n u m  S t e e l s  (Cc nt.)

C52

8084
8087
88.94..
8895'
8896

N i c k e l - I r o n - C o b a :  
F o r g e d  9 /16 in b a r  
C o l d  r o l l e d  45%
C o l d  r o l l e d  45%
C o l d  r o l l e d  
C o l d  r o l l e d  
C o l d  r o l l e d

t - A l l o y

18 N i  G r a d e  250 
18 Ni G r a d e  300 
116-17 -5 N i  C ast

18' Ni

M a r a g i n g  St<

M a r a g e d
M a r a g e d
H o m o g e n i z e  for 4 h r  at 2100F and
age 3 h r  at 900F
C a s t  G r a d e  - M a r a g e  900F

:els

C52
C54

20 Ni

M 

11 

! 1

R e f r i g e r a t e  at -10 0 F  for 16 h r  + 
m a r a g e  850F
R e f r i g e r a t e  -100F for 16 h r  + 
m a r a g e  850F cold w o r k  50% 
R e f r i g e r a t e  at -100F for 16 hr 
+ m a r a g e  900F
R e f r i g e r a t e  at -100F for 16 h r 
+ m a r a g e  900F, c o l d  w o r k  50%

25 Ni

If

25 Ni

R e f r i g e r a t e  -100F f o r  16 hr + 
m a r a g e  800F, cold w o r k  25% 
A u s a g e  at 1300F for 4 h r  + r e ­
f r i g e r a t e  -100F for 16 h r  + 
m a r a g e  850F
R e f r i g e r a t e  -100F for 16 h r  + 
m a r a g e  8 50F + c o l d  w o r k  50%

18 Ni S o l u t i o n  a n n e a l e d  for 1 h r  at 
1500F, a i r  c o o l e d  and a g e d  for 
3 h r  at the i n d i c a t e d  t e m p e r a ­
tures 
800F 
8 50F 
9 00F 
950F 
1000F

C52
CS5
C58
C59
C58

/



1 t__ Ic

18 Ni

25 Ni 

11

25 Ni

_____________________________________________i

20 Ni

IIIfft

18 Ni Grade 250 
18 Ni Grade 

300 
16-17.5 Ni Cast

18 Ni

oo oo oo oo oo 
0 0  0 0  oo o  O  
t o  to  t o  oo oo 
o n  cn - t*  *"*j  -fc*

Rocoloy 270
HP-9-4-25
HP-9-4-45

f 1

M A T E R I A L

W W W W  M
cn C\ i—'* " - I  
O  W  O O  ON

268

272

273

264

273

256

281

255
295

240-260
240-260

to
K )  W  Is )  ON N J '  
cn cn cn on on 
^  O  w  • ro  

cn

t o  N ) W  W  
cn CO cn on 
O  O  O  ON

U L T I M A T E
T E N S I L E
S T R E N G T H
ksi

W W W N J  W  
( / U h W lO  w  
o  ON O -C * ON

254

258

262

256

264

244

273

Mar
245
290

225-250
225-250

Z
H *

N ) FO N  M  M  O  
4^  W  N )  CO W  7 T  
O  0 0  t\J t o  CD

1

*-<

Chromium-Nj

232(a)
. 

220(a) 
250(a) 
235(a)

Y I E L D
S T R E N G T H *
ksi

h-• 1—*
h-< o  c o '- j cn 

O - CL CLCL & .

4 L  -P*. 

o '  cn o '

w

6(b) 

4.2(b) 

4.5(b) 
, 

4(f)

aging Steels
108

5-11(b)
5-11(b)

u
3
i

O
. .  .  o
O  O  O  K )  0 4  CT s—\ i—\ r—V !— \ P  
CT* C7* C7* O ' CT* I—* 

c f

>
1—*

o
77* 
CD 
»—•

I- *  "-4  1
t o  - - j  r-o * s  

W  o

§
CL

E L O N G A T I O N  
IN 2 in. ** 
p e r c e n t

o
X

3

</)
, <■+

CD

E N D U R A N C E
L I M I T
ksi

<A
r i
o
3

F R A C T U R E  
T O U G H N E S S  
ksi /in.

0
<

1.
to1
CM

r+

N O T C H  T O U G H N E S S  
ft. lbs.
I =  IZ0D 
C =  C H A R P Y  
C v  =  C H A R P Y  

V  N O T C H

ME 
Feb 

67 
ME Feb 

67 
ME 

Feb 67 
ME Feb 

67 
ME Feb 67

ME Mar 63

ME Mar 63 

ME Mar 63

ME Mar 63 

ME Mar 63 

ME Mar 63 

ME Mar 63

u
s

s

u
s

s

ME Jan 63 
ME Mar 63

ME Nov 65 
ME Nov 65 
ME Nov 65 
ME Nov 65 
ME Nov 65-

1________________________

ME Mar 63 
ME Mar 63 
ME Mar 63 
ME Mar 63

R E F E R E N C E * * *

T
able B
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Table B2-1 (cont.) U n ia x ia l P roperties  fo r  M e ta ls  H a v in g
S treng ths G rea te r th a n  250 ,000  p s i.
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5 C r - M o - V  Air craft 
q u a l i t y

H - l l

H - 1 3

H o t  W o r k  D i e  !

T e m p e r e d  1075F 
T e m p e r e d  H O O F  
T e m p e r e d  950F 
T e m p e r e d  1050F 
T e m p e r e d  900F 
T e m p e r e d  1000F

Steels

V a s c o j e t - 1 0 0 0  
P o t o m a c  A, 
D y n a f l e x

C r u c i b l e  56-1

T e m p e r e d  950F 
T e m p e r e d  1050F 
T e m p e r e d  1000F

U n i m a c h  1, T h er- 
m o l d  A

U n i m a c h  11, The r -  
m o T d " J

T e m p e r e d  975F 
T e m p e r e d  1050F

T e m p e r e d  975F 
T e m p e r e d  1050F

V a s c o j e t - M A ,  C V M

V a s c o j e t - 1 0 0 0  
5" T e m p e r

T e m p e r e d  975F 
T e m p e r e d  1025F 
T e m p e r e d  1075F

T e m p e r e d  950F 
T e m p e r e d  1050F

M o d i f i e d  H-ll
M x - 2
3 0 0 - M
D - 6 A
4340

9 N i - 4 C o - 0 . 3 0 C

U l t r a  H i g h  S t r e n g t h  St<

A u s t e n i t i z e d  at 1550F, oil 
q u e n c h e d ,  t e m p e r e d  at 400F 
A u s t e n i t i z e d  at 1500-1550F, 
w a t e r  or oil q u e n c h e d ,  d o u b l e 
t e m p e r e d  at 1000F

els - ft

0 . 281
0 . 2 7 6

.283

. 2 8 3 “-

.283

r o u g h t

7 . 4
5 . 6 8
7.61

6.3

6.2

'

30 „ 
29.4

30

30

2'8.6

5 4 N i - 3 9 C r - 4 M o - 2 T i -  
1 A L  All o y

N i c k e l  a n d  Nicke!

