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INTRODUCTION

Mines are one of the most severe and fastest growing threats to
U.S. security. A program was initiated by the Navy to develop the
mission requirements, system characteristics, and technology ncesssary
for a remotely controlled or preprogrammed, self—propelled , submerged ,
mine countermeasures (McM) vehicle. The exact vehicle mission has not
yet been established. Thus, performance and mission parameters such as
speed , endurance, vehicle configuration, payload, sensor, and neutrali-
zation capability are undefined. To define a reasonable range of mis-
sion requirements, the relative effect of many such parameters must be
examined through a trade—off analysis. The analysis becomes iterative,
because the resulting range of mission requirements are used as input
to the trade—off analysis for additional refinement of system parameters.

Because of the large number of factors involved, computerized p. r~~

formance of the trade—off analysis is most effective. A FORTRAN com-
puter program Trade—off Analysis of Propulsion Systems for Submersibles
(TAP SS) ,  was developed to examine a wide variety of vehicle propulsion
systems. TAPSS supersedes an earlier program written in BASIC , whiCh
was documented in an NCSL unpublished document~~~. Although the two pro-
grams use a similar approach in performing the trade—off analysis, TAPSS
has expanded capabilities, including (1) use of FORTRAN, a more uni~er—
sal and powerful language, (2) an accurate drag calculation to account
for laminar and transition flow (in addition to turbulent), and surf ace
roughness and protuberances, (3) cruise and dash mission speed input ,
(4) accurate, nonlinear relationships relating volume to performance and
payload type, (5) complete versatility in combining types of er.Rines and
fuel systems, (6) a component weight calculation to check and correct for
neutral buoyancy, and (7) an accurate hull structure algorithm which
accounts for the strength and elastic stability of both the shell and
rib stiffeners.

(i)Naval Coastal Systems Laboratory Technical Note TN396, Computer-Aided
Trade—off Analysis of Submerged Minehunting Vehicle Systems , by R. S.
Peterson, April 1977.

I
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PR OGRAM DESCRIPTION

TAPSS calculates vehicle power, size, and dollar cost as a function
of mission (total endurance, dash speed , cruise speed , and percen t
cruise time), engine type, fuel system type, component densities, vehicle
geometry, and numerous functions relating to cost, performance, and

F volume . The calculation scheme is iterative. The program assumes an
initial estimate for vehicle size and calculates the corresponding drag
coefficients and power required to propel the vehicle at the specified
speeds. The program then calculates engine volume and fuel volume
needed to meet the endurance requirement. The vehicle is scaled up or
down to accommodate the resulting change in volume from the original
assumed value . New drag coefficients are calculated , and the process
is repeated until the volume change becomes small. When the calcula-
tion converges , the resulting power , size , and cost are printed out.

The basic layout f or the M~M vehicle is presented in Figure 1.
The position and sizes shown for the various subsystems are arbitrary
and intended only to illustrate the volume build—up scheme .

INPUT AND OUTPUT

The following input is required for TAPSS:

1. A set of 40 volume functions.

2. A set of options to identify engine type, physical state and
type of fuel, oxidizer state, type of battery, and technology time
frame.

3. Miscellaneous information, including propeller efficiency,
fuel/oxidizer mass ratios f or hydrocarbon and hydrogen , instrumentation
power requirements and seawater temperature.

4. Wing information: a number of equally sized control surfaces
and , for each, a thickness to chord, chord to body length, and span to
chord ratio.

5. Axisynunetric body information: prismatic coefficient, length
to diameter ratio , nond imensional wetted area, and hull volume packing
efficiency.

6. Volume information: a total internal volume estimate to ini-
tiate the calculation; fixed payload volumes for navigation, sensor ,
and mine neutralization instrumentation and equipment; and a control
instrumentation sizing factor .

(Text Continued on Page 4)
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7. Roughness and protuberance information: height, drag coeffi-
cient, and fraction of total area covered for protuberances; average
grain size in mils for roughness.

8. Weight calculation information: a set of factors relating com-
ponent weight to size or performance.

9. A set of densities and cost factors associated with subsystem
size and performance.

10. Hull weight calculation information: depth, material modulus
of elasticity and yield strength, and safety factor.

11. A series of missions, each including a total endurance, cruise
speed, dash speed , and percent of total endurance the vehicle is cruising.

These data are read by TAPSS from a data file called TAPSSJDATA (Appen-
dix A).

The 40 sizing functions (presented in Program Listing, Appendix B)
were derived from a search of literature in both the private and govern-
ment sectors.

