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AESTFACI

Tbke ccmguter program calculates tne supersonic flcw over
a ccre€ ir air or wvater. The rain objective is to calculate
the ccne =semi-vertex angle given prescribed initial ccndi-
tions. 1The program is written in structured FCRTRAN and
imsplenents Busemann's grarhical integraticn technigue.
Superscpnic flow over a cone€ in water is useful as a gcod
first apprcximation tc the motion of the metal jet frcm an
€xplcsive shaped-charce fired uvnderwater.

A tyrpical result for supersonic flow over a ccne in
water is as follcws: given an urstream temperature, 323.16
Kelvin; upstream pressure, 1 kar; shock angle, 20.0 degrees;
and rressure behind tke shock <fromnt, 5 kilokars, the ccne
semi-vertex angle is calculated to be 7.23 degrees.

Generally, [ressc¢res dinvclved in water flow are€ much

larger tkan for air flow, and the cone seami-vertex angles
for water flow are smaller than for air flcw.
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I. INIEQLUCIION

4. LCESCBIFIION CF TEEF FROBLEM

The sclution of the hydrodynamic equations descriting
superscric flow cver a cone in air has keen well kncwbh sicce
the 1¢30°'s. Until recently, the problem of descrikinc¢ the
flow cver a cone in water bas keen limited to scluticrs of
the sukscric case. Erimarily, calculations were lizited to
subscric flcw Lecause researchers believed that sufersornic
flow in water was not feasikle for normal vessels (such as a
ship). Fcr ordinary vessels in water, it is certairly true
that sufperscnic flow fast that vessel is highkly imprckable.
However, the mction of the nmetal jet from an explcsive
shaped-ckarge fired crderwater is supersonic.

This thesis jresernts a ccomputer program which calculates
the hydrcdyramic flcw past a cone ia either water <¢rI air
under stpersonic c¢cpditions. The program utilizes the
methcds develored by previcus researchers fcr calculating
the =superscnic flow in air and which have been suitakly
modified tc describe the «ccnditions in the water. Such
rodificaticns include utilizing the modified Tait eguaticxa,
which is the "thermal" cr "“thermodynamic" ejuation cf state
for water, to describe the fhysical state of the water
rather tlar the jerfect gas law used for air.

In actuality, thke cone lirer inm the jet from am explo-
sive <shaped-charge 1is blunt-nosed rather tham «ccrical.

However, solution ¢f the ccrical case is a preliminary .
requirement to soluticn of the actual blunt-nosed fprcllem. f&?
The =cluticn to the conical flow case will serve as an
€xcellent test jprograr for the solution to the blurt-rocsed
Froblenm. lhis thesis preseants a solution to the ccrical
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case anc it is nojed that the projrama wiil assist the
contiruirg research into tne groklems of utilizing exjplcesive
shaped-clarges ir ar tnderwater environment.

E. MBEIECDCICGY

Tte ccmputer prcgram presented in this werk was origi-
nally developed in the BASIC computer language usirg a
Hewlett-Fackard HP-67 compu ter. That program is tne lasis
for this thesis. It was desired to translate the frcgran
into a tLigker-order computer language for executicn cn a
large, @nmainframe ccoputer system. This translaticr was
desired in crde. to make the rrcgram more readily accessitktle
to a wider body of researchers and ir order to =sfpeec the
€xecuticr time of the prcgram. In this thesis, the
fcllcwing gcals have reen accorplished:

e Successfully trarslate the [program frcm BASIC into a
higker-crder lancuage. This joal was met by utilizing
FCFTIFAN as the lign-level 1languaye of choice. khile
FCRIRAN has nmany drawbacks as a high-order language, it
is etill widely used ipn the scientific «ccnmunity.
FCETFAN was used, therefore, so that the frogram will be
useful to as wide ar ar€a ¢f researchers as pcssilkle.

e Fcllcw modern pircgramming gractices in the design and

isplemertaticn of the program. As before, the choice of .
FCFIFAN as tle high-level language makes this gcal sone-

what mcre difficult. However, many computer scientists ! 1
have demonstrated that structured progyrabming fractices ﬁA,ﬁk
can te achieved wusing FORTRAN. To the largest extent L
[cssikle structired progyramming f[fractices have ‘teen S
utilized. L
.'._.1
e Eresent a "user-friendly", well-documented prograr. In : »f
thkis regard, 1likeral wuse of comments occur in the .;}2:1
L.
e

9 ‘.... .
|




fregram itself, geaningrul variabple names are used, and
detaileé flowcharts which demonstrate tae logic <¢f the
Frcgreér are incleded. In addition, due tc dinmited
interaction witk the wuser, the user's respchses are

verified befcre tte grogras executes.
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Similarly, ir cocrtrast tc air, the thermodynamic cnanges
wniclk cccur as a result of the saock prccess in water canrot
ke €asily delineated Lty simfple ecuations as in the air case.
Bowever, a simplification can te made in the water case
tecause, wurlike in tke air <case, the pressure judf acILCSs
the stcck in water is so very large. In air, fresstre
changes acrcss the shcck frcrot cn the crder cf 1 tc 2 bars
are ccnsidered large (at least for chemical explosicrs). In
contrast, as pointed cut by Richardsoan, et._ _al., [Eef. 3],
the [ressure jumr acrcss a shcck in water is cn the crder cf
kilolkars tc tens of kilolars. Therefore, the calculaticns
can te =simglified ry specityirg the pressure on the dcwn-~
streanm side of the skcck frent. This 1is valid =<since the
upstrean pressure is s¢ small in coampariscn to the ypstrean
dynamic [fressure 04 V% /2 and 1in comparison to kctk the
docwnstream gressure ard dynamic pressure. The specificatican
ci the dcwrstreaun pressure is accompglished, in the fprcgraa
ci this thesis, by allowing the user to infut a "fresstire
gultiplicaticn factor (MFACI)", which converts the jressire
upstream tc a pressure downstream at pcint 2 which is given
ky:

;2 = ;1 L MFACT ¥ 1000.0 (2. 24)
Toe tactcr 1000.0 4ir eguaticn 2.24 converts the right-hand
cide c¢f the eyuaticr from a fressure in bars to a frLessire
in kilckars. As an example, if F, is 1 bar and MFACT is 5.0,
the fressure at point 2 dowrstream will be 5 kilotars.