W r o u g h t

Alloys

>
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Table B2-1 (c o n t.)  -  U n ia x ia l P roperties fo r  M e ta ls  H a v in g
S trengths G rea te r th a n  250 ,0 00  p s i.
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1 i H o t  W >rk D i e  S t e e Ls
S C r - M o - V  A i r  craft
q u a l i t y 260 2 0 5 (a) 8 M E  M a r  63

280 220(a) 7 M E  M a r  63
j ’■ H -ll 311 241(a) 3.3 M E  M a r  6 3

, 268 226(a) 8.5 M E  M a r  63
1 ! H - 1 3 290 228(a) 3.5 M E  M a r  63

276 224(a) 8 ■ M E  M a r  63

V a s c o j e t - 1 0 0 0
P o t o m a c  A,
D y n a f l e x 311 241(a) 3.3 M E  M a r  63

268 226(a) 8.5 M E  M a r  63

)
C r u c i b l e  56 310 262(a) 6 M E  M a r  63

U n i m a c h  1, T h e r -
m o l d  A 304 255(a) 5 M E  M a r  63

260 227(a) 4.5 M E  M a r  6 3
U n i m a c h  11, The r -
m o l d  J 310 268(a) 3.8 ME M a r  63

276 236(a) 4.1 M E  M a r  63

V a s c o j e t - M A  C V M 362 293(a) 6 M E  M a r  63
1 346 292(a) 7 M E  M a r  63

i , 322 280(a) 6.5 M E  M a r  63
Vascoiet-rlOOO
5 T e m p e r 325 270(a) 5 M E  M a r  63

: i

270 235(a) 7 M E  M a r  63

! j U1 t r a  H i g h  St: e n gth Steels - W r o u g It

M o d i f i e d  H-ll 2 9 5 - 3 1 1 241-247 6.6-12 1 30-135 C = 1 5 - 2 2 M E  O c t  67
M x-2 279 239 10 110 C =18 M E  O c t  67
3 0 0-M 289 242 10 116 C=22 M E  O c t  67
D - 6 A 284 250 7.5 110 C = 1 4 M E  O c t  67

/ 4340 «
287 270 11 107 M E  O c t  67

9 N i - 4 C o - 0 . 3 0 C

2 2 0 - 2 6 0 190-210 10-16 110 - 1 2 0 C = 1 5 - 3 0 M E  O c t  67

N i c k e l  £ n d  N i c k e l  A1 loys

5 4 N i - 3 9 C r - 4 M o - 2 T i -
1 AL A l l o y 250 190(a) M E  J u l y  66

/
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Table B2-1 (c o n t.)  -  U n ia x ia l P roperties fo r  M e ta ls  H a v in g
S treng ths G rea te r than  250 ,000  p s i .
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M a t r e l o y

C h r o m i u m  a n d  C h r o m .um Allc ys

H - l l  S t eel

H i g h  S t r e n g t h  Low A  
4 1/2" thick

T e m p e r e d  4 0 0 - 5 0 0 F  
T e m p e r e d  1000F 
T e m p e r e d  1 0 50F *

loy Stf 
ilate

els

AISI 4140 
M x - 2
A i r - S t e e l  X-200

Chromium-Molybde'

B a r  1 in dia, t e m p e r e d  4 00F 
Sheet, t e m p e r e d  5 2SF 
S h eet 0.60 in thick, t e m p e r e d  
400F
T e m p e r e d  700F

lum Stef Is

C51

C55
C53

520

316

4 4 0 C
440F

S t a i n l e s s  St

C o l d  d r a w n  d e p e n d i n g  o n  size and 
a m o u n t  o f  c o l d  r e d u c t i o n  
T e m p e r e d  at 6 0 0 F  
T e m p e r e d  at 6 0 0 F

iels

C57
C57

580
580

302

4 4 0 A
440B

C o l d  d r a w n  d e p e n d i n g  o n  size a n d  
amount o f  c old r e d u c t i o n  
T e m p e r e d  6 0 0 F  
T e m p e r e d  6 00F

C51
C55

510
555

V a s c o  M A  Steel

H - l l  S t eel 
T B A-2

A u s f o r m e d  St

A u s f o r m i n g  v a c u u m  m e l t e d  steel 
and tem p e r e d  at 1000F 
A u s f o r m e d
Bea r i n g  r ace s t e e l - a u s f o r m e d

:els

'

C65
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Table  B2-1 (c o n t.)  -  U n ia x ia l P roperties  fo r  M e ta ls  H a v in g
Strengths G rea te r th a n  250 ,000  p s i .

II)

i i
I I

<  t—i Ct 
UJ H < s

UJ X H W h < -3 X
S.H Z iJ U h  D h W ^

XH
UJ Os *HW h W >- cn ^

ZO
nJ  z

X hH Q S • 
Z w  
UJ - 3  ,

X  Z  

<t x  -h
K O  10
tt. E- ^

Bz

M a t r e l o y 375

C h r o m i u m  

2 0 0 - 2 7 5 (a)

ind C h r o m i u m A l l o y s

ME J a n  6 7

H i g h  Str'en 
4 1/2

?th Low A l l o ^  
thick

S t e e l s
. p l a t e

H - l l  S t eel 3 0 5 - 3 0 8
270
250

250(a)
220(a)
215(a)

6 5 - 6 8
50
65

ME J a n  6 4
ME J a n  6 4  
ME J a n  64

C h r o m i u n - M o l y b d e n u m S t e e l s

AISI 4140 
M x-2
A i r  S t e e l  X-200

260
278

315
288

220
238

215
245

8
5.5

9.6 
7.0

ME M a r  63 
ME M a r  63

ME M a r  63 
ME M a r  63

316
to 300

440C 285
440F 285

275
275

S t a i n l e s s  Stee l s

302

4 4 0 A
440B

to 350 
260 
280

240
270

60
78

MH 61

MH 61 
MH 61 
M H  61

Aus

V a s c o  M A  Steel

H -ll Steel 
T B A - 2

450
380
430

400(a)
345(a)

Formed S t eel >

7(b)
8(b)

ME M a y  64 
ME M a y  64 
ME M a y  64



372

Table B2-1 (c o n t.)  -  U n ia x ia l P ropertie s  fo r  M e ta ls  H a v in g
S treng ths G re a te r than  250 ,000  p s i.