The computer program calculates and prints out resulting cruise
power , dash power, engine and fuel system volumes, ballast or buoyancy,
vehicle diameter and displaced weight, and approximate system unit con-
struction cost. A sample output is shown in Appendix C.

CALCULATION SCHEME

The program listing and sizing algorithm are provided in Appendices
B and D. -

In determining vehicle volume, the program first uses the appropri-
ate volume functions to calculate the volume occupied by each subsystem
component (based on the component’s maximum outer dimensions). Next,
the volume is increased using the corresponding packing factor function
to give the vehicle volume occupied by each installed component. The
installed volumes are then summed and the result increased by dividing
by the hull volume efficiency to include the volume required by the hull
and other structures.

Once the total displaced volume of the vehicle is determined,
vehicle shape information is used to calculate vehicle diameter and sur-
face area. Depth and material properties are used to calculate hull

4 
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thickness, weight, and spacing of stiffeners~
2
~ . Next , mission speeds

are used to establish the drag and horsepower values and, consequently ,
engine size. Horsepower and endurance are used in determining fuel sys—
tern size. The resulting engine and fuel volumes are added to the
original estimate, yielding a modified vehicle diameter. The drag calcu—
lation, and engine and fuel system sizing are repeated , and the iteration
is continued until it converges.

There are several important assumptions involved in the sizing cal-
culation. A volume—limited vehicle is initially assumed ; that is, the
size of the vehicle is determined by individual component volumes , not
component weights. When the calculation converges on a final volume,
the difference between the vehicle weight in air and the vehicle dis-
placed weight is determined . Neutral buoyancy is achieved by adding the
necessary ballast (which is not allowed to affect the volume) or the
necessary air volume (which is not allowed to affect the weight). In the
latter case, the vehicle sizing calculation must be reentered . The calcu—
lation quickly converges upon a vehicle meeting both volume and neutral
buoyancy criteria.

DRAG CALCULATION

The drag of an underwater vehicle is a function of many variables,
including velocity, temperature (viscosity), surface area, surface con-
dition, protuberances, control surfaces, body fineness, and the type of
flow (laminar, transition or turbulent). If the flow is fully turbulent
and the body smooth, the drag coefficient may be calculated easily with
a high degree of accuracy. At low speeds, however, there is a possi-
bility of laminar or transition flow, particularly on the wings. In addi-
tion, roughness and protuberances are always present. Although not easily
calculated, the contribution of such effects can be appreciable and should
not be ignored in propulsion system—sizing calculations.

Table 1 illustrates the TAPSS drag calculation method. Four Reynolds
numbers, corresponding to the dash and cruise speed for the wing and body,
are calculated. Drag due to lift is neglected. Each of the four cases
is directed into laminar, transition, or turbulent flow drag calculations.
If laminar, the theoretical Blasius solution~~ for smooth skin friction

(2)Faires, V. M., Design of Ma chine Elements, The MacMillan Co., 1971,
p. 523.

~~~Hoerner, S. F., Fluid Dynamic Drag, published by the author , 1965,
pp. 2—4 and 5—3.

(Text Continued on Page 
7)5
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is used. If the flow Is turbulent or in the t rans i t ion region , a ~.-d .  -

fication of the empirical Schoenherr reiatiori~~ is used to ~a1 cul.st.
smooth skin friction.

The contribution of roughness to the skin friction is estah1~ st~td
as a function of relative grain size (k/i.) where k is a represert .~~

sand grain diameter and i. is the body length or wing chord . A ‘~~ t le
relatin~ relative grain size to typical surfaces is provided h
Hoerner¼S) . Hoerner constructed a set of experimental data showir~ t~M~
contribution of roughness to the modified Echoenherr smooth ski s ! r f c t i ~
as a function of Reynolds number and relative grain size (i-b ernet ,
p. 5—l)~~~ . An analytical expression was derived to reprodu~e t he expel.
mental data for use in TAPSS.

To establish the contribution of protuberances (such as r i v t ’t s )  t~
smooth skin friction, a technique presented by Hoerner (p. 5—7) ~ -

modified . The resulting expression gives the contr ibut ion due t~
tuberances as a function of Reynolds number, specific drag coe t fi ‘ent-
relative height of the protuberance, and fraction of total are-s ~o’.- - r - ~
by the protuberances. In each case, the total skin friction is ra~ u-
lated as the sum of its individual components. The combined ski” tn-
tion value is used in the body/turbulent total drag calculation and in
the wing/turbulent and wing/laminar calculation. For the body/tra r—i t iur
and wing/transition total drag calculation, two factors are calcul.s t ed
which represent the ratio of total skin friction to the smooth c,~in  ~ni.-
tion (RPCB and RPCW, Roughness and Protuberance Contribution for ~ -

~~

and for Wing, respectively).

The total drag coefficient , based on wetted area, must account for
shape form drag and thus is a function of the length to diameter rat i .

As body flow is not likely to be laminar, this case is neglected. A
rough curve fit to data given in Hoerner (p. 6—l6)~~~ was developed t o
calculate body total drag in transition. Since these data give the
total drag coefficient for a smooth surface, it is necessary to m ult ipi .
the drag by the factor (RPCB) determined in the skin friction calcula-
tion. For the body/turbulent case, Hoerner gives an e9uation relatin g
the total drag to the skin friction (Hoerner, p. 6-l7)”~~~. The skin
friction used in this expression is the sum of the individual contribu-
tions described previously.