It can Dpe shown that the simpiifying assumpticn made
atove is ertirely valid Ly ccnsidering the momentum eguaticn

for steady frictionless flow alcny a streamline. The

24
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L. EQUCATICMS SPECIFIC TI0 WATEE

Ir ccntrast to air, which has a relatively elegant a nd
simple state ejuation, the eguation of state for water is
rather acre coaplicated. The mcst commonly used state egua-
tion for water is kncun as the modified Tait eguatior, which
may Le written as:

p=B<s>[(%>“- 1 (2. 21)

shere E(f) is a slowly varying function of entropy alcne, n
is apprcximately a ccrstant equal to 7.15, and < is the
value cf the density for zero fressure. The above eguaticn
is frcm Eclt [Ref. 6], but, in different forms, it is also
descriked guite extemsively ip Cole [Ref. 2], &Rickaréscn,
€t. _2al., [bef. 3] ard kowlinscn [Ref. 7]. As merticred in
the Irtrcduction to ttis work, the modified Tait eguaticn is
the "tkerral" equaticn of state for water. Cole [Ref. 2]

shows that the modified Tait eguation is of the fornm

n - e~

o= 8() [T - 1] (2.22)
cr, in sigpier terams,

F=pUv,T) (2.23)

Since tle full modified Tait eguation relates the three

theracdyrasic quantities of g, v, and T, it is calleé the
"theracdynapic" cr "thermal" ecguation of state.

[ 8]
ta
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2 . k 1
p2=k.‘1131n8-( 7)
1 (=)

Equaticn 2.17 is used to determine the pressure dcwnstrean
cf the sltock frort.

K -1.,.2 .2 2 .2 Kk -1
2 ) (52_)2 i 1 + ¢( )(}11 sin B)(le sin“8 - [ 5 D
1 Sl Lk ; 1,2 Mf sin’8 (2. 18)

Fquaticn 2.18 is useé to deterrine the emperature, and nmcre

importantly, the speed cf scurd, ¢ , downstream of the shcck

front.
u u,sinB -
Moo= o - M, sin8 (<. 19)
x ¢ <,
u u,sin(B - 3) - -
M = A _2—_—- = M.sin(R - 6) ("‘0)
y <, <, 2

Finally, eguaticns .19 apd 2.20 are used tc determine the
velccity confonerts cf the flow across the shock frcert.

The cecmetry of the flcw conditions across the shcck
front is illustrated ry figure 2.4. Note that in the egqua-
tions aktcve and in figure 2.4, the *1' subscripts refer to
conditicrs in the trshocked (upstreanm) fluid, the 'x°
subscripts refer to the normal components c¢f flow irn the
unshccked fluid, the '2' subscripts refer tc conditiors in
the slccked (downstream) £f1luid and the 'y' subscrirts refer
to the ncreal components of flcw in the shocked fluid. |Ncte
also tkat 'k* ip the eguaticns above is the desigraticr for

the ratic cf the heat carpacities cp/cv.

LB maa s 20e sna e g an gk g eath el nd ek Jeadh e S St

WY




-y
-

waere€ R is tae specific s;as ccnstant and as

c
tniversal gas corstart, \, rcy

x
L}
:<1>
o
x

In equatian 2.14, O

Ir air, the charge in the thermodynasic

LA Bt aed Sus s St had b

reiated tc the

(<. 14)

a is the mclecular weight of the air.
progperties ot

the gas as it crcsses the sheck front are easily calculated,

as shcwn in Kinpey ard Grahaz [Bef. 5].

dynasgics teitbooks

Since
illustrate the develoyment of
tions wnkich follcw, it is nct pecessary to derive
As perticned previously, Kinney and Graham [ Ref.

€éxcepticpnally lucid explanations and derivaticms.

most fluil
the egua-
then hnere.
5] prcevide
Tte frin-

ciple eguations used to calculate the thermodynamic ctances
shich cccar across tie shock front in air are as follcws:

. 2
tan(8 - 8) _ 2 + (k - 1) M sin“B

tanf

(k + 1) M sinzﬁ

— N— N

Equaticp <.15 is wused to iteratively determine

tion angle ¢ . All cther gquaptities in

knowr (i.e. 8 is tle shock angle and dl is the
Mach nusteér, bcth <¢f which

jrogras for the air calculaticns).

are input

2 2+ (k - 1) Mf sinZB
[Mzsin(B -8)]" =

Zka sinze - (k - 1)

tavinc deternined © froama equation 2.15,
tsed tc determine the Mach pumler

the stcchk front.

2C

equation

{2+ 15)

the detflec-
this equatico are

freestrear

rarameters to the

(<. 1€)

2.16 1is

on the dcwnstream side of

."
}

ettt
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Ey ccmririry Zgn 2.9 with Egrn z.8, one arrives at:

sinb
V sinw

27 sin’(w - )
k - D2 - v%)
max

(2. 10)

1

Eut, the energy equation asserts that:

2 k

¢ = ( 2

-1 2 -
2 ) (Vmax - V) (<. 11)

therefore
sin6
V sinw
V2 sinz(w - 8) (<« 12)
2
c

R =

1 -

where ¢ is the 1lccal speed of sound in the £fluid.

Equaticn 2,12 is the basis for the calculaticn <c¢I tke
superscric flow cver the solid cone in either air cr water.
The <¢raphical integration method invented by Buserann 1is
adegrately explained in Shapiro [Ref. 8] and need nct be
repeated kLere. Essertially, the computer proyram given in
this wcrk automates the FEusemann Jgraphical integratior

metocdé icr calculatirc the ccne semi-vertex angle.

C. ECUATICKS SPECIFIC TC A1IR

The egiaticn of state fcr air is specified Ly the
rerfect gas law (under the assumption, that is, that the air
kehaves as a perfect gas). This law is quite eleganpt and
simgle ard allows easy manijulation to obtain various guan-
tities. The form of the perfect gas law mcst often used in
the calculations of tkis thesis is:

P = pFI (2. 13)
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Eut, frcr Egn 2.1 andé Egn 2.2, it can be seen that:
— =V = -V sin(x - 6) (2.5)

Substituticn of this resuit intoc Ejn 2.3 yields:

_
do - dw
dw Vtan(w - 6)

(2.6)

Shapiro [Ref. 8] shous that the -eguation gyoverning the flow
in the ccrical regior is

dv
k-1 W 2 2 2
( 3 )(2Vr + VO) cotw + K) (Vmax - J(L) - Vr)
) (2.7)
v
= (V —L+v dvm
r dw w E——)V
w w

Elimirating %% from Egn 2.4 and substituting the exfres-
) av, dv,, . .
sions fcr Vr ,vm ’ am— and __1 given by Egns 2 1, Z.4 and

2.5, intc Egn 2.7 gives:

sinb
av _ Vsin(w - 8) sinw
dw - 2V2sin2(m - 9) (<-8)
3
k - DV - vH

max

Lesigrating 'R' as tle radius of curvature of tae hcdccragh
streanlire, cne cbtairs:

v (2.9)
sin(w - 8)dw R

18 S
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Ir tre follcwing derivaticrns, as per Shapico [Eei. €],
tue syrericel «ccordirates r apnd . nave been used uwith the
ccrrespecrdirg velocity compcrents Vr and Vu (see <figctre
<.3). Cnly tne primary equations wnicn are used in the
comguter prcgram are presented in tais thesis. A detailed
derivaticn <¢f the equaticns can be found 1in Shagiro
[Ref. 8], and need nct be «repeated nere. The nomenclature
used in the eguations develcped in this chapter is deteailed
in 1Talkle 1. In keering with modern tkought, the M-K-S
(zetexr-kilcgram-secord) unit system has been used thrcughcut
this tkesis except fcr occasicnal lapses during thke water
calculaticrs when fpressures are referred tc in urits of
kilclars.