MA
TE

RI
AL

t

HE
AT

TR
EA

TM
EN

T

DE
NS

IT
Y 

AT
 

20
°C

 
(6

8°
F)

 
lb

s/
cu

 i
n.

__
__
__
__
_

CO
EF

FI
CI

EN
T 

OF
 L

IN
EA

R 
TH

ER
MA

L 
EX

PA
NS

IO
N 

mi
cr

o-
in

./
in

./
°F

RO
CK

WE
LL

HA
RD

NE
SS

NU
MB

ER

BR
IN

EL
L

HA
RD

NE
SS

NU
MB

ER

MO
DU

LU
S 

OF
 

EL
AS

TI
CI

TY

10
6 

os
i

M I L - S - 4 6 0 5 2 ( M R )  
C l a s s  260-210

H i g h  S t r e n g t h  Stee! Castir gs

P H 1 4 - 8 M O

C u s t o m  455 
A F C - 77 ■

P r e c i p i t a t i o n  H a r d e n i n g  i

C o l d  rolled, a g e d  at 9 0 0 F  f o r
1 hr.
C o l d  w o r k e d  p r i o r  t o  a g i n g  
A u s t e n i t i z e d  at 1 8 0 0 - 2 0 0 0 F ,  a i r  
c o o l e d  o r  oil q u e n c h e d  t o  r o o m  
t e m p e r a t u r e ,  r e f r i g e r a t e d  at 
- 1 00F a n d  d o u b l e  t e m p e r e d  (for -
2 h r  e a c h ) a t  e i t h e r  9 0 0  o r  H O O P

tairiles s S t e e l s

f
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Table  B2-1 (c o n t.)  -  U n ia x ia l P roperties  fo r  M e ta ls  H av in g
S trengths G rea te r th a n  250 ,000  p s i .

C< UJh

X  W H —1 U hh 2 
CO UJZ  2  -H« E- <0 tr* M

XE-1'
Cl z
«-J LU W  2  *H >-* f-* w>« co ^

z  * -O * 't-H •H C *h  o
S "z
UJ tH

aXH _u e?
<  X  -H2  o  </>CU H ^

X  >■ u>- CU H
a- q5 o

• Q  QS <  Z
W O  <  X
£> M X  U >o It

z  ^  h  u  u

M I L - S - 4 6 0 5 2 ( M R )  
Cla s s  260 - 2 1 0 260

H i g h  S t r e r g t h  S t eel C a s t i n g s

210(a) M E  F e b  66

P r e c i p i t a t i o n  H a r d e n i n g  Staiiless- Stee l s

P H 1 4 - 8 M O

C u s t o m  455 
A F C - 7 7

N e a r  300 
250

250-300 220(a) 1 5 - 2 2 (h)

M E  S e p t  66 
M E  S e p t  66

M E  S e p t  66

/



T a b l e  B 2 - 1 ,  F o o t n o t e s

Y i e l d  S t r e n g t h ,  k s i
0 .2% o f f s e t ,  e x c e p t  v a l u e s  d e n o t e d  by ( a )  f o r  w h ic h  o f f ­
s e t  i s  n o t  s p e c i f i e d  i n  s o u r c e .

P e r c e n t  E l o n g a t i o n
i n  2 i n c h e s  e x c e p t  v a l u e s  d e n o t e d  by

( b )  u n s p e c i f i e d  i n  s o u r c e
( c )  i n  4 t i m e s  t h e  d i a m e t e r
(d)  i n  1 i n c h

* R e f e r e n c e  •

MH-61 -  M e t a l s ' H andbook, P r o p e r t i e s  and S e l e c t i o n ,  o f  M e t -  
a l s ,  V o l .  1 ,  8 t h  E d i t i o n ,  A m e r ic a n  S o c i e t y  f o r  
M e t a l s ,  N o v e l t y ,  O h i o ,  1 9 6 1 .

x:M E-Jan  6 7  e t c ,  M a t e r i a l s  E n g i n e e r i n g , c a l l e d . M a t e r i a l s  i n  
D e s i g n  E n g i n e e r i n g  p r i o r  t o  March 1 9 6 7 , R e i n h o l d  
P u b l i s h i n g  C o . ,  New Y o r k .

USS -  U n i t e d  S t a t e s  S t e e l  C o r p o r a t i o n  P a m p h l e t ,  M a r a g in g  
S t e e l ,  A D U S S -94034 ,  no d a t e .
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Tab le  B2-2 -  B ia x ia l S tress Tests  o f M in ia tu re
Pressure V e s s e ls .

S p e c . C ode S t r e s s  F i e l d 
a: c

R o c k w e l l  
H a r d n e s s  
N u m b e r  R r

N o m i n a l  U l t i ­
m a t e  T e n s i l e  
S t r e n g t h  ksi

N o m i n a l  Y i e l d  
S t r e n g t h  ksi

A I S I  4 3 4 0  B a r  S t o c k  Steel

T e m p e r e d  at 4 7 5°F 

A  2 2:1 49.6 291 250
A 9 2:1 ________ 290 2 5 3
A 12 1:2 50.2 277 244
A 4 1:2 SO. 8 2 7 7 25 0
A 10 1:2 50.8 270 245
A 8 1:1 49.8 261 223
A 11 1:1 4 9.3 264 223
A 7 1:0 4 9.4 263 225
A 5 0:1 49.9 . 258 223

T e m p e r e d  at 
B

7 0 0 ° F

1 2:1 44.1 247 228
B 2 2:1 44.1 246 2 2 4
B S . 2:1 44.0 244 221
B 6 1:2 45.0 231 216
B 9 1:2 4 5.3 230 221
B 11 1:2 4 5.3 233 220
B 3 1:1 43.9 214 198
B 8 1:1 4 4.4 214 200
B 10 1:1 44.0 214 200

T e m p e r e d  at 

C

9 5 0 ° F
2 2:1 37.1 188 184

C 11 2:1 37.0 185 ' 175
C 9 1:2 38.1 185 180
C 7 1:2 36.3 185 172
C 6 1:1 36.6 171 161
C 12 1:1 37.2 170 161
C 1 1:0 36.1 178 .163
C 3 1:0 35.9 175 161
C 10 0:1 37.0 169 . 158

T e m p e r e d  at 

D
S 5 0 ° F

8 2:1 48.5 ■ 273 246
' D 10 2:1 48.2 270 . 236

D 13 1:2 50.1 259 233
D 12 1:2 — 255 233
D 6 1 :1 4 8.4 242 219
D 5 1:1 — 241 210
D 7 1:0 4 8.3 248 226
D 1 1:0 4 7.7 249 220
D 3 0:1 48.1 240 219

T e m p e r e d  at 
E

350°F
2 2:1 5 3.1 281 257

E 14 2:1 5 3.1 312 250
E 11 2:1 54.1 314 260
E 4 1:2 5 3.7 282 2 5 7
E 8 1:2 — — 245
E 12 1:2 5 3.1 298 250
E 3 1:1 5 3.8 276 225
E 5 1:1 5 3.9 2 4 8 230
E 9 1:1 54.2 280 225

/

s'
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Tab le  B2-2 (c o n t.)  -  B ia x ia l S tress Tests  o f
M in ia tu re  Pressure V e s s e ls .