~~~ibid.

~~~schlicting , F . ,  Boundary Layer Theory, McGraw—Hill Book Company ,
1968, p. 602.

7
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The total  drag coef f ic ien t  fo r the wing is dete rmined for any of
the three types of flow. In cold water , a small wing at low speed
would likely encounter laminar flow. In this case , Hoerner supplies
an equation for  the total  drag as a function of skin frict ion (Hoerner ,
p. 6— 5)~~~ . The skin f r ic t ion value reflects the contribution of
roughness and protuberances. Hoerner provides a similar expression for
wing turbulent flow (Hoerner , p.  6—6 )~~~ which is used in a like manner.
For the t ransition case , however , Hoerner presents only experimental
data giving the total drag coefficient for smooth wings as a function
of thickness to chord (Hoerner , p .  6—2 ) ~~~~~~ An analytical expression
was derived which fits these data. The resulting drag is multiplied
by the factor RPCW, determined in the skin friction calculation.

The entire drag calculation is performed for both the cruise and
the dash speeds. In each case the total drag coefficients calculated
for the wing and body are multiplied by their respective wetted areas,
summed , and multiplied by ½ pV2 to yield the resulting drag force.

SUMMARY AND RECOMMENDATIONS

TAPSS , a FORTRAN compute r program , was developed to calculate the
power , size , at~d app roximate cost of small , dry subinersibles as a func-
tion of speed , endu rance , and a group of input parameters and functions .
This prog ram enables the user to examine a wide range of vehicle configu-
rations and missions.

The user should be awa re of the simplifying assumptions used in
the analysis . The three most important assumptions in the sizing
algorithm involve the drag calculation accuracy, shape limitations, and
volume fu nction accuracy. In the case of the drag algorithm , it is im-
possible to predict precisely the transition from laminar to turbulent
f low , and the drag contribution of protuberances and roughness. In the
case of shapes , situations could exist where the specified component
would not fit into the vehicle , even though the various volumes sum cor-
rectly. For instance, suppose the program determines that, for a given
mission and set of input parameters , a 2—foot diameter vehicle requires
3 cubic feet of electric motor. This would pose a problem if the re-
quired off—the—shelf motor has a diameter approaching 2 feet. Finally ,
the accuracy of the results is limited by the accuracy of the volume
functions. These functions should be updated with improving technology
and additional information.

( 3)  ibid.
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The vehicle size predicted by TAPSS is only an estimate . The ab-
solute size should therefore be used only in the preliminary design
stage.

TAPSS should be used principally for two functions. First, the
program can assist in defining a reasonable set of mission requirements ,
given cost, and technology limitations. Second, once the mission is
narrowed , the program can expeditiously minimize cost •and size or maxi-
mize performance by manipulating vehicle geometry, payload , and propul-
sion system parameters. Analysis of the resulting matrix of vehicles
will lead to a preliminary, optimum configuration. TAPSS exhibits much
greater accuracy in performing the latter function, because the relative
effect of changes in subsystem parameters can be more reliably assessed
than the absolute size corresponding to one set of subsystem parameters.

(Reverse Page 10 Blank)