Frco the geometry of figure 2.3, it can be seen that:

%, = Vces{w=9) and Vw = =V sin(w - 9) (z.1)
In the development cf the actuval second-crder differertial

i €quaticn, Stapirc [Ref. 8] shcws that, due to the ccndition
cf irrotaticnality, tke follcwing relation must be true:

dv
T

7 = e—_
W dw

(c.2)

Lifferentiating E,n. 2.1 with resgect to u , cne oltairs:

dv
r _ a8y . _ dv _ (2.3)
e -V(l - dm) sin(w 8) + m cos (W 8)
- ‘_1
and -
ot
dv ]
" dé dv .
—— 2 - - — - - — { - e 2-“ 9
3o V(1 dw) cos{w - 8) m sin(w ) ( ) .
S
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Figure 2.1 Shcck Cope and Typical Streamline. Rl
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After caiculatip¢ the ctherrmodynamic cnanges which cccur
as a result of tlre stcckx frcot, it is assumed that trhe fluid
Frorerties will remain constant on imagyirary cones Laving a
commcr vertex. By this assumption, the flow past tre ccne
can te «calculated. The £flow geometry is illustrated by
figure 2.1 and figure 2.2, which show a typical streazline
and its irage in the Lkodograph flane.

As discussed thorcughly by Shapiro [Ref. 8], there is a
disccrtirucus change 1in both direction and velocity acrcss
the ckligue shock frcnt. Pcints 1 and 2 (see figure 2.1 and
figure 2.2) 1lie, tlerefore, <¢m a common sShcck pclar whicn
criginates at point 1. Between point 2 and the poirnt 's¢,
waich 1is cn the core surface only at infinite distance,
there is a regicn of comical flow where the stream fprcper-
ties vary ccntinuously. The velocity vector to the foint
st ir tle hodographk rlane defines what is called the ccne
semi-vertex angle witk the centerline axis. Irr the methcds
which fcllcw, the ccne semi-vertex angle is the variatle
which is vltimately cCetermined. Further, as pointed cut by
Shapirc [Ref. 8], sirce all streamlines in the flcw experi-
€nce tte same entropy jump acrcss the shock front, the flow
tetween tle shock <ficnt and the cone surface is both isen-
tropic ard irrotatioral.

Tte second-crder differential eguation which eactually
descrilkes tte flow ¢f the fluid past the cone in air is
fully develcped oy Stapiro [Ref. 8]. Shapiro aotes that
there are two methods commonly used to solve this eguaticrk.
Cne pethcd, develofped first Ly Taylor and Maccoll [Ref. €],
perfcrms a tumerical integratican of the equation. The seccnd
sethcd, which intec¢rates the eguation using a grarphical
constructicn method, was first developed by Busemarn. The
frogran developed in this thesis utilizes Busemann's methcd,
tcdified fcr performarce on a modern high-spéed computer, to
fecfcrn the integraticn of the full second-order differen-
tial equaticn.
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ite funcamental ecuation used to describe the tgergcdy-
ramic state of air is the ferfect jas law. In water, the
modified Tait equaticn is the eguation most often wused to
descrike the thermodyramic state of the water. The ncéified
Tait eguaticn can be used tc describe either pure water or
sea water. The forrx of the pnrodified Tait eguation used in
this thesis was taker frcm dclt [Ref. 6], whc has ccotinued
to perfcrm research ir underwater explosion phenosgena. aAn
€xcellent discussion ¢f the mcdified Tait eguation ard how
it cap ke utilized is ccntained in Rowlinson [Ref. 7].

After tle thermocéynamic ;rcperties c¢f the water {cr air
as tte «case may be) ocn the dcwnstream side of the shcck
front have leen calculated, an iteration metbod, wutilizing
an auvtcrated graphical ccnstruction first develcpedé Ly
Eusemann, [Fef. 8], is used tc¢ progress from the shcck frent
to the ccne surface. The equations needed for use Ly tlhis
iteraticr method are fully described, for air, Lty Stagiro
fRef. 6], who descrites their developaent and use. ihe
methoés which aprly tc the flow rast a come in air can, with
the necessary changes made for the diiferences in tlke ther-
rodynarics of the two fluids, be used to calculate the
conical supersonic flow in water. These calculaticns icrm
the tasis for the gain part c¢f the FCRTEKAN prcgrar ahich
follcus. It shculd ke noted here that Shapiro alsc pcirnts
cut tlke ;icreering wcrk of Taylor and Maccoll in the 1S3(C*'s
and 1S40's on the methods «¢£f sciution of the flow over a
cone in air problem [Fef. 8].

E. CENEBFAL EQUATIONS

Ir tte develcpmernt of the equations which follow, it is
assuxed that these equations can be validly used tc calcu-
late tbe <£flow over tlke cone in either air or water. 1lhe
€quaticns were frimarily develored by Shapiro ([Ref. 8 for
flow in air. '
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II. EONDAMENTAL EQUATIONS

2. EACKCECUND

Tke first ster necessary tc describe superscric floe
cver a cone is to calculate the thermodynamic [frcgerties
across a shcck wave. The basic research into the change of
thermcdyrasic properties acrcss a shock wave in water sas
€xtensively concducted and reported upon in Undersater
Explosicr Kesearch [Fef. 1] during and just aiter Wcrld aar
II. Tke test summarization cf these works can Lke fcurd in
Cole [Fef. Z].

Thke frizary source used as reference for the calculation
cf tke rydrcdynamic jroperties of sea water at the ircrt of
a shcck wave is the ucrk of Richardson, Aroms, ard Halverson
[Ref. 3]. They utilized graphical technigues, which were
rather crude and tedicus, tc calculate the tnermxcdyraumic
data needed to describe the conditions of the sea water.
Fuhs [Ref. 4] used tle work c¢f Ricnardson, et_al., [Fef. 3],
to develor a ccmputer program for the HPY41CV hand-held
calculatcr which efficiently calculated tke same thermody-
ramic [fproferties. Fuhs' [Bef. 4] programs provided the
lasis fcr the FOETRAN subroutipes, used in this work, waich
calculate tle same tltermodynaric [fproperties such as fres-
sure, tenrerature, aré dersity.