Spec. C ode Str e s s  F i e l d  
a: c

R o c k w e l l  
H a r d n e s s  
N u m b e r  R c

N o m i n a l  U l t i ­
m a t e  T e n s i l e  
S t r e n g t h  k s i

N o m i n a l  Y i e l d  
S t r e n g t h  ksi

A ISI 4340 B a r  S t o c k  S t e e l  (Coi t.)

T e m p e r e d  at 400°F

F 2 2:1 5 2 . 3 308 2 5 8
F 8 2:1 5 2 . 4 310 250
F S 1:2 53.0 279 2 5 7
F 13 1:2 5 3 . 1 295 256
F 9 1:1 5 1 . 9 272 226
F 4 1:1 5 3 . 1 270 225
F 17 1:0 52.5 285 2 2 4
F 7 0.1 52.2 266 230

T e m p e r e d  at 625 ° F

G 2 2:1 47.5 270 246
G 3 2:1 4 7 . 7 272 248
G . 10 1:2 4 8.0 254 2 4 3
G 1 1:2 4 8.1 253 240
G 8 1:1 4 7 . 3 239 221
G 6 1:1 47.0 242 220
G 9 1:0 47.2 244 219
G 4 0:1 46.5 239 212
G 5 0:1 4 8 . 4 2 3 4 215

A ISI 4340 B a r  S t o c k  - Dim e n s i )nal V a r i a t i o n s

T e m p e r e d  at 700°F
X A 1 1:2 4 4 . 8 2 3 7 2 3 4
X A 6 1:2 4 2 . 7 232 230
X D 30 1:2 4 3.0 235 235
XD 9 1:2 4 4.7 240 230
AS 1 1:2 4 5 . 3 239 230
DS 1 1:2 4 6.3 239 ______

XAS 1 1:2 4 4 . 7 235 229
XDS 1 1:2 45.2 235-

A I S I  4340 B a r  S t o c k  w i t h  Girt l U n i w e l d

T e m p e r e d  at 800°F
Z 1 2:1 4 3 . 3 229 221
Z 4 2:1 43.0 229 219z 2 1:2 43.0 223 216z 3 1:2 43.1 224 218z 5 1:1 4 1 . 7 202 193z 8 1:1 42.4 206 195 •z 7 1:0 — 205 195

T e m p e r e d  at 6 7 5 ° F
Y 3 2:1 47.5 271 157
Y 4 2:1 48.0 271 255
Y 2 1:2 47.9 247 __
Y 5 1:2 47.9 258 250

/
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Tab le  B2-2 (c o n t.)  -  B ia x ia l S tress Tests  o f
M in ia tu re  Pressure V e s s e ls .

R o c k w e l l N o m i n a l  U l t i - N o m i n a l  Y i e l d
!■ V  ' Spec. C o d e S t r e s s  F i e l d H a r d n e s s m a t e  T e n s i l e S t r e n g t h  ksi

a: c N u m b e r  R c S t r e n g t h  ksi

A I S I  4340 B a r  S t o c k  w i t h  Girtl i U n i w e l d  CCont )

T e m p e r e d  at 6 7 5 ° F
Y  1 1:1 47.1 239 226
Y  6 1:1 47.5 237 225
Y  10 1:0 — 241 225

T e m p e r e d  at 400°F

W  4 2:1 53.6 313 262
W  3 2:1 52.9 276 259
W  8 2:1 52.1 305. 262
W  1 1:2 5 3.0 • 268 258
W  2 1:2 53.1 287 258
W  7 1:2 52.8 289 260
W  5 1:1 — 2 2 7
W  6- 1:1 53.5 • 278 241
W  11 1:1 52.9 270 243
W  95 1:2 5 3 . 7 261 255
W  105 1:2 53.2 294 253

A I S I  4 3 4 0  w i t h  R D C A  H e a t  T r e a :ment

A O S  1 2:1 — 317 225
A O S  5 2:1 — 327 232
A O S  3 1:2 5 2 . 7 308 239
A O S  4 1:2 — 300 220
A O S  2 1:2 305 230
SB 16 2:1 — 315 235
SE 6 2:1 5 2.4 312 231
SB 13 1:2 53.9 287 .225
SE 1 1:2 — 299 230
S B  4 1:1 5 2.8 277 225

L a d i s h  D 6 A  S t e e l

B a r  S t o c k  T e m p e r e d  at 1075°F
A 1  1075 2:1 4 1.8 223 211
B1 1075 2:1 42.4 232 213
B5 1075 2:1 42.5 225 207
A2 1075 1:2 42.4 218 204
B6 1075 1:2 43.1 219 202

L a d i s h  D 6 A C  S t e e l  E x t r u d e d  Fo rgings

T e m p e r e d  at 5 0 0 ° F

J 4 2:1 5 0.8 298 265
J  8 2:1 50.9 302 2 70
J 3 1:2 5 0.7 291 263J  g 1:2 50.8 295 265
J 5 1:1 50.8 265 235

/



378

Tab le  B2-2 (c o n t.)  -  B ia x ia l S tress Tests  o f
M in ia tu re  P ressure  V e s s e ls .

Spec. Code Stre s s  F i e l d  
a:c

R o c k w e l l  
H a r d n e s s  
N u m b e r  R,,

N o m i n a l  U l t i ­
m a t e  T e n s i l e  
S t r e n g t h  ksi

N o m i n a l  Y i e l d  
S t r e n g t h  ksi

Lad i s h  D 6 A C  S t e e l  E x t r u d e d  Forj 

T e m p e r e d  at 5 0 0 ° F

J 10

ings (Cont.)

