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AESIBACI

7be ccmiuter proxa calculates the supersonic flcw over

a ccre ix air or water. The rain objective is to calculate

the ccne semi-vertei angle given prescribed initial ccndi-

tions. The program is written in structured FCRTLAN and

izplezents Busexann'S graphicai integraticn technique.

Superscnic flow over a cone in water is useful as a gcod

first ailrcximation tc the motion of the metal jet frcm an

explczive shaped-charge fired underwater.

A tiical result for supersonic flow over a ccne in

water is as follcws: given an upstream temperature, 323.16

lelvir; upstream pressure, 1 tar; shock angle, 20.0 degrees;

and IZessure behind the shock front, 5 kilotars, the ccne

semi-vertex angle is calculated to be 7.23 degrees.

Gene rally, pressures invclved in water flow are much

larger than for air flow, and the cone semi-vertei angles

for hater flow are saaller than for air flcw.
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I. INICOLUCIION

A. LISCEIE7ION CF TE1 PROBLI1,

The SciutioL of the hydrodynamic equations descrihin.

superscric flow cver a cone in air has been well known since

the 1S30's. Until recently, the problem of descritinc the

flow cver a cone in uater has been limited to soluticns of

the sutscnic case. Erimarily, calculations were liaited to

subscric tlcw because researchers believed that supersonic

flob in hater was not feasille for normal vessels (such as a

ship). Fcr ordinary vessels in water, it is certainly true

that superscnic flow last that vessel is highly impIrctable.

However, the mction of the metal jet from an exicsive

shaped-ckare fired urderwater is supersonic.

ibis thesis reserts a ccmputer program which calculates

the bjdrcdyramic flcw past a cone ia either water ci air

under scpersonic ccnditions. The program utilizes the

methcds developed by previcus researchers for calculating

the superscnic flow in air and whicn have been suitakly

modified tc describe the conditions in the water. 3such

iodificaticns include utilizing the modilied Tait eguaticz,

which is the "thermal" or "thermodynamic" e uation cf state

for uater, to describe the ihysical state of the hater

rather tiar the lerfect gas law used for air.

In actuality, the cone liter in the jet from an explo-

sive shaEd-charge is blunt-nosed rather than ccnical.

however, solution cf the ccEical case is a preliminary

requirement to solution of the actual blunt-nosed prcllEm.

The scluticn to the conical flow case will serve as an

excellent test irogras for the solution to the blurt-rosed

kroblc. This thesis presents a solution to the ccrical

*1*. . . . .. . . . . . .. .
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case and it is noled that the program wiii assist the

contiruirg research into the iroblems of utilizing ex-icsive

shaped-clazGes in an underwater environment. p

E. EXTECDCIGGY

Tte ccmputer prcgram presented in this wcrk was orii-

nally developed in the BASIC computer language usirg a

bewlett-Eackard HP-6 computer. That program is the basis

for this thesis. It was desired to translate the Ercgram

into a kigher-order computer language for executicn cn a

large, mainframe ccaluter system. This translaticn ias

desired in crde.. to sake the jrcgram more readily accessitle

to a wider body of researchers and in order to speed the

executic time of the prcgram. In this thesis, the

fcllcwinG gcals have teen accomplished:

S uccEssfully trarslate the program from BASIC into a

bigter-crder lancuage. Tiis joal was met by utilizing

FCETIAN as the ligh-level language of choice. IThile

FCIBTAN has zany drawbacks as a high-order language, it

is still widely used in the scientific ccmmunity.

EICFAN was used, therefore, so that the Erogram will be

useful to as wide an area cf researchers as possillE.

* Fcllcw modern picgramming iractices in the design and

inplementaticn of the program. As before, the choice of

YCLIFAN as tke high-level language makes this gcal some-

what mcre difficult. However, many computer scientists

have demonstrated that structured Frogramming Eractices

can le achieved using FORIRAN. To the largest extent

pcssitle structuzed programming practices have been

utilized.

* Present a "user-lriendly", well-documented program. In

this regard, literal use of comments occur in the

9
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JLQcram itseli, zEaniagzul variabie names are used, and

detailed fJowchaits whici demonstrate the logic ci the

Ezcgzaz are inclcded. In addition, due tc ii ited

intezaction witl the user, the user's respcns s are

verified befcre tie prograz executes.

10
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S.lilazrly, in cortrast to air, the-thermodynamic cnanges

knich cccur as a result of the shock process in water can.ot

he easily delineated 1y simile ecuations as in the air case.

however, a simjlification cam Le made in the water case

because, utlike in t1e air case, the pressure juraE acrcss

the sLoc in water is so very large. In air, jressure

changes acrcss the shcck front cn the order of 1 to 2 bars 0

are ccnzidezed large (at least for chemical explosicrs) . in

contrast, as pointed cut by Richardson, e_al., [Eef. 3],

the Iressure juml acrcss a shock in water is cn the crder cf

kilotais tc tens of lilotars. Therefore, the calculaticns I

can 1e similified bj specifyirg the pressure on the dcwn-

strean side of the shcck frcnt. This is valid since the

upstream iessure is so small in comparison to the upstream

dynaaic lEssure p N.2 /2 and in comparison to tcth the I

dcwnstream iressure ard dynamic pressure. The specificaticn

cf the dcwrstreaz pressure is accomplished, in the program

of this thesis, by allowing the user to input a "nressure

aulti~licaticn factor (MFACI) ", which converts the jressure

upstream to a pressure downstream at point 2 which is given

by:

1 2 1 1 MEACT I 10JO.0 (2.24) 3

7he tactcr 1000.0 it eyuation 2.24 converts tte right-hand

side cf the equation from a Eressure in bars to a Eressure

in kilotars. As an example, if F is 1 bar and MFACT is 5.0,

the ressure at point 2 downstream will be 5 kilobars.

It can be shown that the simjiiiyir. assumpticn made

above is eitirely valid by ccnsidering the momentum equaticn

for stead) frictionless flow alcng a streamline. The 0

24
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L. ZCGALIC1bS SPECIFIC T0 -ATEE

Ir ccntrast to air, which has a reldtively elegant a nd

simEle state euatioL, the e~uation ot state for WatEr is

rather acre comlicated. The 2Cst commonly used state Egua-

tion for water is kncwn as the modified Tait e~iuatior, uhich

may kE %xitten as:

p =B(S) [()p= - I] (L. ;1)

bheze E [) is a slowll varying function of entropy alcnf, n

is allzcximately a ccrstant equal to 7.15, and is the

value ci the density for zero iressure. The above e uaticn

is ficm Eclt [Ref. 6], but, in different forms, it is also

descnihed quite extensively in Cole [Ref. 2], Richardscn,

Et. al., fef. 3] ard Rowlinscn [Ref. 7]. As merticrEd in

the Izticduction to this work, the modified Tait eyuaticn is

the "thersal" equaticn of state for water. Cole [Ref. 2]

shows that the modified Tait equation is of the form

v(T,0) n  (0.)2)
B Vs ~(T' P) -.-

cr, in sinpier terms,

= p(v,T) (2. 23)

Since tie full modified Tait equation relates the three

thermcdyraaic guantities of p, v, and T, it is callEc the

"thermcdjnauic" cr "thermal" eguation of state.