The funcamental ecuations used to calculate the thermo-
dynagic charges whicl cccur across an obligue shock frcrt in
air have keen well krcwn fcr decades. These equations are
excepticrally well described in Kinney and Graham [Ref. 5)
and fcrn tte basis for the initial «calculations fcr the

superscnic flow rast a cone in air.
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coe-dirersicnal gomertuam egquaticn states:

25 - Z.25
P, * olvl/z =p, * 7, 2/2 {2.25)

Now ncte tlrat typical values for oland Vl for the frctlenm
under ccrsideration are as fcllcus:
P = 1000 kg/m and vV = 1500 a/ss

Therefcre, oy vf/z = 1.12 X 109 Fascals or akout 11.1 kilo-
rars. 1Iypical values for P, « the upstreanm pressure, are on

the crder cf 1 tc perkaps a few tens of bars., Thus, it can

,771‘ Qua s 2 s am o 4

ke safely assumed that F, can be ignored ccmpared tc the
tpstrear dyramic pressure.

Eaving specified this [fressure, the program of tkis
thesis utilizes the subroutines developred by Fuhs [Ref. 4]
to calculate the density and ’velocity components at a fcint
just ccwrstream cf tie shock frernt. Since the gecmetry of
the velccity flecw across thke shock front is the same in
€ither air <« water (see figure 2.4), the velocity ccmpo-
rents determined in the first step can ke used to "jumfp back
across" the shock frcrt to the upstreana side where the free-
stream Mach rumker Ml can re determined.

After determining the conditions on the downstrean side
cf tke slock frobt, the progranm iterates along the stream-
lines tc determine tle cone seri-vertex angle. This itera-
tion is performed using the Busemann graphical construction
as for tle air case. The majcr difference tetween the water
acd air cases, after the ipitial shocked conditicns have
teen deteruined, is that the local speed of scurd cn a
streaglire must be determined iteratively, for the water
case, Ly using Fuhs' [Ref. 4] subroutines tc determzine the
density and prressure at each fpoint. Knowing the [ressure

. . -
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and dersity, the s;eed of scurd in the water can ke calcu-
lated frcum:

<= &G (2.26)
o %

wnich is derived £frcr the modified Tait eguation usinc the
defiriticz cf the speed of scurd as:

(2.27)
2 =22
3p 'S
These eguatioas, cciktined with the equations develcped in

-

secticp E c¢f this «charter, constitute all the eguaticas
reeded tc ccmpletely soclve the supersonic flow over a ccne.
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TABLE 1
Nomenclature

Sreed of scurd

Ratio of specific heats (cﬁ/g,)
Mach number

Mclecular weight of air
Pressure

Racdius in syherical cocrdinates

Radius c¢f curvature of the
bcdograph streamline

Temperature
Velocity
Mazimum velccity for adiabatic flow

Angle the streamline makes with the shock
rléne (same as the anglec ) inm air calculaticns

Ccne semi-vertex angle

Flcw directicn

Mass density

Shcck argle

Angle in splterical cccrdinates
Upiversal gas constant

Signifies a ccnditicp upstream of
cctical shock cr a sheck froant

Signifies a condition downstream of
ccnical shecck or a sheck front

Signifies ccnditions at come surface
Signifies a ccmponent in r-direction

Signifies a component in w-direction
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I1II. DESCRIETION CF_TBE_COMPUTER_ERCGEAM

Ae EFBCGEFAE LOGIC

As discussed in Ckapter 1, the computer progrags devel-
cped fcr this thesis wmas written in the FORTEAN pzcgtanming
languace. Structured prcgramning fpractices have Leen
folicued throughout in that the program is divided irto
Flocks (cr mcdules) «¢f code, each of which is designed to
pericrr a single calculation sequence. Many oi the mzcdules
have Lteer placed inline rather than beiny writter as sega-
rate stkricutines or finctions. This was dcne prisarily for
€ase c¢f use and understanding. In addition, however, mcst
modules were placed inlire because the f[parameter list
exchanced tetween the module and the main rrogram would have
leen excessively lcng¢ ctherwise. Regardless of whether the
code is included inline or as a separate module, the frcgranm
vas writter in a 1aanner which ensured that the "side-
effects" froblen discussed Ly Maclennan [Ref. 9] did rot
cccur. In addition, the use of FORTRAN's CCMMON ccrnstrict
bas tkeen studiously avoided to [prevent the aliasing prcklenm
discussed Lty Maclennan [Ref. 9]. A module hierarchy chart,
whick =shcws the wpaZcr modules of the program and their
interccrrections, is civen as figure 3.1.

TIke flcw logic cf the @main computer program is illus-
trated ty figures A.1 through 3.7 of Appeadix A. These flcu-
charts sbcw that the initial part of the program (up tc line
60) is used tc initialize certain key variables and to
gather irput values from the frogram user. Note tkat, as
stated in the objectives for this progjram, all user input is
verified tc ensure 'that the values entered fall within
;rescrihed‘limits. Ip crder to ensure that input values are
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withir limits, the sukroutine CHKINP 1s a1nvoked and the
input values are r[passed as paraleters. The flcw lcgic ci
subrcutire CHKINE, whicn is self-explanatory, is ircluded as
figures A.8 throuyh 3.10 of Aprendix A.

After receiving and verifying the user's infut, the
frogram lregins the calculaticns reyuired to determine the
cone sepni-vertex ancle. Frcr line 60 to line 40C, the
Frogran calculates the initial thermodynamic properties of
tne water cr air, as the case may be, and calculates the
changes wkich occur in the fluid properties as a result of
the passage of the shock front. As @mertioned fprevicusly,
these calculatiors fcr the air case are ratner straightfcr-
ward and, kecause of this simfplicity, the computer ccde fcr
the air calculation las been fplaced inline. For the water
case, the subroutines WSHOCK and EPV are needed to calculate
the reguired thermodynamic froperties. Subroutine WSHCCK
calculates the therucdynamic frcperties of the water at
foint 1 ugpstream of the shock front and at point 2z, just
across tlte shock frcrt on the downstream or shocked side.
Appendix A, figures 2.12 and A.13, contains the flcwchart
which describes the lcgic of this subroutine. Subroutine EEBV
was ccried, with the author's fermission, from Fuhs [Ref. 4]
and is fully descrikeé in that work. However, the FCRTIERAN
translaticn of EPV is included in the prograr 1liistirg
contaireé ir Appendix C.