1:1 5 1.5 272 240
J 2 1:0 5 0 . 8 270 233
J 9 1:0 51.2 275 240

T e m p e r e d  at 1000°F 

K 10 2:1 4 4 . 7 238 223
K 13 2:1 44.5 232 220
K 1 1:2 44.6 239 225
K 9 1:2 4 3.6 232 221
K 12 1:2 44.1 232 219
K 7 1:2 45.0 238 224
K 6 1:0 45.2 219 202
K 8 i;i 44.5 213 198
K 3 1:0 4 6.1 218 200

... K 5 1:0 220 201

T e m p e r e d  at 4 0 0°F 

L 1 2:1 5 2 . 4 319 275
. .L 2 2:1 5 2 . 7 320 275

L 7 2:1 5 3 . 1 319 273
L 3 1:2 5 1 . 7 302 270
L 5 1:2 5 2 . 4 300 271
L 12 1:2 5 2 . 6 306 266
L 4 1:1 5 2.5 286 2 4 4
L 8 1:1 5 2.1 284 240
L 13 1:1 5 2.9 285 238
L 11 1:0 5 2.6 285 241

T e m p e r e d  at 1075°F 

M  1 2:1 44.1 238 224
M  3 2:1 4 3 . 7 240 2 2 4  '
M  5 2:1 4 3 . 8 238 226
M  12 2:1 43.9 237 223
M  2 1:2 4 3 . 7 232 219
M  4 1:2 43.7 228 216
M  8 1:2 • 44.6 229 194
M  6 1:2 4 4 . 3 219 195
M  7 1:1 43.9 216 202
M  10 1:1 44.6 216 201
M  9 1:0 45.5 217 201
M  11 0:1 4 3 . 4 213 201

T e m p e r e d  t w ice at 1075°F

N 6 2:1 4 2.7 220 205
N 5 2:1 4 3.2 230 214
N 3 1:2 43.2 227 215
N 8 1:2 43.7 225 208
N 2 1:1 42.3 200 185
N 11 1:0 42.1 205 187
N 9 1:0 205 180

/
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Tab le  B2-2 (c o n t.)  -  B ia x ia l S tress Tests  o f
M in ia tu re  P ressure V e s s e ls .

Spec. C o d e S t r e s s  F i e l d  
a: c

Roc k w e l l  
H a r d n e s s  
N u m b e r  R

L a d i s h  D 6 A C  S t e e l  E x t r u d e d  F o r  ;ings [Co n t . )

N o m i n a l  U l t i -  N o m i n a l  Y i e l d
m a t e  T e n s i l e  S t r e n g t h  ksi
S t r e n g t h  ksi_________________________

T e m p e r e d  at 300°F
P
P
P
P
P
P
P
P
P

10
12
5
11
8
9
1
6 
7

2 : 1
2 : 1
1:2
1:2
1:1
1:1
1:2
1:0
1:0

56.5
5 6 . 8
5 6 . 4
5 7 . 4
56.0
5 7 . 4

57.0
5 6 . 8

351
357
335
343
315
317
327
320
317

218
222
228
225
199
200 
281 
210 
199

T e m p e r e d  at 8 0 0 ° F

QQQQQQQQ

1
7
3
4
5
6
2
8

T e m p e r e d  at 6 0 0 ° F

2:1 49.1 269
2:1 47.5 267
1:2 48.2 261
1:2 4 8.3 260
1:1 48.1 239
1:1 47.6 236
1:0 4 7.7 244
1:0 47.5 245

245
241
241
245
220
216
220
221

R
R
R
R
R
R
R
R
R
R

6
8
13
3
5
11
1
2
7
9

M a r q u e n c h e d  - T e m p e r e d  at 4 0 0 ° F

2:1 49.3 285
2:1 50.5 285
2:1 49.5 282
1:2 ■ 50.0 272
1:2 49.9 279
1:2 49.9 280
1:1 49.0 260
1:1 49.9 255
1:1 5 0.6 256
1:0 49.4 261

257
260
260
252
255
255
233'
2301
221
235

S
S
S
S
S
S
S

7 1 7 8  A l u m i n u m

1
7
8 
12 
3. 
4
To

2:1 51.5 
2:1 5 3.0 
1:2 5 3 . 3  
1:2 53.1 
1:1 5 2 . 3  
1:1 5 2 . 4  
1:0 52.9

301
320
311
304
273
277
285

250
269
269
264
220
225
230

E x t r u d e d  Bar-Heat
T r e a t e d  to T 6  C o n d i t i o n

U 2
U 4
U 1
U 10
U 5
U 14
U 7

2:1
2 : 1
1:2
1:2
1:1
1:1
1:0

104
104
84
81
83
8 3
106

98
96 
80 
80
77/81
77/82
97

/
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Tab le  B2-2 (c o n t.)  -  B ia x ia l S tress Tests  o f
M in ia tu re  P ressure  V e s s e ls .

Spec. C ode S t r e s s  F i e l d  
a: c

R o c k w e l l  
H a r d n e s s  
N n m h e r  R

N o m i n a l  U l t i ­
m a t e  T e n s i l e  
S t r e n g t h  ksi

N o m i n a l  Y i e l d  
S t r e n g t h  ksi

7 1 7 8  A l u m i n u m  E x t r u d e d  B a r - H e a
T r e a t e d  to T 6  C o n d i t i o n

U. 6 1:0 — 106 97
U  . 3 0:1 82 78

6 A1 - 4V T i t a n i u m  B a r  S t o c k

V  1 2:1 — 202 186
V  2 2:1 — 197 177
V  7 2:1 — 202 184
V  5 2:1 — 179 —

V  3 1:2 — 180 169
V  4 1:2 — 175 169
V  6 1:2 — 176 175
V  8 1:1 177 160

6- A1 - 4V E x t r u d e d  F o r g i n g s
M e d i u m  O x y g e n  C o n t e n t

T  2 2:1 -------------■ 196 181
T  3 2:1 — 190 180
T  1 1:2 — 189 185
T  6 1:2 — 193 188
T  10 1:2 — 175 157
T  11 1:2 — 148 ______

T  7 1:1 — 72 —

T  8 1:1 — 184 164
T  4 1:0 — 180 171
T  5 1:0 ------------ 177 166
T  9 0:1 175 160

Low Oxyg e n  C o n t e n t

A A  3 2:1 — 187 167
A A  4 2:1 179 163
A A  11 1:2 — 189 179
A A  12 1:2 — 190 179
A A  5 1:1 — 175 157
A A  6 1:1 — 170 151
A A  2 1:0 171 157
A A  1 0:1 — 173 160
A A  10 0:1 171 160
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Table B2-3 - Material Specifications for 
Biaxial Stress Tests.

Identification
Code Material Heat Treatment

A B C D E F G AISI 4340 Steel Normalized at 1625F for 10 min, 
air cooled, austenitized at 1525F 
for 10 min, oil quenched, tempered 
for 4 hr.

XA, XD AISI 4340 Steel SAME AS ABOVE
SB, SE AISI 4340 Steel Special heat treatment by the Re­

search Development Corp. of America, 
Gardena, Calif.

(AOS) AISI 4340 Steel SAME AS ABOVE
W Y Z AISI 4340 Steel Normalized at 1625F, hardened at 

1500F, oil quenched, tempered.

J K L M N P Q R S Ladish D6AC Steel Normalized at 1650F for 45 min, air 
cooled, austenitized at 1550F for
45 min, fan air quenched, tempered 
4 hr, air cooled.