A

- .4 °

. . . . . . .. . . . . . . . . . . . . . . . . 4*. *~*.-.-



u~ 
.x

2

X y I ,,

I.

II

ul- U

U1TIMIC P2- TV -2?

PJgure 2.41 Gecaetry of the Obligue Shock Fron~t.

22 ...



M2 sn2a k -i1
P2  k 1 si (2

Pi (k + 1) 12. 17)
p---)

Euaticn 2.17 is used to determine the pressure dcwnstream

cf the slock frort.

(c2 1  k12 -~.-( sin )(kM 1 sin (k-1 S22)M 8 [ - 21].)8
TI  cI k + 1.2 2 M si2612. 18)

(-- -) 1 sin2S
1 2

Eguaticn 2.18 is use4 to deterrine the emprature, and acre

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

fron t.

U U sin eN = x = 12= iS. 19)

M 2I MI  M sin(
Y C - 2

2 1

u2 sin(S - )1 0)'."
M = -

=
_____ = M sin(S - 5) "2.20)

finally, equaticns ;.19 and 2.20 are used tc determine the

velocity cozmonerts cf the flow across the shock frct.

Ic cecuetry of the flow conditions across the shock

front is illustrated ty figure 2.4. Note that in the equa-

tions atcve and in figure 2.4, the '1' subscripts refer to

conditicrs in the rrshocked (upstream) fluid, the 'x'

EubscritE refer to the normal components cf flow in the

unshcckid fluid, the '2' subscripts refer to conditiots in

the skcckd downstream) fluid and the 'y' subscripts refer

to the pcrgaI components of flcw in the shocked fluid. Ncte

also tkat 'k' in the e uaticns above is the designaticr for

the ratic ci the heat capacities cp/C v . ,

21
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hi4erE B is te _Uq..iiic -as ccntant and Ls related tc the

cniversal as corstart, A , ry:

a

In egcation 2.14, M a is the aclecalar weight of the air.

Ir air, the charge in the thermodynatic proFerties of

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

as sbcn in Kinney aid Grahas [Bef. 5]. Since most flui"

dynazics teitbooks illustrate the develoiment of the eua-

tions klich follcv, it is nct necessary to derive them here.

is Perticned preiously, Kinney and Graham [Bef. 5] jrcvide

exceFticrally lucid explanations and derivations. The Frin-

ciple equations used to calculate the thermodynamic ctances

bhich cccer across tic shock front in air are as iollcws:

2 2
n- 0) 2 + (k - 1) Ml sn. 15)

tanB (k + 1) MH2  -2

Iguaticn ,.15 is used to iteratively determine the deflic-

tion angle 0 . All cther guantities in this e'uaticL are

knowr (i.e. 6 is tic snock angle and J is the freestream

Mach muate, both cf which are input arameters to the

irogras lot the air calculaticns).

2 si2
2 2 + (k - 1) Msin 2 )

[M 2 sn(B 2 2) 2 {1 1

2kM2 sin2 - (k - 1)

bavinG determined 0 from eguation 2.15, eguation 2.16 is

used tc determine the Mach nuster on the dcwnstream side of

the stcc front.

2C
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By ccalirir Zqn 2.9 ith Eqi 2.8, one arrives at:

sin8
V sinw (2. 10)

2V2 sin2(c - 0)
1-2 2
(k- 1)(V -v)

max

Eut, the energy Eauation asserts that:

2 k-i1 2 2
C ( )(V 2  V2~ 2 )V -V)(2. 11)

2 =max

therefore
sine

V sinwV2 si2( - 12.. 12) .
2 2V sin (W

2
C

wherE c is the lccal speed of sound in the fluid.

Equaticn 2.12 is the basis for the calculaticn ci the

supeiscric flow cver the solid cone in either air c water.

Ihe cralhical integration method invented by Busesann is

adequately explained in Shapiro [Ref. 8] and need nct be

repeated here. Essentially, the computer program given in

this wczk automates the Eusemann graphical integratio"

methcd icr calculatirc the ccne semi-vertex angle.

C. ICUAIICbS SPECIFIC TC AIB

Ihe egaaticn of state fcr air is specified ty the

Ferfect gas law (under the assumption, that is, that the air

kehaves as a perfect gas). 7his law is quite elegant and

simile and allows easy maniiulation to obtain various quan-

tities. 7he form of the perfect gas law mcst often used in ..-

the calculations of this thesis is:

p P (2. 13)

. . . . . . . . . . . . . . .. . . . . . .



Eut, ficir n 2.1 and ESn 2.2, it can be seen thit:

d rV = -V sin(,, - (2.5)
du

Substituticm of this result into Eln 2.3 yields:

dV (2.6)
de d2
dw Vtan(w -

Shaizo [Bef. 8] shoE that the ejuation governiny the flow

in the ccrical regior is"

dV
k-idv2 2 2k -1)(2V + V cote + W- -)(V 2  -2 V2)

2 r + dw max W r (2.7)

(Vr dV(V r  jw + Vw ed---

d8Zlimiratiny - from Egn 2.4 and substituting the ex~res-dV r dVe" ""
ions fcz Vr V , & d and d given by Egns 2. 1, 2.4 and

2.5, intc En 2.7 gives:

sine
dV Vsin(,w - e) sin.d e2 i 2 (  - )( 2 .8 ) ..

-w 2V 2sin 2(6.) -0

9 2(k 1 )(V - V2 )
-.-

max

Lesignating '' as tie radius of curvature of the bcdccraph

.streaalize, one cbtairs:

R dV (2.9)
sin(i - )d"

z18



I. I

Shock Cone

Vr

j dr/

..

Fgr 2

Figure 2.3 Cone and Flow Geouetry. -
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Ir tie iolicuing derivaticzs, as per Shdpiro jei. 6J,

t. e siiezical ccordirates z and nave been used ilt- the

ccrresiczdirg velocity com.ionents V and V, (see f igure
r

2.3) . Crly the privary eguations waici are used in the

comiuteL ircgram are iresented in this thesis. A detailed

derivaticn cf the eguatLcfl can be found in Shaiiro

[Ref. e], and need mct be rejeated here. 1he a omenclature

used in the eguationt develc~Ed in this chalter 'is detailed

in lalle 1. In keeliny uith modern thought, the tM-1-S

(meter-kilcgram-secord) unit z~stem has been used thzcughcut

this tiesis except fcr occasicnal lapses during the uater

calculaticrs when piessures are referred to in urits of

kilo ha zs.