Eavirg calculated the initial thermodynamic fluid ccndi-
tions c¢r tkcth sides c¢f the shcck front, the prograrm tegins
the iteraticn prccess required to determine the cone senmi-
vertex argle. These calculations beyin at line 400 cf the
computer grcgram. Ttiis iteraticn process makes use c¢f the
Euserann graphical integration technigue discussed Ly
Shagirc [Kef. 8]. First, the radius of the Busemarn curve
for a pcint J is calculated using the velocity at that
Foint, tle streamline angle at that point, and the value cf
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the argle cuega-at that zoirt (see fijure 3.2). Next, tne
center of the circle for tae Fusemann curve at the pcint J
is calcvlated using the wvelocity components at ppcirct J
{(whick are desigratedé U and V), the radius calcuiated ir the
frevicus step, and tte value of the angle omeja. This circle
center provides the pcint from which the prcgram "draws" the
arc used tc calculate the mext foint on the Eusemann Curve.
Finally, tke velocity and the Busemann velocity ccmfcrents,
at the next point, J+1, are calculated by “swinging an arc"
from the circle center calculated in the previous step. In
additicrc, the =streazline angle at the next [pcint is

calculated.

The frogram next tests tc see if the comne surface blhas
reen reacked (line 475). 1This test is conducted Lty deter-
gininc if the alsoluite value cf the difference Letweern the
streanlire angle and the angle omega is iess thap a sfeci-
fied test value (whiclk is set to 1 X 10'6). If this difier-
ence is less than the test value, the cone surface has ceen
reached. Ic this case, the frogram then calculates tlte ther-
sodyrazic fluid conditions at the «cone surface and the ccne
semi-vertex angle ard displays the <£final results cf the
projram. Ii the differernce Letween the streaaline angle and
the angle <cmega is cIeater than the test value, the ccne
surface Las not beer reached. " In this case, the fprcgraa
calculates the thermcdynamic fluid properties at the next
foint, J+1, then loopgs rack to 1iine 400 to Lkegin the
Eusesann graphical irtegraticn process for the new pcint. In
the case of a water rum, the subroutine WAIVEL is irvoked
just pricr to lcoping back tc lime 400. This sukrcutine
calculates the thermcdynamic properties of the wate€r at any
given pcirt. Afprendis A, figures A.14 and A.15, gives a
flowchart which demcrstrates the logic flow within this
subrcctine.

el el
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The prcgram includes a feature which allows the user to
rake repeated executicns of tae€ program without the reguire-
pent ¢f "reloadiag" tle prograr ketween each executicm. 7Tkis
feature was included Lty soliciting a response from the user
at lipe 15C0 as tc whether he/she wishes to make anctler
executicr ci the program. An affirmative respcnse causeés the
prograz tc loop Lack to statezent 1 at the beginming cf the
Initialization =secticn of the main frogram. A negative
IeSpCLs€ causes frogram termination.

Ncte that certair serarately compiled functions included
with this ffrogram have not Lteen flowcharted because their
logic is sc¢ straightforward and because the subprocrams in
questicn usvally consist of cnly one or two lines of execu-
table ccde. The furctions fitting into this categcry are:
LTOk, EICL, and SOSAIE.

E. USEE INSIRUCIIONS

As discissed in the objectives listed in chapter 1, cne
goal c¢f this thesis mas to ensure that the prcgrac presented
Was €asy tc use and psintain. Ease of use has been facili-
tated Ly including code which verifies that the injput
provided Lky the user is within specified ranges. For
€xanrle, in the water calculations, the fpressure at pcint 2
can le nc éreater tktan 100.0 kilcbars. This is due tc the
fact ttat Fuhs' [Ref. 4] sukroutinmes, which are used to
calculate tte thermcdynamic froperties of the water, are
kased ¢n the work of Fichardson, et._ _al., [Ref. 3], which

cnly gives results up to [ressures of 100.0 kilctars.
Therefcre, while tle subrcutines could comfpute the water
conditicrs at fressures greater than 100.0 kilobars, it is
uncertain wiether the values so calculated would ke eptirely = ]
correct. Fcr this reascn, the range of the input values has )
feen restricted. Ease of use is furtner facilitated by jﬁjf

Loy
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frovidin¢ clear, meaningfc¢l cutput. Aprendix B «ccrtains
sample cttpits generated by the jrogram for the sumzrzary and
ccaplete print cpticrs of the program <fcr toth water ana
air.

Cne cf the wmajor criticisms leveled by computer scien-
tists against the FCFIRAN lacjuage is for its lack ¢ a
requirerent for formally defining all variables useé within
a prc¢ram. Similarly, FORTIRAN has an implicit declaration
Folicy uslereby any variakie whose first letter is I, J, K,
1, ¥ or N is implicitly declared to be of type Integer. 1In
this [fprecgranm, these two unfcrtunate «characteristics of
FORIR2N are avoided ity rejuiripg explicit declaration of all
frograz variables.

Fase of maintenarce and e€ase of understanding cf the
Frograum kave been ackieved througn the use of a literally
commented program ard through the use of relatively sean-
ingful variable pames. 1In this regard, the FCRTRAN lancuage
is less thar desirable since it limits variable names tc six
characters. Appendix C contaips a fully documented listing
cf the «ccomputer program ard all subroutines or functicns
used ty the main program (cther than standard litrary furc-
tions such as sir). 1ables VI, VII, VIII and IX, lccated in
Appencéix A, contain lists c¢f all variakle names used ir the
main jrocram, their meaning, and their ¥KS (meter-kilcgram-
second)  units, if appropriate. Taole X contains a sirmilar
varialkle 1list for the sctrcutine WSHOCK and Taktle XI
contains a variatle 1list fcr the subroutine WATVEL. 1These
two takles ere also 1lccated in Appendix A.

Finally, this prcgram was developed using the FORTIRAN IV
languace supplied by the IEM Ccrporation as part c¢f their
IBM 23C,z203:Z compurter system which is the main ccmfputer L
systen available at the Naval Fostjraduate School. As far as
is kpcwr, no implementaticn specific features have Le¢en
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included in this prcgram. Therefore, the program stculd ‘ ﬁQ§

|-

34

o
’

)
o % e
g .

PP SR 'Y

. 9
K




LN

e

€xecute c¢n any system which has a FORTAAN comgiler. In crdéer
to execute the frograxz on the IBM 370 ccmputer system &avail-
able at toe Naval Postgraduate School, the follcwirg stegs
must te acccmplished ir the crder givea:

(1) The prcgram must ke compiled using the cowmranc:
FCRTHX CCNEFLCW

This c¢cmsapé invckes the FORIRAN H Extended compiler, which
is ar cptigizing, [ficduction run compiler supplied as part
cf tlke 1BM computer system. The proyram could alsc ke
compiled using another FORTFAN compiler such as the FOFTLGI
ccmrpiler. Note that the abcve assumes the grograz supplied
Yy this thesis has teen entered into a file which has the
filepame CCMEFLOW and whick is c¢f filetype FORIRAN. Ncte
further that this =ster need only be performed cre time
Frovided errors do nct occur.