A-1075 Ladish D6A Steel SAME AS ABOVE
B-1075 Ladish D6A Steel Tempered at 1075F
U 7178 Aluminum T-6 condition, solution 30 min at" 

870F, aged 24 hr at 250F.
V 6A1-4V Aluminum Solution treated 30 min at 1750F, 

cold water quenched, aged 4 hr at 
1 0 0 0 F.

T

AA

6A1-4V Aluminum Solution treated 20 min at 1725F, 
cold water quenched, aged 4 hr at 
1 0 0 0 F.
SAME AS ABOVE

NOTES:
1. Stress Field

Nominal axial to circumferential stress field. 1:0 is uni­
axial tension, 1:2 is internal pressure only, 0:1 is hoop 
tension only.

2. Nominal Ultimate Stress
Calculated from measured maximum load and pressure and 
original dimensions of the vessel.

3. Nominal Yield Stress
Equivalent offset yield strain in biaxial stress fields 
corresponding to 0.2 percent in uniaxial tension 

= 0.20 percent for 1:0 arid 0:1 stress fields 
= 0.173 percent for 1:2 stress fields 
= 0.10 percent for 1:1 stress field

4. Hardness of Wall
Rockwell "C" Hardness of wall vessel measured on button 

> cut from wall.
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Table B 2-4  -  T riax ia l Strength Properties 
o f M ild S te e l .

S p e c i m e n  No. P r e s s u r e
ksi

P r e s t r e s s  ** 
ksi

Y i e l d  S t r e s s *  
ksi

N o m i n a l  U l t i m a t e * *  
S t r e n g t h  

ksi

T e s t  R esults o f Series 1

4 10 n o n e 4 2 .21 5 7.4
6 20 n o n e 4 1 . 9 4 56.9
13 30 n o n e 42.65 57.0
17 40 n o n e 4 0 . 5 7 56.9
35 40 n one 4 3 . 9 8 5 6 . 9 7
18 50 n o n e 4 3 .17 59.5

T e s t  Results o f  Ser i e s  2
14 10 46. a 4 8 . 8 7 5 7.3
20 20 47.1 4 8 . 2 4 58.0
21 30 47.1 4 6 .93 57.8
34 30 47.87 48.6 5 7 .27
22 40 46.8 4 7 .66 57.1
15 50 47.06 47.06 5 7.3

T est Results o f  Ser i e s  3
29 5 5 1 . 3  ' ' 5 4 .66 57.16
27 10 5 1 .97 5 4 . 4 6 57.12
30 15 5 2 .11 55 57.32

, . 5 20 52.0 5 2 . 6 3 5 7.3
36 20 5 1 .77 5 4 . 5 1 5 7 . 5 7
31 25 5 1 . 7 7 5 5 . 4 3 5 7 .26
8 30 52.00 5 2.1 57.6
32 35 5 2 . 3 8 5 2 . 9 1 5 7.3
16 40 52.0 5 4 . 0 7 56.6
28 40 5 1 . 8 3 5 4 .45 57.02
19 50 5 2 .31 5 3.1 5 7 .07

NOTES:
S p e c i m e n s  w e r e  m a d e  o f  a m i l d  s t eel w h i c h  came as c o m m e r c i a l l y  h o t - r o l l e d
r o u n d  sto c k  o f  3/4" diameter.
In the s e c o n d  series o f  tests s p e c i m e n s  w e r e p r e s t r e s s e d  in t e n s i o n  at about
8200 p s i  a b o v e  the lower y i e l d  point.
In the t h i r d  seri e s  o f  tests s p e c i m e n s  w e r e  p r e s t r e s s e d  in t e n s i o n  at about
12,600 psi a b ove the lower y i e l d  point.
*Strain r ate abo u t  1 x 10 in/in/ s e c ,  l o w e r  y i e l d  s t r e s s  for test results
of series 1.
** S t r a i n  r ate a b out 6 . 7  x 10_l4 in/in/sec.



APPENDIX C

Shock W aves -  W ater Cannon

C ooley  (R ef. 3 l) has g iven  a method of so lu tion  of sh o ck  w ave propa­

gation  for the w ater and p iston  in a w ater can n on . The b a s ic  equ ations and 

method of so lu tion  are s im ila rto  th ose  used in lig h t g as  g u n s. (See a lso  AP­

PENDIX A ).

P isto n -W a ter Im pact (R ef. 31)

The geom etry is  cy lin d rica l and con cern s the im pact o f a s te e l  p iston  

on a sta tio n ary  m ass o f w ater confined  in a heavy fin ite  cy lin d er w ith an ori­

f ic e  in the c lo se d  end . The p iston  is  a sin g le  cy lin d er w ith or w ithout a plunger 

a ttach ed  (F ig . C - l ) .  The problem is  to determ ine the s t r e s s e s ,  w a v e s , and 

m ass v e lo c it ie s  of the p iston  and w ater, and th e  h isto ry  of the je t .

Im pact d istu rb an ces are both m u ltip ly -reflected  sh o ck  and sound w aves 

in the w ater and the p isto n , w hich a lte r  v e lo c it ie s  and p ressu res  and a ffe c t  

the je t  a s  it  is s u e s  from the o r if ic e . After im pact the v e lo c ity  of the_piston 

d e c re a s e s  as the w ater is  a c c e le ra te d , and in some c a s e s  rebound o c c u rs . 

Equations

The necessary equations for definition of piston behavior are:
(1) Continuity:

(C-l)
(2) Momentum:

du _ _1 3j3_ _ „ 
dt p 9x (C-2)

(3) Equation of State:
(elastic deformation)

Poa = E 1 (C-3)P
l

383



Fig. C-l. Piston without and with enlargement. (Cooley).
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w hich may be com bined to y ield  the c h a ra c te r is t ic  eq u atio n s:

— ( u ----- ) + (u+c) —  ( u ------ ) = 031 p c  3x p co o o o
( C - 4 )

—̂ (u H---— ) + (u-c) —̂  (u - — — ) =  031v p c  3x p co o o o
(C-5)

T hese equ ation s require th at the quantity (u ------— ) along lin e s  w hose
P c

dx ° °  dxslop e is  —  = u + c , and th at the quantity ( u +  - )  along lin e s  of slop e —  = u -c

should be c o n s ta n t. W here a cy lin d er and a plunger o f d ifferen t d iam eters

are used the force  a t th e ir ju ncture is  com m on, i . e . , — .
«

ctj A i  = Q2&-2 ( C - 6 )

where the p's and the A 's are s t r e s s e s  and c r o s s -s e c t io n a l  a r e a s , re s p e c tiv e ly . 