.Fzcir the geometry of figurze 2.3, it can be seen that:

V =V cos(cW-e and V =-V sin&w - ) (2.1)r

In t he devElopment c: the actual second-crder diffEreztial

e~iuaticn, Slapirc [Ref. 8] shcus that, due to the ccndition

cf irzotaticnality, tie following relation must be true:

dV

V r 12.2)

Eiffex~ntiating EAn. .1 with resfect to c ne ottairE:

dVdOV
r -V(1 d6- sin(wi 6) + dV COS(Wj-6 (2.3)

and

dVdOd
=-V(1 - cos(cu 6) - - sin(cu e ) (2.4)

ddw dwi
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Line of Constant

Stream Properties

Streamline (To ®

P, CoSeoSkrCone

figurf. 2.1 Sbcck Come and Typical Streamlime.
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Alter calculatinc the cheraod'namic cnanes which cccur

as a result of the shcck front, it is assumed that the fluid

Fropexties hill remain constant on imaginary cones having a p

commCr vertex. By this assumption, the flow past the ccne

can ke calculated. The flow geometry is illustrated by

figure ;.1 and figure 2.2, which show a typical streazline

and its image in the iodograph plane.

As discussed thccughly by Shapiro [Ref. 8], there is a

disccrtinucus change in both direction and velocity acrcss

the cklique shock frcnt. Pcints 1 and 2 (see figure 2. I and

figure 2.2) lie, tierefore, cn a common shock polar which

criginates at point 1. Between joint 2 and the point 's',

which is cn the cone surface only at infinite distance,

there is a region of conical flow where the stream prcper-

ties vary ccntinuously. The velocity vector to the joint p

's' in the hodograFt Flane defines what is called the cone

semi-vertex angle with the centerline axis. In. the methcds

which fcllcw, the ccne semi-vertex angle is the variatle

which is ultimately determined. Further, as pointed cut by p

Shapirc [Bef. 8], since all streamlines in the flow experi-

ence tie sane entropl jump across the shock front, the flow

letween tie shock ficLt and the cone surface is both isen-

trojic and irrotatioral.

21e second-crder differential equation which actually

descrites tie flow cf the fluid past the cone in air is

fully devElcped ny Slairo [Bef. 8]. Shapiro notes that

there are tho methods commonly used to solve this e~uaticn.

Cne methcd, developed first by Taylor and Maccoll [Bef. E],

performs a Lumerical integraticn of the eguation. The seccnd

methcd, which integrates the equation using a graphical

construction method, was first developed by Busemarn. 7he

prograa developed in this thesis utilizes Busemann'S methcd,

modified for performance on a modern high-speed computer, to

Ferfcrm the integration of the full second-order differen-

tial *quaticn.
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?Ie funcamental rc~uation used to describe the tmesrcdy-

ramic state of air is the lerfect as law. In water, the

modified "ait eguaticn is the equation most often used to

describe the thermodyrami% state of the water. The zcdified

lait eSuaticn can be used to describe either pure water or

sea water. The forz of the modified Tait equation used in

this tiesi- was taker frcm Holt [Ref. 61, who has continued

to ierfcrm research ir underwater explosion Fhenozena. An

excellent discussion cf the mcdified Tait eguation and how

it can te utilized is contained in Rowlinson [Ref. 71.

After tie thermodynamic ircperties of the water (or air

as tie case may be) on the downstream side of the shcck

front have been calculated, an iteration method, utilizing

an automated graphical ccnstruction first devElc ed by

Eusemann, [Eef. 8), is used tc frogress from the shock front

to the cone surface. The equations needed for use by this

iteraticr method are fully described, for air, by Slapiro

[Ref. 8], who desczites their develoiment and use. Ihe

methods %hich apfly tc the flow East a cone in air can, with

the necessary changes made for the differences in tie ther-

modynazics of the two fluids, be used to calculate the

conical supersonic flow in water. These calculaticns .zcrm

the basis for the nain part ci the FORTRAN prcgrax hhich

follcis. it should be noted here that Shapiro also jcints

cut the iicreering wcrk of Taylor and Maccoll in the 1S3C's

and 1S40's on the methods cf sclution of the flow over a

cone in air problem IFef. 8].

E. CIlEiAL EQUA!IONS

Ir tie development of the eguations which follow, it is

assumed that these Equations can be validly used to calcu-

late the flow over tie cone in either air or water.. The

equations were primarily developed by Shapiro [Ref. 8: for

flow in air.

..........................-I.-... ...
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A.. BACIGECUND~gTI H

he first step necessary to describe superscric flo

over a cone is to calculate the thermodynamic Ercpeties

across a shcck wave. The basic research into the chan~e of

thexmcdyranic properties across a shock wave in water was

extensively conducted and reported upon in Underwater

BAxflosicr Research Lief. 1] during and just after Wcrld ar

II. The kest summarization of these works can he tcurd in

Cole [ ef. 2].
The irizary source used as reference for the calculation

cf the 13drcdynazic lioperties of sea water at the ircrt of

a shcck wave is the ucrk of Richardson, Arons, and Halverson

[Ref. 3. They utilized graphical techniques, which were

rather crude and tedicus, tc calculate the thermcdyranic

data needed to describe the conditions of the sea water.

Fuhs [Ref. 4] used tie work of Richardson, et_al., [ef. 3],

to develop a computer program for the RP41CV hand-held

calculatcr which efficiently calculated the same theriody-

ramic properties. Tuhs' [ief. 4] programs provided the

basis for the FOETRAN subroutines, used in this work, which

calculate tie same tiermodynaic properties such as prEs-

sure, teaperature, and density.

Ihe fundamental ecuations used to calculate the therso-

dynamic charges %hich cccur across an oblique shock frcrt in

air have teen well kzcwn for decades. These equations are

excepticially well described in Kinney and Graham [Bef. 5]

and form the basis for the initial calculations fcr the

supeiscnic flow East a cone in air.

11
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cze-diersIcnai aomertum e uaticn states:

P1 + P v /2 = 2 + 2v /2 (2. 25)

low ncte tiat typical values for pand VI  for the prctlem

under ccrsideration ate as fcllcws:

P1 = 1000 kg/m and V = 1500 m/s

IherEfcze, p V2 /2 = 1. 12 X 109 Pascals or about 11.1 Rilo-

tars. lypical values for p, , the upstream pressure, are on

the cider cf 1 tc pextaps a few tens of bars. Thus, it can

be safely assumed that u can be ignored ccmpared tc the

upstream dynamic pressure.