{(Z) Next, the likraries of standard subroutines and
functicrcs stpplied by the ccmputer center must Lke attacled
to tte file. This is accomplished by issuing the fcllcwing
conmard:

G10BAI TXTLIE FCRIMODZ JIOD2EEH

Note that this ster need cnly ke performed once prcvided

abncrmal termipaticns dc not cccur.

(3) In the FORTFAN language, a fcrmatted inputy/cutjut
(I1/0) <statement regqurires the definition c¢f an I/0 device.
For exarple, at most installations, by default, I/C device 5
is used for input ard I/0 device 6 is used for cutput. 1To
utilize the proyram c¢f this thesis properly, the fcllcwing
compards mtst be issuvued to define the I/0 devices tc Le
used:
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EILELEF 06 LISK CCNEFLOW CUTPUT
FILELEF 07 TZRY (FEZRY)

As a result of the akcve ccruands, all output frcr tke
[rograr will be written intc a file onh the user's disx rarnmed
CONEFIC% with a filetype ¢f OCUIPUTI. It is not strictly
Lecessary tc issue tle FILELEF 06 command shown akcve, ftut,
if nct, all output will be written at the terminal and will
rot ke available for printing. 7The second file defirition
commard (FILEDEF 07) is absclutely required or the prcgran

will rct cperate. 1tis file definition tells the ccrfuter
that 1/GC unit 07 is tle cowmputer terminal. In the jprcgraa
cf this thesis, all input from the user is rejuested ficm
1/0 ugit C7. Therefcre, if unit 07 is not dJdefined, tae
frograrm canrot receive any input.

(4) Finally, the program can be executed Ly issuing

the ccruand:
ICAL CONEFIOW (START

When jrogranm executicn is completed, a cryptic messace ot
the fcrrx R; 7=0.01,0.01 16:45:00 will be displayed at the
termiral. Tris is simgply a message from the ccuputer's cger-

ating systez dindicating that the task Jjust reguested cas

feen ccrpleted. The user can now utilize the system's cper-
ating ccmpands to review the ocutput from the executicn of 154__4

the frcgraxn. ‘:'f?

I1f the user desires to execute the program agaik, return
to ster (3) of the atove procedure. If the cutput frca the E
[revicus executicn is nc longer needed, the same FIIELEF 06 B
ccomarnd can ke issued. However, if the previcus execution's ,3i 7

cutpcet is reeded, tike tfiletype of the FILEDEF 06 ccrmand
should te changed (e.g. change OUTPUI in the akove ccmmand
to CUTEL1Z) .
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IVv. PRCCEAM CALCULATIION_ RESULTS

A. FEFCGFAM BESULTS ICE THE CALCULATION OF CCNICAIL FICR IN
AlR

Tke rrcgram accurately «calculates the flow over a ccne
in air. Numerous fprcgram e€xecutions were made for tlke air
case at various upstream Mach numbers and for varicus shcck
angles. The results cftained from these yrogyralb executicns
are susgarized in Talles II and III. The numbers prcduced ty
the frcgras were ccrppared for the variables showr 1ir the
tables tc the tables given irp Kinney and Graham [Ref. £],
agairnst the yraphs civen by Shagiro [Ref. 8], ard tc tkte
tables prcduced by Kcpal [ Bef. 10]. The values given in
thes€e scurces are ircluded it Tables II and III, where
apprcgpriate, alcng with the calculated results. As can be
seen frcx tnese two takles, the calculations made Ly tke
Frograr cive yuite accurate results (less than a 1% errcr in
post cases). Certairly, the frogram is much mOrLe accurate
than cne's ability tc read the graphs rresented in Shapiro
[Ref. B:.

Eased cn these ccmnpariscns, it is believed that the fpart
cf the prcgram which calculates superspnic flow over a ccne
in air is accurate. 1The importance of this fact is that, by
feelirg confident tkat the procedure followed for thke air
case is valid ard tkat this G[fprocedure has been ccrrectly
igzplenented in the [froyramming language, it is safe to
assupe tlat the Eusemann calcuvlaticn procedure utilized fer
the air «case can e accurately applied to the water case
provided the water «ccnditichs at each point are calculated
correctly.
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As discussed ir the Introduction, this thesis hacd
certair g¢cals whick it was desired to achieve. it is
telieved that these ¢cals have all been successfully met.
The prcgram of this tkesis has Leen successfully translated
from Easic into FORTEAN as desired. In the trapslaticn of
the criginal prcyran, modern structured programiing frac-
tices nave been focllcwed tc the greatest extent fpcssikle.
Finally, tte prcgranm freserted is guite "user-friendly" and
is very well-documented.

As was demonstrated in the results chapter, this frcgranm
calculates correct results fcr each «c¢f the air cr water
cases. It is mertioned here that, as pointed out frequently
Ly ccrruter scientists, it is wvirtually impossible tc test a
frogram fcr all possitle cases. Therefore, no frcgram is
€entirely error-free. 1t is Ltelieved that the programr cf tkis
thesis is as free of errors as is possible without exkaus-
tive, tige-consuming and extrermely expensive testing.

As a result of Lkaving met the three goals menticned in
.the first paragraph, it is ltelieved that the prograrx cf this
thesis will fprovide an excellent wcerking tccl for
researcters in the field of shaped-chargye jet penetratica in
water. Tte fact that the gpgrcgram is well-documernted will
zake any mcdificaticrs or extensicns to the program, shkould
that ke required or desired, easy to perform. Further, sirce
the prcgram is easy to use, <c¢nly a cursory Kkncwledge of
computers is needed in order to utilize the frogram. Thkese
features are reguiresents fcr any computer program which is
to be used Ly scientists as_a_togl. Too often, computers and
their frcgrams reyuire that the [feople whc simply desire to
use tleir capabilities must learn a great deal of detail
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coafputer system is being utilized at near its capacity, the
same€ respcrse timge car imcrease up; to about Z to 3 xzinutes.
This result, however, is symptomatic of any computer systen
teinc utilized at near capacity aad is not a result or a
reflecticn cf the prcgram's structure or design.
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greater than 5.0 (a converpience Lor e€ase of presertation
cnly) . The pre-prccessed data points were passeé tc an
interjyciaticn and swmoothing frogram develored Lty Frarke
[Ref. 12z  whkich used a guadratic Shepard's method t¢ snocth
the cata pcints Jenerated. After smoothing, the data uas
fost-[rocessed to 1remove erron€ous interpclaticn [fcirts
which were generated recause the original data was irreg-
viar. Finally, the frocessed data was passed to a FCKIEFAN
Erograg developed Ly the author of this thesis which
utilized tlke Costcuriny feature of the DISSPLA grafhicg
Ioutires of the ISSCC company. The results of this extensive
Frocessitg are the graphs presented in this thesis. Eecatse
cf +tle irregularity of the original data (which «causes
difficulties in tke guadratic Shepard's intergclation
gethcd), and because of the smoothing required Lty the
contovring routines «c¢f DISSELA, the graphs presented are
somewhat rcugn and skculd, therefore, only be used fcr "“pack
cf the ervelope" calculaticns. Accurate results are
[rovided ty the CONEFLOW prcgram which should be utilized
for mcre precise work.