For the w ater the equ ations are s im ilar to th ose  for the s te e l  p iston :

(1) Continuity:

(2) Momentum:

ie u  . 12. = o 3x 3t

du +  1 9£_ = 0
dt p 3x

(3) Equation of State:
p + 3000 
3001

where £  is  in  atm ospheres (Ref. 146).
- ( t ) ’

(€ -7 )

(C-8)

(C—9)

Again th e se  equ ations may be combined to  y ield  the required c h a ra c te r­

is t ic  equ ation s:

|- (ufR) + (u+c) |- (u+R) = 0 (C-10)
O L C/ X
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(u-R) + (u-c) (u-R) = 0
d t  d X

(C-11)

where R is  defined as

(C-12)

and the same cond itions apply a s  in the c a s e  of c h a r a c te r is t ic  equ ations for

the p isto n .

The req u isite  boundary con d ition s are:

a = 0 o
where a =  s tre s s  on free end of p iston  o

O ?A o =  p  ̂ w
and where cr2 =  s tre s s  in p iston  a t w ater su rfa ce ,

A2 =  area of p iston  a t w ater su rfa c e .

For the o rifice  of the n o z z le , con tin u ity  requires th at

where

p u A w w n p.u.A.
3 3

w

Pj
uw
u.

3
An
A.

3

=  density of water 
= density of jet 
= velocity of water 
= velocity of jet 
= area of nozzle 
= area of jet

f

(C-13)

(C-14)

(C-15)

(C-16)

(C-17)
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For in it ia l con d ition s for a sp ecified  p iston  geom etry a n d o rifice  s iz e ,  

the in itia l v e lo c ity  of the piston is  required for com putation by num erical meth­

ods . (See a lso  Light G as Gun eq u atio n s). The sk e tch  (F ig . C -2 ) in d ica te s  

the com p lexity  of the p o ssib le  sh o ck w av e  pattern for m ultiple re fle c t io n .

When the p iston  is  of co n stan t length  and is  long re la tiv e  to the w ater 

volum e, the num erical solution  is  sim p lified . The c h a ra c te r is t ic  equ ations 

for the p iston  reduce to

u + -------= .vp c  o o o
(C-18)

where v is  the in it ia l  v e lo c ity . As a f irs t  approxim ation the p iston  is  c o n - 
o

sidered  to be a rigid  m a s s . H en ce, the equation of motion for the p iston  is

duM -  = -  PA (C-19)

where £  is  the w ater p ressu re at the piston w ater in te r fa c e .

The p ressu re  in the w ater may be ex p ressed  in term s of the Reimann 

function R

p = pqR (a+-bR)

where

E = /

i a
pc

p = 1 atm

(C-20)

(C-21)

The le tte r s  a and b rep resent c o n s ta n ts , a. =  4800 f t / s e c , and b =  2 . 

Thus, R may be c a lc u la te d  from the assum ed equ ation  of s ta te  for w ater

p +  3000 
3001 • f e y

(C-22)

as

R = c ___ o
R 3 3 (C-23)



Fig . C-2. R e fle c tio n  o f shock waves in  w ater and p isto n . (Cooley).
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where c  =  speed o f sound in the w ater a t p ressure jd.

c  =  speed of sound in the w ater at 1 atm (4800 f t / s e c )  
o

For a g iven  (u -c) pulse in the w ater (illu stra ted  by Regions 4 and 5 

in Figure C -3 )

(u-R) 5 = (u-R)it = KI+

where and are assum ed to be known q u a n tit ie s .

Thu s, from equ ations C -2 1  and C -2 4  one obta in s 

p = pQ(u-Ki+) [a+b (u-Kit) ]

M - ^ 7  = -ApQ(u-Klt) [a+b (u-Ki+) ]

In tegration  of equation (C -26) y ie ld s  th e  v e lo c ity  u .
D

" b =

U A_ K 4
+  b ( W  + ^

M b

(C-24)

(C-25)

(C-26)

(C-27)

All o f th e q u an tities  on the right sid e  o f equ ation  C -2  7 are known e x ­

ce p t t  , w hich may be found a s  fo llo w s.O

The av erage v e lo c ity  in Region 5 is  g iven

-  A u5 =
r  B

J  u dt

t B_ tA
(C-28)

=  Kit +
a M

"  b Apob ( t B- t A) In V K4

V K4

where t is  s t i l l  unknown. An ite ra tiv e  procedure is  u tilized  to obtain  its  c o r -D

re ct v a lu e . From equation C -2 4  an average valu e o f R,. is  ca lc u la te d :

R5 = u5 - (C-29)
/
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Fig. C-3. Shock wave reflection in water. (Cooley).

;
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Continuing from Region 5 to Region 6

u 6 +  R6 =  u 5 +  r 5 =  h 6 +  c 0 / 3 

The point C is  found from the slope of the line AC .

If (u+c) . > (u+c),. then the slope is  taken to beT 0

( C -3 0 )

1/2 (u+c)̂  + (u+c)5 (C-31)

If (u+c) < (u+c),. then the slope is  taken to be (u+c),
T 0 '

The point C may then be found from

XC “ XA■ Z r  = slope of A-C 
£C A

(C-32)

At the o r if ice  the energy and continuity equation are combined with the 

equation of s ta te

\ 1+3M62
Y  ~ 1 ( C —3 3 )"Exit" ■ 1 / 3

(l+3Mg) 3H

Mk = “exit
6/AExit

co (1+3M6)
3Hc

4/3

(C-34)

where .M is  the M ach number and the v e lo c ity  of the sound at the e x it  is  C .o

From equations C -3 3  a n d 'C -3 4  the two unknowns M_ and . may be o b-6- Exit

tained and

uExit MExit Co (C-35)

r
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u6 = u.Exit
M6 / 1

. V TExit " L

+ 3 M_ .. Exit
Exit ' 1 + 3 Mg‘ (C-36)

c6 = c
V r

+ 3 M„ 2  Exit
+ 3 M62

(C-37)

pg = 3000
1 + 3 ME:xit
1 + 3 Mg'

7/6
-  1 (C-38)

From C -3  7 , C -2 3  , C - 3 6  and C - 3 0  R_ and u_ are c a lc u la t e d . The slopeb b

of the line CB is  then determined . If ( u . - C c) < (u _ -C .)  the slope is  taken  to be
■ 5 b  b b

1 / 2  £ ( u 5 - c 5 )  +  ( u g - c g ) J (C-39)

If fu - C j  > Cu_-C_) then the slope is  taken  a s  being equal to (u - C _ ) . Point B o b b o b b

is  found from

XB XC.slope. C - B =
B C

(C-40)

X -X„
-i ! B Cslope A - B = U5 = •

B tC
(C-41)

The values of t and X are ca lc u la te d  and iterated with equation C - 2 7 .  TheD B

procedure is  repeated until the v alu es of u co n v erg e .B
/
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P is to n -W ater  Impact with Air

When a volume of air is  en c lo sed  with the w ater the behavior of both

m a sse s  (Fig. C -4 )  must be determ ined. The o r if ice  is  c lo s e d  until a pressure

p is  reached and then it  is  opened . At the in it ia l  movement of the piston shock 
z

w aves are generated and re flec ted  in the air and w ater and a s t re s s  (e lastic )
•3>
wave in the p iston , the la t te r  traveling at the speed of sound. The piston de­

c e le r a te s  after im pact, and may rebound. Air and w ater are in it ia l ly  a c c e l ­

era ted , and the in creased  pressure fo rces  a je t  of w ater through the o r if ice  at 

in crea s in g  v e lo c i t ie s  .