Eaving specified this 1ressure, the program of this

thesis utilizes the subroutines developed by Fuhs ZBef. 4]

to calculate the density and velocity components at a Icint

just 4cwrstzeam cf tie shock !rcnt. Since the gecetry of

the velccity flcw acioss the shock front is the same in

-Either air cr water (see figure 2.4), the velocity ccmjo-

Lents determined in the first step can be used to "juaE back

across" the sihock fzcrt to the upstream side where the free-

ztreal Mach number 1 can he determined.

Alter determining the conditions on the downstream side

cf the shock front, the program iterates along the stream-

lines tc determine tUe cone semi-vertex angle. This itera-

tion is jerformed using the Busemann graphical construction

as for tie air case. The majcr difference between the water

and air cases, after the initial shocked conditicns have

teen drtezrined, is that the local speed of scurd cn a

streaslize aust be determined iteratively, for the bater

case, b) using Fuhs' [Ref. 4] subroutines tc determine the

density and pressure at each Foint. Knowing the Eressure

25



and deEsity, thE sieid of scurd in the water can te calcu-

lated frcaz

2 nB ) n
C = 2.26)p. p

which is derived frca the modified Tait equation usinS the

defiriticz cf the spied of scurd as:

C2 ; P (2. 27)
a-p S

These equations, cclined with the equations deveicjed in

secticn E cf this chapter, constitute all the equaticns

needed tc ccmpletely solve the supersonic flow over a ccnE.

- 2....
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Nomenclature

I c SjEed of scurd
k Ratio of siecific heats (c /c -p v
?I Mach nunber

M Mclecular weight of aira

I Pressure

I Radius in s-lerical cocrdinates

r, Radius of curvature of the
bcdograEh streamline

I lemperature

V Velocity I
I Maximum velccity for adiabatic flow
max

I Angle the streamline sakes with the shozk I
Flane (same as the angleo) in air calculaticns

6 Ccne semi-vertex angle

Ilcw directicn
p Mass density

Shcck angle I
W Angle in s;Eerical cccrdinates

I Universal gas constant

Signifies a condition upstream of

c)ical shoc or a shcck front o

( ) Signifies a condition downstream of
2 ccnical shcci or a shcck front

)s Signifies ccnditions at cone surface
)r Signifies a ccmponent in r-direction

Signifies a component in ,w-direction

27
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1II. DESCRIIIION CF THE COMPUTER PRCGRAM

A. ZBCGiAE LOGIC

As discussed in Ciapter 1, the computer program devel-

cped for this thesis has written in the FORTEAN prcgrazminj

languace. Structured programming practices have teen

folicwed throughout in that the program is divided into

tiocks (cr ncdules) cf code, each of which is designed to

perfcz2 a single calculation seguence. Many o the zcdules

have keen Ilaced inline rather than beinS writter as sepa-

rate suticutines or fcnctions. This was done priaarily for

ease cl use and understanding. In addition, however, mcst

modules were placed inline because the parameter list

exchanred tetween the module and the main program would have

keen excessively lcnc ctherwise. Regardless of whether the

code is included inline or as a separate module, the jrcgram

was writteE in a zanner which ensured that the "side-

effects" problem discussed by Maclennan [Ref. 9] did Lot

cccur. In addition, the use of FORTRAN's CCMMON ccnstruct

has teen studiously avoided to prevent the aliasinG prctlem

discussed ty MacLennan [Ref. 91. A module hierarchy chart,

which shows the ma cr modules of the program and their

interccrections, is civen as figure 3.1.

The flow logic cf the zain computer program is illus-

trated tj figures A.1 through A.7 of Appendix A. These flcw-

charts shcw that the initial part of the program (uE tc line

60) is used to initialize certain key variables and to

gather irput values from the program user. Note that, as

stated in the objectivEs for this projram, all user input is

verified tc ensure that the values entered fall within

irescrikEd limits. It order to ensure that input values are

28
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Sithir izits, the sutroutine CHKINP is invoked and the

input values are pased as jarameters. Ihe flow lcgic cf

subroutire CHKINP, wbicn is self-explanatory, is ircluded as

figures A.8 through A.10 of Appendix A.

After receiving and verifying the user's input, the

program tegins the calculations rejuired to determine the

cone seni-vertex ancle. Frcz line 60 to line 40C, the

program calculates tie initial thermodynamic properties of

the uater ci air, as the case may be, and calculates the

changes htich occur in the fluid properties as a result of

the passage of tAe shock front. As mentioned previcusly,

these calculatiors fcz the air case are rather straighttcr-

bard and, because of this simplicity, the computer code for

the air calculation kas been 1laced inline. For the iiater

case, the subroutines WSHOCK and EPV are needed to calculate

the required thermodynamic properties. Subroutine WEBCCK

calculates the theracdynamic Eroperties of the water at

Eoint 1 u stream of the shock front and at point 2, jcst

across tie shock fxcrt on the downstream or shocked side.

Appendix A, figures A.12 and A.13, contains the flcwchart

%hicb describes the cgic of this subroutine. Subroutine EPV

was ccried, with the author's permission, from Fuhs Ifef. 4]

and is fully described in that work. However, the YCETBAN

translaticn of EPV is included in the program listirg

contained iL Appendii C.

raving calculated the initial thermodynamic fluid ccndi-
tions cL Lcth sides cf the shock front, the program hegins

the iteraticn process required to determine the cone semi-

vertex aigle. These calculations begin at line 400 cf the

computer Ercgram. This iteraticn process makes use of the

Eusezann graphical integration technique discussed by

Shaiizc Lfief. 8]. first, the radius of the Busemarn curve

for a Icint J is calculated using the velocity at that

point, tie streamline angle at that point, and the value of

30

• .. ,. .. ,. -. ,. . ..- , .. .. .... ., , ... .. . . .. .. . . .. . . .. . .. . . .','; , ".... ..-.- .. ,.



the angle caega at that ioiLt (see figure 3.2). Next, the

center of the circle for the Eusemann curve at the ;cint J

is calculated using the velocity components at Ecirt J

1whick are designated U and V), the radius calcuiated in the

Frevicus step, and tie value of the angle omega. This circle

center jiovides the 1cint from which the program "draws" the

arc used tc calculate the next ;oint on the Busemann curve.

Finally, tie velocitl and the Busemann velocity ccmicDEnts,

at the next point, J*1, are calculated by "swinging an arc"

from the circle center calculated in the previous stej. in

additicr, the streauline angle at the next Fcint is

calculated.