Finally, one of the primary reasons for tramslating the
crigiral Pasic frograms into a higher-order language (in
additicr tc the desire to make the programs more accessikle)
was tc speed the execution c¢f the progyraum. In this regazd,
the wcrk cf this tlesis has more than accomplished this
result. It aust be menticned here that the p[prcgram will
execute extremely fast, «considering all the iteraticns
needed, fprcvided the computer system in use is nct heavily
in use at tike time. For examirle, at the Naval Postgraduate
Schocl, when the ccrruter system is relatively free, the
Frogram cperates so cuickly that one execution requires less
thap £ seccnds (from the time c¢f the last user input tc the
time c¢f the request Ly the [frcgram for an indicaticn of

whether acpcther e€xecution is desired). Conversely, when the
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This ccrclusion is true provided the upstream Mach nusker is
held ccnstant by varying the pressure pehind the shcck frcat
throuch the mechanisn c¢f the fressure multiplicaticn factcr.
Havirg determined tlat tae calculations can be ccncéucted
indefrendently of the teaperature, plots of the variakles of
interest ir water we€re made in a manner similar tc the
craphs fcr air shown in Shafpirc [Ref. 8].

Finally, having determined that the calculaticans cculd
te macde independently of the vupstream temperature apd ttat
these calculationms sculd be accurate (within 1% fcr ccne
angle and 1:% for pressure), it was decided to plct varicus
raranteters ¢f icterest for the flow over a cone ip_water.
These craphs are presented as fcllowus:

(1) Figure 4.1 is a plot cf the freestream Mach Nurmkter
versus the shock angle with the cone semi-vertex
angle as an entry f[paranmeter. This gragh is the
water analog to Figure 17.7.{a) of Shapiro [Ref. €].

{z) Figure 4.2 is a plot cf the freestreanm Mach runter
versus the Mach numker at the cone surface with the
ccne semi-vertex angle as an entry parameter. Ttis
cragh is the water aralog to Figure 17.7.{c) of
Shariro [Ref. 8],

{(3) Finally, Figtre 4.3 is a fplot of the freestream Mach
rumter versus tane drag coefficient (c ) with the
ccne semi-vertex angle as an entry parameter. This
crafh is the water amnalog to Figure 17.7.(f) of
Shapiro [Ref. 8].

It <sbculd be ncted here that the graphs develcped and
presented in this tlesis were obtained through rereated
executicns cf the CONEFLOW program, which generated approxi-
cpately 3€0C data pcicts per grargh. These data points were
Fre-rrccessed to remcve entries with a Mach nucker of
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farageter, dJdoes not exist. Since water is rnct a trermally
and calcrically perfect fluid, it is not possifle tc flot
universal craphs of tte variakbles of interest.

Tc gain insight into the sensitivity of the supersornic
ccnical flcw in water to the upstream conditions, a study
was ccnducted in whick calculations were performed tc deter-
mine whetker the cone semi-vertex angle is relatively inde-
rendert c¢f the wupstream tenmperature or whether varicus
Frogram e€xecutions are required to snow the variaticn of
cone semi-vertex angle with water temperature.

Tte determinatior discussed above was made Ly hclding
the vjistrean pressure, the sbock angle, and the ugstrean
#ach opusker constant. Then the upstream temperature aas
variedé tc deterumine the variation in the ccne semi-vertex
angle. 1In crder to kcld M; copnstant, the fressure multipli-
caticr factecr, descrikted in Chapter II.D, was varied until
the Mach obnumber upstream for the new temperature matched
{withir reasonable accuracy) the upstrean Mach rcunler for
the criginal temperature. Note that *"reasonable accuracy"
for matchking of the upstream Mach numbers meant matching the
punkters to the fourth decimal place. Table V prcvides the
results frcx these calculaticas. As can be seen frco this
table, tbke cone semi-vertex angles <calculated fcr the
variccts tenmjeratures are all cf agproximately the "same value
(withir 1%). The [ressure dcwnstream of the shcck wave
varies ry 13% as can te seen in Table V. While there is small
variaticr letween tie values for the cone semi-vertex

anyles, it must ke remembered that, for practical furgcses,

these variations are very sumall and can be safely ignoied in

examiprin¢ the flow cver a copne in water. Thus, it was f;ﬁgn
concluded ttat the calculaticn of the cone semi-vertex angle it-
in water can be conducted inderendently of the water temper-
ature (at least for the accuracy required for the calcula-
tion cf the movement cf the metal jet from a shaped-charge).

I

44




-

.......
atae*, .
.......

lierranr and Rcshko [Ref. 11] dJdemonstrate ttkat tae
thermal &nd caloric eguations c¢f state are thnermodjyrazically
related Lty:

- (4.6)

%% lp=v-Tar lp

Intrcducing eguation 4.2 irctc equation 4.6 results irp the
right-bard side of eguaticn 4.6 becoming eyual tc 2ero.
Thus, fcr a thersmally perfect gas, the enthalpy is indepen-
dent c¢f the pressure, and, hence, enthalpy is a furction
cnly c¢f temperature. Therefore, a necessary conditicr for
egquaticn 4.5 to re valid is to have a thermally perfect gas.

Fcr water, Richardson, €t.__al., [Ref. 3], demcnstrate
that tke Leat capacities are functions of the temperature of
the sater. Thus, €ecvations 4.4 and 4.5 are pot valid for
water, and water is rct a calorically perfect fluid.

If a £fluid is Lkctbk thermally and caiorically ferfect,
the ccnditicns acrcss a norsal shock front depend orly onp k
= Cp/Cy and on tke freestrear Mach number. Conversely, if
the f1luid is not thermally and calorically perfect, addi-
tional variables must be sprecified in order to defipe the
shock ccrditions. Extending the argument, cmne can state that
the svierscric flow c¢f a therrally and calorically fperiect
fluid over a cone is a furcticn only of the heat cagacity
ratic, k; the freestream Mach number, Ml; and the shcck
front angle, ¢c. As a result, a single graph is sufficiert to
represent all flcws cver the cone. This is the conditicr fcr
a pexrfect gas.