Equations

The b a s ic  equations for the piston are sim ilar  to  th o se  for the c a s e  

without a ir  including the c h a ra c te r is t ic  equations:

(1) Continuity:
9£ii = i£_ = 0
3x 3t

(2) Momentum:
du _ 1_ 3o_ _ 
dt p 3x

(3) Equation of State:
(Elastic)

a  = E(po/p-l)

(C-42)

(C-43)

(C-44)

The characteristic equations become:

3t (u - — — ) + (u+c) (u - a  - ■) = 0P c_ 3x p„co o o o
(C—45)

(u"c) k  (u +o o p c o o
= 0 (C-46)
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x

Fig. C-4. Shock waves in a piston-water-air system. (Cooley).
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Equations for the shock  w aves in a ir  are:

(1 )  C o n t i n u i t y :

. 3fi_.  o
3x  3 1

(C -4 7 )

( 2 )  Momentum:

du _1 
d t  p

.2 -  

x
(C -4 8 )

( 3 )  I s e n t r o p e  E q u a t io n  o f  S t a t e :

l p .

Y
(C-49)

o \ o /

As in the c a s e  of s te e l  the equations are u tilized  to obtain c h a ra c te r ­

i s t i c  equations:

3_
3 t

2 c
Y-l +  (u + c ) 3x u +

2 c
Y - l 0 (C -5 0 )

3_
3 t u ( u - c )

3_
3x u

2 c
Y - l 0 ( C - 5 1 )

T hese  equations require that the quantity [u + 2 c / (y - l ) ]  remain co n stan t 

along the curves d x /d t  =  u - c .  The usual equations for the co n serv atio n  of 

m a s s ,  momentum and energy apply to the shock  w a v e s ,  as  w ell a s  the equ a­

tion of s ta te  for g a s e s :

(1 )  C o n t i n u i t y :

P l u l =  P 2 U2 (C“52)



(2) Momentum:

Pi + Plu l2 = P2 + P2U22 (C-53)

(3) Energy:

h i  +  u i 2 / 2  =  h£ +  U£2 / 2 (C-54)

(4) Equation of State:
(for an ideal gas)

h = yp/(y-l)p (C-55)

The equations for the w ater are the same as  for the p is to n -w ater  c a s e .



Boundary co n d itio n s are as fo llow s:

i) a o = 0

a = o stress on free end of piston
2) a 1 = Pa

al = stress in piston at water-piston interface

Pa = pressure in water at water-piston interface
3) vp = Va

n>a‘

piston velocity at interface
V  =a air velocity at interface

4) Pa = pw
Pa = pressure of air at air-water interface

pw = pressure of water at air-water interface

5) v Vw
V  =
al

velocity of air at air-water interface

Vw = velocity of water at air-water interface

6) Orifice conditions are quasi-steady state:

Continuity: p u A = p.u.A.w w c j 3 j

P = density of water or jet

u = velocity of water or jet

A = cross-sectional area of water or jet enthalpy
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In itia l conditions must sp e c ify :

1) Geom etry of p iston  o r if ic e , a ir  and w ater, including len g th s an d /or 

diam eters

2) In itia l pressure of air

3) Pressure of w ater at in it ia l e je c t io n

4) In itia l p iston  v e lo c ity

The above equ ations are norm ally solved  by num erical com puter meth­

ods . For a p iston lon g  re la tiv e  to  the w ater the c h a ra c te r is t ic  equation for the 

p iston  again  becom es:

u + .— —  = v (C-56)p c o o o

where v^ is  the in itia l v e lo c ity  of th e p isto n .

C erta in  approxim ations are  used to sim plify  c a lc u la t io n s . The air 

colum n is  sm all and it is  assum ed to  be a ll a t the sam e co n d itio n s of p ressu re , 

v e lo c ity , e t c . , as  w ell as obeying the isen tro p ic  law  in view  of the fa c t that 

the sh ocks are re la tiv e ly  w eak:

PQY = P0QqY (C-57)

where Qq and Q are in itia l and varying a ir  column le n g th s .

For a rigid m ass p isto n , the equation o f motion is

- M —  = pA (C-58)

where £  is  the pressure a t the p is to n -a ir  in te r fa c e .
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The w ater p ressu re is  exp ressed  in term s of the Riemann fu nction  R as 

before for the sam e equation of s ta te .  This param eter R is  then found in  terms 

of the p ressu re to  be :

l+4pb/pQa2 - 1

By m eans o f a system  of ite ra tio n  sim ilar to the c a s e  w ithout a ir  the 

v alu es of v e lo c ity  and other param eters may be c a lc u la te d .
f

Figures C -5  to C - 16 show the re la tio n sh ip s w hich e x is t  betw een variou s 

1 1 w ater.cannon param eters for assum ed v alu es a s  show n.
I f

(C-59)

l

\

S’ " '
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Fig. C-6,_ (a) Weight ratio vs. area ratio, and (b) weight ratio
vs. piston velocity. (Cooley).
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Fig. C-7. (a) Piston velocity and (b) piston position
at maximum pressure vs. area ratio. (Cooley).



pr
es
su
re
 (

atm
)

?
4 0 3



(s
ec
/f
t)

404



pr
es
su
re
 (

atm
)

405

Fig. C-10. Pressure-time curves for single and double diameter 
pistons. (Cooley).
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Fig. C-ll. Effect of variation of area ratio on pressure pulse. (Cooley).
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Fig. C-12. Pressure versus piston velocity for various weight ratios 
> at area ratio A = 25.
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Fig. C-13. Piston end velocity versus initial velocity for various 
f weight ratios, area ratio A = 25. (Cooley).
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Fig. C-14. Piston position at maximum pressure versus piston velocity 
for various weight ratios at area ratio A = 25. (Cooley).
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Fig. C-15. Effect of air on pressure pulse. (Cooley).

;
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/Fig. C-16, Piston end velocity versus initial velocity for 
various weight and area ratios. (Cooley).
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