The rogram next tests tc see if the cone surfacE has

teen reached (line 45). This test is conducted ty deter-

zininc if the atsolite value cf the difference between the

streailire angle and the angle omega is less than a s eci-

fied test value (which is set to I X 10-6). If this differ-

ence is less than the test value, the cone surface has been

reached. In this case, the program then calculates tie ther-

zodynaiic fluid conditions at the cone surface and the ccne

semi-veztex angle aid displays the final results of the

Fro~ram. If the difference tetween the streamline angle and

the angle cmega is creater than the test value, the ccne

surface las not beer reached. In this case, the Ercgram

calculates the theracdyntmic fluid properties at the next

joint, J+1, then loois hack to line 400 to tegin the

Euseiann graphical. irtegraticn process for the new pcint. In

the case of a water run, the subroutine WAIVEL is irvoked

just jricr to looping back tc line 400. This sutrcutine

calculates the thermodynamic properties of the water at any

given icirt. Apendii A, figures A.14 and A.15, gives a

flowchart which demcrstrates the logic flow within this

subrc Aine.

31
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Ibe ircgram includes a feature which allows the user to

rake repeated executicns of the program without the reguire-

.ent cf "reloading" tie prograz between each executicn. I:his

feature has included ly soliciting a resonse from the user

at line 15CO as tc whether he/she wishes to make anctler

executicr cf the program. An affirmative response causes the

irogran tc loop tack to stateaent 1 at the beginning cf the

Initialization secticn of the main program. A negative

respcnse causes irogiam termination.

Ncte that certair separately compiled functions included

with this program have not been flowcharted because their

logic is sc straightforward and because the subproczaas in

questicn usually consist of ctly one or two lines of execu-

table ccde. The functions litting into this categcry are:

ETOE, CE, and SOSAIB.

E. II-RUCIO-.

As discussed in the objectives listed in chapter 1, cne

goal cf this thesis has to ensure that the prcgram presented

was easy tc use and Aaintain. Ease of use has been facili-

tated ty including code which verifies that the input

provided ty the user is within specified ranges. Tor

example, in the hater calculations, the pressure at Ecint 2

can te nc greater tian 100.0 kilcbars. This is due tc the

fact tiat Euhs' ERef. 4] subroutines, which are used to

calculate tie thermcdynamic properties of the water, are

Lased cn the work of Fichardson, et. al., [Ref. 3], which

cnly gi%e- results uj to lressures of 100.0 kilctars.

7herefcre, while tie subrcutines could compute the water

conditicts at iressuxes greater than 100.0 kilobars, it is

uncertain wiether the values so calculated would he entirely

correct. Icr this reascrn, the range of the input values has

teen restricted. Ease of use is further facilitated by

". -. °°



Frovidinc clear, meaningfcl cutout. Appendix B ccrtains

sample citcts generated by the irogram for the sumaary and

ccmilete print cpticrs of the pro ram fcr both water and

air.

Cne cl the ajor criticisms leveled by computer scien-

tists against the FCUTRAN lazguage is for its lack ci a

requirezent for formally defining all variables used within

a prcczas. Similarly, FORIRAN has an implicit declaration

Folic) klereby any variable whose first letter is I, J, K,

1, B or N is imElicitly declared to be of type Integer. In

this prcgram, these two unfortunate characteristics of

FORIEAN are avoided ly re. uiring explicit declaration of all

Frograz variables.

Ease of maintenarce and Ease of understanding cf the

Frogram IavE been achieved through the use of a literally

commented prograz ard through the use of relatively mean-

iagful variable names. In this regard, the FCRTRAN lancuage

is less that desirable since it limits variable names tc six

characters. Appendix C contains a fully documented listing

cf the ccmuter program and all subroutines or functicns

used ty the main program (cther than standard lilrazy fur.c-

tionz such as sir). lables VI, VII, VIII and IX, Iccated in

Appendix A, contain lists cf all variable names used in the

iain Irocran, their zeaning, and their MKS (meter-kilcgram-

second) urits, if ajjropriate. Table X contains a similar

varialle list for the surrcutine WSHOCK and TablE XI .-

contains a variable list fcr the subroutine WATVEL. These

two tables are also iccated in Appendix A.

finally, this prcgram was developed using the FORIRAN IV

language suiplied by the IEM Corporation as part cf their

IBM -C/.I C .AP comptter system which is the main ccmjuter

systea available at the Naval Eostgraduate School. As far as

is kzcwt, no impleaentaticn specific features have teen

included in this prcgam. lberefore, the prograz s1culd

34
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execute cn any systen uhich has a FORTRaN compiler. In crder

to execute the Frogran on the IBM 370 ccmputez systez avail-

able at the Naval PostGraduate School, the tolicwirG StE S

sust le acccmplished iL the cider given:

(1) The program must he compiled using the comianc:

FCRTHX CCNEILOW

This ccmnard invokes the FORRAN H Extended compiler, uhich

is am optinizing, lrcduction run compiler supplied as part

ci tie IBM comlutex system. The program could alsc be

compiled using another FORTBAN compiler such as the FOPTIGI

ccmpiler. Note that the abcve assumes the irograi suiplied

ty this thesis has leen entered into a file which haz the

filename CCbEFLOW and which is of filetype FORTRAN. Ncte

further that this step need only be performed ore time

1rovided errors do nct occur.

(2) Next, the libraries of standard subroutines and

functiczs supplied by the ccmputer center must be attacked

to tke file. This is accomplished by issuing the fcllcwing

commard:

GIOBAI TXTLIZ ICRTAOD2 AOD2EEH

Note that this step need cnly be performed once ircvided

abncrnal terminations dc not cccur.

(3) In the FORETAN language, a formatted input/cutlut

(i/O) statement regizres the definition cf an I/O device.

for exazple, at most installations, by default, I/C device 5

is used for input aid I/O device 6 is used for cutlut. To ...

utilize the program cI this thesis properly, the fcllcwing

commands mrst be issued to define the I/O devices tc be

used:

... ... ... ... ... ... ......................... i::::



EILELIF 06 LISF CCNEFLOii CUTPUT

FILELL1 07 TFE.B (P:I}

As a result of the abcve ccamands, all outiat fzcx the

1rogxam uill be written into a file on the user's disk razed

CONEFICU with a filetype cf OUTPUT. It is not strictly

necessarj tc issue tie I-LEBEI 06 command shown abcvE, hut,

if nct, all outEut will be written at the terminal and will

not he available for printing. The second file defirition

command ( IIEDEF 07) is absclutei.___reuired or the Ercgram

kill rct cerate. This file definition tells the ccmluter

that 1/0 unit 07 is tie computer terminal. In the ircgiam

cf this thesis, all input from the user is reiuested from

I/O urit C7. Therefcre, if unit 07 is not defined, tie

Frogzai cannot receive any input.