Ir ccntrast, when the f£1luid is not thermally and calori-
cally rerfect, the sclution fcr supersonic conical flcw is
dependent upon variables c¢ther thamn k, M, o and 0 .
Consecuerntly, a universal graph of the shock angle versus
the freestream Mach rember, with the come angle as am entry
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which describe the <c¢one flcw under all corditiors as 1is
shown ty Sktapiro [Bef. 8]. Woether universal results for
the water case could e olktained was not so <clear; tlis
Ecint is pnew discussed.

lieprarn and Rostko [Ref. 11] discuss the general ther-
godynarics of £fluids and introduce the concept <¢f a
"theraal" ecvaticn cf state. 1In general, the thermal egua-
tion cf state for any fluid is given by:

£(r,0.7) =0 (4.1)

For a ferfect gas, the thermal equaticn of state is given
ky:

pv = K1 (4.2)
where F =A/M, . Anotlker egquaticn which relates the thermcdéy-
ramic variakles e, v, and T is the “'"caloric" eguaticn of
state, wkich, in a general forr, is given Ly:

fle,v,1) =0 (4.3)
A calcrically perfect gas is defined by:

e = c 1 (4.4)
cr ky:

h = ¢ 1 (4.5)
where € is internal erergy and h is enthalpy. Thus, the heat

capacity (either c, or %)) is a constant for a calcrically
[erfect cas.
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E. EFCGFAM RESULTS FCK THE CALCULATION OF CCNICAI FICR IN
RWAIER

As mentioned in the previcus secticn, the calculaticn
= Frocecure was verified for the air case Ly comapariscn witn
. known results. This ccmparison showed the method used ir the L
N calculaticns was correct. 1lhe next step taken was tc deter- -
gine if the subrcutines used to calculate the thermcdyrarmic
properties cf the water gave results ccmparakle tc thcse of
Richardscn, et. ___al, [Ref. 3], and Fuhs [FRef. 4].

Calculaticns were r[pexformed which gave results which could -

e ccaprared to Table II of Fubs [Ref. 4]. Takle IV freserts '

a ccrpariscr betseen the numeric results calculated Ly tte

rrogram and those given by Fuhs. As <can be seen, these _

results are, within reasonakle error, remarkably similar. v

This is nct unexpected since the subroutines used Ly the

main rrocramr to calculate these variatles are essertially

direct language translations of Fuhs' frograms. Therefore, -

the results should be similar. -
Havirg verified that the procedure wutilized ir tke

calculaticn of the cone =sermi-vertex angle was CCIILéct

(thccugh the air results) apd having verified that tae

Frogram correctly calculated the thermodynamic pgrcperties ci v
the water at any pcint, it was believed that the fprcgram -
could ke executed f£fci the water case, for various initial

conditicrs, with certainty that the results so calculated
would ke accurate. FEcwever, a guestion arose as tc whetter
the calculations perfcrmed in the water case were indepen-— o
dent cf the upstream thermodymagic properties of the water.
In air, tke only quantities needed to calculate the ccne
semi-vertex angle are the urstream Mach number (M) and the
shock angle ( o ) {(€e Y. see figure 17.7(a) of Shariro T
[BRef. 8] ). Thus, for air, the calculaticn of the ccne
semi-vertex angle is independent of the upstream temfperature -

cr presscre, and, therefore, upiversal curves can be drawn
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about tle computer ian order tc use the tool. 1o tiis
Frogram, ar understanding of FORIRAN is nct required in
crder tc utilize the jrogram c¢r its design. Urnfortunately,
due tc¢ tle crerating system c¢f the IBYM 370 computer systerm,
the sarze carnot re said about the steps reguired ir crder to
actually use the prcgran. Scme familiarity with the ccrputer
syster ir use at the users location will ke a necessity in
crder tc cperate the frecgraz ccrrectly.

Firally, as méntioned in the Introduction tc¢ tkis
thesis, tke program will provide an excellent test case and
ccmpariscn nodel for a comfputer program which mcdels the
actual ficw of the metal jet from an explosive shapred-charge
fired thrcugh the water. The actual situation is a tlunt-
nosed, zratler tnan & sharp-pcinted conical, flow prctlenm
which is zuch more difficult +to solve. Therefore, a kncwn
soluticn and methodolcgy of sclution for the easier fprctlem
is a necessary first step to the solution of the larcer
problem. It is believed that the grogram of this thesis will
serve as this necessary first step. Further, it is felieved
that, wken the equaticns solving the actual flow proklern are
develcred in their final fornm, the progyram of this thesis,
due tc its ease cf mcdification, will serve as the frcgras-
sing mcdel for the prcgram which calculates the blurt-rosed
flow frcltlern.
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- EBOGR OWCHARTS

-

Li Tkis apjpendix cortains the logic flowcharts of the main .
Ei frogram and its subrcutines (i.e. those which have rct Eeen -

descrited elsewhere or wuich are not part of <standard
conputer center libraries). The language is kept ratter
general sc¢c the cverall logic cf the proyram can Lte demcn-
strated. If the reader desires to know how a particular -
logic sequence is implemented, he need only refer éirectly
to tle [fprcgram secment which the 1logical flowchkart is

descrikirg. The flcwcharts included in this afpfpendix are e
listed Lelcwu: -—

{1) 1he Main Procram Flcwchart consists of Figures 2.1

tbrcugh A.7.

(¢) Function CHKINP consists of Figures A.8 —
thrcuga 3.10.

(3) Sulroutirte DEFANG ccnsists of Figure A.11.
(4) Sviroutine WSEOCK ccensists of Figures A.12 and 2. 13. .

() Sulkroutine WAIVEL ccnsists of Fijures A.14 ard A.1i5.
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SABPLE FBEINTIOUTS

Tbkis apjendix presents copies of the output £rem varicus
runs of the computer prograr listed in Apgpendix C. The

varicus sarmples illustrate tbe output from the fcllcwing
cpticrs:

(1) A Ccoplete Prirt of a Water Run

(2) A Summary Pript of a Water Run

{3) A Ccrplete Prirt of an Air Run, and
{4) A Summary Prirt cf an Air ERun

(Note: in crder to reduce the volume of the thesis, crly a

Forticn cf the output from the complete grint «cpticrs is
included.)
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APEENLIX_C

EBOGRAM IISIING

Ibhis apfendix ccrtains a cchplete listing of the fully
¢ocunmented rain prograz named CCNEFLOW and all of its furc-
tions ard subrcutires. The functions and subroutines
included in this aprepdix are as follows:

(1) Furction DTOE

{z) Furnction RTOI

{3) Function DEFANG
(4) Furctiom SOSAIR
{%) Suiroutine CEKINP
{(€) Sukroutime WSECCK
(7) Sulroutine WAIVEL

{(€) Sukroutipe EFV
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