(4) finally, the program can be executed by iszuin;

the ccmand:

ICAE COEiBFIOW (START

khen iro~iam executicn is comEleted, a cryptic messaoe of

the fcrZ R; T=0.01,/C.01 16:45:00 will be displayed at the

terminal. This is sizily a message from the ccmputer'S C Er-

ating systea indicating that the task just reguested has

teen ccmpleted. The user can now utilize the system's cper-

atinc ccuaands to review the output from the executicn of y

the licgxai.

If the user desires to execute the Erogram again, return

to step (3) of the above procedure. If the output frca the

frevicus execution is nc longer needed, the same FIIELEF 06

ccmmard can he issued. However, if the previous execution's

cutpit is needed, the filetY.e of the FILEDEF 06 cczmand

should le changed (e.g. change OUTPUT in the above command

to Ct2TEU.12).

3f.
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IV. PRCGBAM CALCULATION RESULTS

A. ECGEAB RESULTS ICE THE CALCULATION OF CCNICAI FICR IN

AIE

Ike prcgram accurately calculates the flow over a ccne

in air. Numerous cicgram executions were made for the air

case at various upstream Mach numbers and for varicus shcck

angles. The results cbtained from these irogram executicns

are suzzarized in Talles I and III. The numbers Ercduccd by

tne Ezcgzaa were ccajared for the variables showr it the

tables tc the tables given in Kinney and Graham [Eef. 5],

against the graphs civen by Shapiro [Ref. 8], ard tc the

tables zcduced by Fcpal [Bef. 10]. The values given in

these scurces are ircluded it Tables II and III, where

apprclziate, alcng uith the calculated results. As can be

seen fica these two tables, the calculations made by the

1rogram ive juite accurate results (less than a 11 errcr in

zost cases). Certairly, the program is much more accurate

than cne's ability tc read the graphs presented in Shapiro

[ef. 8.

Eased cn these ccuiariscns, it is believed that the part

cf thE jpcgram which calculates superspnic tlow over a ccne

in air is accurate. 1he importance of this fact is that, by

feeling corfident that the procedure followed for the air

case is valid and that this procedure has been ccrrectly

izplezented in the 1rogramming language, it is safe to

assume tiat the Busezann calculation procedure utilized icr

the air case can te accurately applied to the water case

provided the water ccnditic:,s at each point are calculated

correctl) ".

37

....................................................

• ' ''" "'-.- ----,', " :.:-< .:.'. .'-. . . . . . . . ..'.".".. ... . . . ..-.-... ...i ..": .'--.:' --.Z :? :---i, . . - . . . ..:-? --? -? -':''?? ---'? -' . , , ..-":':'.':.': : :'-:":- '



W'jTJ-H () 0 0-4 4-4-1

wW~~4. WQ4J 9Q 1) 3

U)4I~ (1)(1)OW 9 1-4 1 1
g1 w (4) rO 4 w 1) 0

w-wq-Q4 -V W4 .UJ '4 W IC

(nO0 M-4 W4 44J W~ C

*r L4Cf) UJ*14 W UTO -*- M 3C
m m -- NLn z -(0 a .-Q-'W-i w T0 -4 .-i4

N C00C, (N -?Ln NON r 0 -Md~.~ qW (1 r f-
'I 'I ' 4 ' -4vUW'-4 (0-1 HW4-4iL4W P .. )

*-4 00 00 0 a)t2- 04 0 04 'z u qI

0 D U -r L Q - r w X3wI.01(

ONm .- m0 (3' 4, U) 0'TQ w (4w= -JWJ 4JW r-4~ e 4J
0 ( Z C N 4u r- m' 4-4W ( ' -4 " W,-4 W U) m

Q d 0 0 0 00 1 04 WW~ CO k-f%,.4

-1 J 4QWV -' E C :2 "-,1
ul 41 ul V) 4-444 W " U.J o

w1 0U W r- * U P 14t
L4 uIn V - W'~c 1-4) co -4(va U

0n V44 0I40')( e ~>1 )3 ~W 0 'a)= J
u. .01.4 (N F-4.. ... r-4 vHH l W 4 'd.

a ('4 (N ( N (N (Nr-q*'T a)I -4 L4 CO Q : )'-I 1

-- O V d L.9U a) 1-'-r 4- -cz r ON

g -4 7: a4 (N (N N (N W W -' Q W 04 0 HMWH~-c A -
E-4 0 4J X4J WJ M HW -944E-4 W

U) 93-9 11 O£-4 U) 0Q4 0) % ). ---

(f 0) rd Q) W . WnWd

>

- 1Q.- 1~SJ 1 10 1 )A4 .j4JP- n

(N( nn -* @ .g .U4 -W I- 0 UJ UH..
Oj~(C 0(U)('f0n U U 03I. " .-4 (11-1 J u 0 r :71

9 3 0W =10j 3 C 0J'9 '

:1 1) W 4 V 0 1- 41

U C N ::r---? r D C a- N~ -P -1= W%.~* .- Q ( W4,4- r4 i
u~~~~ ~ ~ u- -. (aC.:- avVw9 -



V. CCNCIUSIONS

As discussed ir the Introduction, this thesis haCl

certair Scals khich it was desired to achieve. It is

lelieved that these coals have all been successfully met.

'he lrcgraz of this thesis has been successfully translated

from Easic into FORIBAN as desired. In the translaticn of

the criginal prcgram, modern structured programnirg Erac-

tices have been follcwed tc the greatest extent Fcssible.

finally, the prcgran preserted is quite "user-friendly" and

is very %ell-documented.

As was demonstrated in the results chapter, this Ercgram

calculates correct results 1cr each cf the air cr kater

cases. It is mertioned here that, as pointed out freguently

by ccaluter scientists, it is virtually impossible tc tEst a

program for all possible cases. Therefore, no prcgram is

entirEly error-free. It is lelieved that the program cf this

thesis is as free of errors as is possible without exhaus-

tive, tiae-consuming and extremely expensive testing.

As a result of having met the three goals mentioned ]i,"

.the first jaragraph, it is telieved that the program cf this

thesis will providE an excellent working tcc! for

researchers in the field of shaped-charge jet penetraticn in

water. 7he fact that the ircgram is well-documented will

make aty mcdificatiors or extensions to the program, should

that le reguired or desired, easy to perform. Further, since

the Frcgraa is easy to use, cnly a cursory knowledge of

comiuters is needed in order to utilize the program. Ihese

features are requirements for any compute'r program %hich is

to be used by scientists as a tool. Too often, computers and

their lrcgrams re ,uirE that the people whc simply desire to

use their capabilities must learn a great deal of detail
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cox~utEI system .Is bEing utilized at near its capacity, the

Same Ic~sCL~a tiae car increase up to about 2 to 3 minutes.

This result, however, is symjtomatic ot any computEz system

leinS utilized at near capacity and is not a result or a

zeflecticn cf the -rcgram's structure or design.
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greater than 5.0 (a converience Zor ease of presertation

cnly). ahe pre-prccessed ddta points were passed tc an ,

interjclaticn and snoothing Erogram developed hy Brarke

[fef. 12: which used a quadratic Shepard's method tc zaocth

the data Ecints genezated. After smoothing, the data kas

iost-liocessed to remove erroneous interpclaticn 1cirts

which were generated because the original data was irreg-

L.ar. finally, the irocessed data was passed to a FOTBTAN

prograz developed ly the author of this thesis which

utili2ed the Contcuring feature of the DISSPLA graphing

routines of the ISSCC company. The results of this extersive

Frocessing are the graphs presented in this thesis. Because

cf tie irregularity of the original data (which causes

difficulties in tie quadratic Shepard's interpclation

sethcd), and because of the smoothing required ty the

contouring routines cf DISSPLA, the graphs presented are

somewhat rcugh and shculd, therefore, only be used for "back

cf the ervelopea' calculaticns. Accurate results are

providEd ky the CONEITOW program which should be utilized

for acre precise woric.

finally, one of the primary reasons for translatinG the

crigiral Basic Erograss into a higher-order language (in

additicr tc the desire to make the programs more accessible)

was tc speed the execution cf the program. In this regaid,

the wcrk cf this tkesis has zore than accomplished this

result. It must be menticned here that the prcgram will

execute extre mely last, considering all the iterations

needed, prcvided the computer system in use is nct heavily

in use at tie tize. for example, at the Naval Postgraduate

Schocl, when the cciputer system is relatively free, the

program ciezates so Sxickly that one execution requires less

than 5 seconds (from the time cf the last user injut tc the

time cf the request by the jrcgram for an indicaticn of

whether aLcther execution is desired). Conversely, when the
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This ccnclusion is true provided the upstream Mach numter is

held ccnstant by varyin the pressure behind the shcck frcnt

throuch the mechanisa ci the pressure multiplicaticn factcr. D

Havin S determined that tge calculations can be ccnducted

independently of the temperature, plots of the variatles of

interest ir water here made in a manner similar tc the

graphs fcr air shown in Shapirc [Ref. 8]. p

Finally, having determined that the calculaticns could

te made independently of the upstream temperature and that

these calculations sculd be accurate (within 1X for ccne

angle and 1-1% for pressure), it was decided to plot varicus p

Farazeteis cf irterest for the flow over a cone in water.

These craphs are pre.sented as fcllows:

(1) figure 4.1 is a plot ci the freestream Mach Nuiker

versus the shock angle with the cone semi-vertex

angle as an entry parameter. This graph is the

water analog to Figure 17.7.(a) of Shapiro [Ref. E].

(2) figure 4.2 is a plot cf the freestream Mach runtex p
versus the Mach numter at the cone surface with the

cone semi-vertex angle as an entry parameter. This

cralh is the water analog to Figure 17.7. (c) of

Ehajiro [Ref. 8].

(2) Finally, Figtre 4.3 is a plot of the freestream Mach

numher versus the drag coefficient (C) with the

cone semi-vertex angle as an entry parameter. This

sralh is the water analog to Figure 17.7. (f) of

Sha.iro [Ref. 8].

It sbculd be noted here that the graphs develcped and

Fresemted in this tiesis were obtained through repeated

executicns of the COIEflOW program, which generated approxi-

sately 3EGOG data pcints per graph. These data points were

;re-pzccessed to reacve entries with a Mach numter of

4
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jarazetez, does not Exist. Since water is nct a tierially

and calcrically jerfect fluid, it is not possitle tc plot

universal craphs of tie variables of interest.

Ic Sain insight into the sensitivity of the supersonic

conical flcw in water to the upstream conditions, a study

was ccnducted in which calculations were performed tc deter-

mine hletker the cone semi-vertex angle is relatively inde-

pendert cf the upstream temperature or whether varicus

Frogram executions are required to snow the variation of

cone semi-vertex angle with water temperature.

Ile determinatior discussed above was made by hclding

the ulstzeam pressure, the shock angle, and the uistream

.ach nuzler constant. Then the upstream temperature has

varied tc determine the variation in the cone semi-vErtex

angle. In crder to 1cld M1 constant, the pressure multipli-

caticr factcr, described in Chapter II.D, was varied until

the Mach number upstream for the new temperature matched

(withir reasonable accuracy) the upstreaiL Mach ruier for

the ciginal temperature. Note that "reasonable accuracy" 0

for zatchinG of the upstream Mach numbers meant matching the

numbers to the fourth decimal place. Table V provides the

results frca these calculations. As can be seen from this

table, tie cone semi-vertex angles calculated fcr the

varicus temleratures are all of ajproximately the saae value

(withir 1). The pressure downstream of the shock wave

varies by 13% as can ke seen in Table V. While there is small

variaticr tetween tke values for the cone semi-vertex

angles, it must be remembered that, for practical iurpcses,

these variations are very small and can be safely ignored in

examirinS the flow cver a cone in water. Thus, it was

concluded tiat the calculation of the cone semi-vertex angle

in water can be conducted independently of the water teper-

ature (at least for the accuracy required for the calcula-

tion cf the movement cf the metal jet from a shaped-charge).

44
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lieizanr and Pcshko [Ref. 11] demonstrate that the

therial and caloric *Suatiors cf state are thermodjrazically

related ty:

Th (4.6)-p KT v - T ;p

Intrcducing equation 4.2 irto equation 4.6 results in the

zight-hard side of equaticn 4.6 becoming elual tc zero.

Thus, fcr a thersally perfect gas, the enthalpy is indepen-

dent cf the pressure, and, hence, enthalpy is a function

cnly cf tenperature. Therefoze, a necessary conditicn for

equaticn 4.5 to le valid is to have a thermally perfect gas.

Icz water, Richardson, et. al., [Ref. 3], demcnstrate

that the teat capacities are functions of the temperature of

the watexr. Thus, ecuations 4.4 and 4.5 are not valid for

water, and water is rct a calorically perfect fluid.

If a fluid is bcth thersally and calorically ierfect,

the ccnditicns acrcss a norzal shock front depend oly on k

C p/C v and on the freestream Mach number. Conversely, if

the fluid is not thexially and calorically perfect, addi-

tional variables must be specified in order to definE the

shock ccditions. Extending the argument, one can state that

the sij zscric flow cf a therffally and calorically perfect

fluid over a cone is a furcticn only of the heat capacity

ratic, k; the freestream Macb number, M, ; and the shcck

front angle, G. As a result, a single graph is sufficiert to

represent all flcws cver the cone. This is the conditicr icr

a peilect gas.

It ccntrast, when the fluid is not thermally and calori-

cally perfect, the sclution fcr supersonic conical flcw is

dependent upon variables other than k, Ml , and .

Consecuently, a universal graph of the shock angle versus

the free-tream Mach iziber, with the cone angle as an entry

.............................................................................4 . * ''



which describe the cone flcw under all conditiors as is

shown by Shapir'o [R. 8]. whether universal results for

the water case could he oltained was not so clear; this

Ecint is ncw discusscd.

lielvarn and Roskio [Ref. 11] discuss the general ther-

zodynarics of fluids and introduce the concejt cf a

"thezzal" ecuaticn cf state. In general, the thermal equa-

tion cf state for any fluid is given by:

f(FQ,7) = 0 (4.1)

for a Fezfect gas, the thermal equation of state is given

pv = (4.2)

where E Anotker eguaticn which relates the thercdcy-

ramic variakles e, v, and I is the "caloric" eyuaticn of

statE, wiicb, in a general form, is given by:

f(e,v,'l) = 0 (4.3)

A caicrically perfect gas is defined by:

e =c 2 (4.4)

cr ky:

h c2 44.5)p

where e is internal erergy and h is enthalfy. Thus, the heat -

capacity (either cv or c ) is a constant for a calcrically
p

Ferfect cas.
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E. EEGEAE RESULTS ICE THe CAILCULATION OF CGNICAL FICW IN

As mentioned in the jrevicus secticn, the calculaticn

procedure was verified for the air case by compariscn with

known results. This ccmparison showed the method used in the

calculaticns was correct. The next step taken was tc deter-

aine if the subrcutines used to calculate the theracdyranic

propexties cf the water gave results ccmparable tc thcse of

Richazdscn, et. al, £Ref. 3], and Fuhs [Bet. 4].

CalculaticnE wert performed wbicb gave results which could

be cczpazed to Table 1I of Fuhs [Ref. 4]. Tahle IV Ereserts

a ccalahIscr between the numeric results calculated by the

program and those given by Fuhs. As can be seen, these

results are, within reasonable error, remarkably similar.

This is nct unexpected since the subroutines used by the

uain liocran to calculate these variatles are essentially

direct language translations of Fuhs' Irograms. Therefore,

the results should be similar.

Havirg verified that the procedure utilized in the

calculaticn of the cone seri-vertex angle was ccrrect

|thrcugh the air re-ults) and having verified that the

program correctly calculated the thermodynamic rcpeLties cf

the water at any point, it was believed that the Ercgiam

could be executed fcz the water case, for various initial

conditicns, with certainty that the results so calculated

would ie accurate. Ecwever, a guestion arose as tc whetier

the calculations perfcrmed in the water case were indEepn-

dent cf the upstream thermodynanic properties of the water.

In air, the only quantities needed to calculate the ccne

semi-vertex angle are the upstream Mach number (Ml) and the

shock angle ( a ) le.g. see figure 17.7(a) of Shapiro

[Bef. 8] ). Thus, for air, the calculaticn of the ccne

semi-vertex angle is independent of the upstream temperature

cr pressure, and, therefore, universal curves can be drawn
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ahout tie computer in order to use the tool. In tkis

program, at understanding of FORIRAN is nct reguired in

crder to utilize the irogram cr its design. Unfortunately,

due tc tie cperating system cf the IBA 370 computer systes,

the sare catnot he said about the steps required in order to

actually use the prcgram. Some familiarity with the computer

systea in use at the users location will be a necessity in

order tc c~Erate the ircgraa ccrrectly.

Finally, as mentioned in the Introduction to this

thesis, the program till provide an excellent test case and

ccm~axizcn nodel for a computer program which mcdels the

actual flow of the metal jet from an explosive shaped-charge

fired thrcugh the water. The actual situation is a tlunt-

nosed, zatier than a sharp-icinted conical, flow prclem

uhich is zuch more difficult to solve. Therefore, a kncwn

soluticn and methodolcgy of solution for the easier prcblem

is a necessary first step to the solution oi the larcer

problem. It is believed that the irogram of this thesis will

zerve as this necessary first step. further, it is lelieved

that, when the equaticns solving the actual flow prolles are

developed in their final form, the program of this thesis,

due tc its ease cf acdification, will serve as the Ercgrau-

uin zcdel for the program which calculates the blunt-nosed

flow 1o ilea.
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APEENLIx A

IROGRAM F1CWCHARTS

This ajlendix cortains the logic flowcharts of the main

Irograz and its subrcutines (i.e. those which have rct bten

descriled elsewhere cr wiich are not part of standard

computer center libraries). The language is kept ratier

general so the cverall logic cf the program can te demcn-

Etrated. If the reader desires to know how a particular

logic se~uence is imilemerted, he need only refer directly

to tie Ercgram secaent which the logical flowchart is

descritirg. The flchcharts included in this aipendix are

listed tElc:

(1) The Main Procram Flcwctart consists of Figures A.1

thrcugh A.7.

(2) function CHKIlP consists of Figures A.8

t.hrcugh A. 10.

4 ) -LuloutiEe DHANG ccnsists of Figure A.11.

(4) Suzroutine W-EOCK ccnsists of Figures A. 12 and A. 13.

(5) !utzoutine WAIVEL ccnsists of Figures A.14 ard A.15.
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APFENCIX B

SABPLI FBINIOUTS

!bis a~lendix prezents copies of the output from vaLicus

runs of the cozputer Zrogram listed in Appendix C. 1he

varicuz saaples illcstrate tle output from the fcllcwing

cpticrs:

(1) A Ccnplete Print of a Water Run
I

(2) A Summary Print of a Water Run

(3) A Ccmplete Prirt of an Air Run, and

(4) A Summary Prirt of an Air Run

INote: in crder to reduce the volume of the thesis, cr. y a

jorticn cf the output froz the complete Frint cFticrs is

included.)
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APfllNLIX C

FROGRAB LISIING

~Ibis a~lendix ccrtains a ccailete listing of the fullj

documented szain jroqiaa named CCNEFLOW and all of its furc-

tions ard sibroutiies. The functions ana subroutines

included in this appendix are as follows:

(1) Turction DTOE

J-3) Tunction DZFAbG

(4I) furction SOSAIR

j!) Ztizoutine CEI INP

(E) Zukbroutine WSECCK

(7) zutzoutine qAIVEL

IE) rukroutine Ell
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