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- SI l O t h i c k r t ~~~ to cfloi’d i- a f r o
W IOL I- Input ri nj chord icr body len0th  r a t i m m  

SIC 0 - . :~ pot  ml i rt~ -j Im t o  rurni c l m o r ’d r a t i o  — —~~~7 ,) POCI C Input lb 1 PoSy p r i s r r a t i  c o e f f i c i e n t  PRCF = hull displaced volume/P~ 
-

(BD) (SI)] where Ot t • maximu m ve-
h icle diameter and 81 veh ic le

- - — —  - 
PLAIT As input - F l it  Body lenj~h to diameter ratio 

- - - - — - -

HOF F As Input Fit Hul l~ uolu me ~(~Tciemc y H t ~~~~~(su)n of component iOist~1T~ed volumes / ( hu l l  di s laced column )
S1IWET As Input FIG Body m omd itn emc i or ra t wetted area 8NWE T • wetted area / vehic le

r ~~~~~~~~~~~~
V l S i ’  As Input 1111 I r r r t r r l  m u t i m a t e  of  total installed A reasonable estim ate will in—

- - - - -  colrppnent vol ume; in cubic feet crease S~eed of conoe~je nce.
VtlriV As Input 1101 Vo lu nr e of rr au r qation equipment ; in

cubic feel
VOL t I As imp u t FF0 Volume oF censor equipmen t , i n  cu bi c

feet
- tAu t - 

~s imp)jt flIF Vni~~~~~ f P ~~tP izui1xiP equi t r r ’~ r t .
in cub ic f eet

P111 As Imp ut ITO A~ t r p of control equ i pmevl r-o lrce )e to

- 
u rprfiie diameter

H PP Ac Input 1 1 mm it f p otuberanC es in feet
‘0 4 100 A c Input  l i i i  InS c r - l a d  I draq c o e f f i c i e n t  of pro See Hoerner , Fi o rd  Dynar ’ rc Dr~~.

t mr he’ r r l m e 
— 

l965 . p 5 7
11’PT Os input F l i P  Fr - -ru ‘ m an of total welled area Covered

hy pratu be ra mces -
A SIOM A c Input 110 Overarje sand grain s i z e ;  in o i l s  See Hoernee . F i o r d  Dj na r-u rc !cs~ .

1965 . p. 5-3
i i  0801 A I p t TT5 II n ty of Briyton em0 i e syste m Tn€~~ va lu es fo Oe 1 1 3  ~~2Tb7

DICE Ac Input - rIb - 
lIens rtj af r i r tPr ga corr’hcst inn e09rnP  to f t

011.11 
-  A~ m 1rrr l  ITO - 

Pen cil 1 of  e l e c t r i c  rotor 
- - -

- u s  np - r I  110 Din - r I 2 of ‘eel c e l l
L I I  4’ lnj ret  110 

— 
l O r r y  it  lISlE r orohustor Density is based on riraufer um linear

11(0 1 it’ Op t Ill) Ilr ’ r r -  ‘y Of r a r b o r  blo c k corohusl or dimensions vnd not disp l aced v o l u me
- - ‘ ‘ 4 ;
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NAME VAL UE FORMAT DESCRIPTION REMARKS

TA PA SS 4 01115 As Input 110 Dens ity of control instru nrentat ion and Enter va lues for R e c o r d -  i re d  ‘1
DATA eu,uf pxient  in l b / c u  ft
( Cont’d ) DNAV As Input 110 Densi t y ~f nav igat ion  irrstrumentat i o,r 

- - an_d C ~u1ptnemt 
DNIFT As Input 110 Density of ins t rumemtat ron and equi p Density is based on ca r ‘ ‘cur u r i c / i

- — - - 0tQn~~_t9r BB~~ra 1~~ ers dime r ,s ron c  and not d isp laced ar m l c i r u C

lIStS Ps Input 110 Density of inst rumentat ion and equip-
ment for senso rs

0HMF As Input 110 Density of hydrogen metal matrix storag 
-- 0y1tAP0 - -  -

- OHLF s lop - 110 si~y of~~ydrojen 1 i ~ uid st Pr~~~ -) 5 D145~   As lpput PTO~ p~~~ t~y of ouseous hydrq~qp sto ry~p - -
DHCF _ ~s jppp~ 110 Dqpuj/y of hydrocarbon ato r~~e
pQXGS~~_ A s I ~j rut flO - Dens i~,y of orçya~en jas storaje
DOXLS  As input FF 0 - Densitjof ovy~e n l i quid stora~e - -
P875?  As lr iput 110 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
DITLI  A s i ~jp~)~ ilP , ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -  

16 C NAV As Injn~ F l O  Cost pf n 1iv~~a tiox ev_uijgoent f lit cos t s , except CHP , are in
COI N As Input FIB Cost of sensor equipment thousands of do l l a r s ,
CNUT As Input FF0 Cost ot neutra l i za t ion  

equipment — C CB As Input 110 C0’,l per foot v e h i c l e  diameler For con— 
t r o t  eaurpftent 

CBR [ 
- - As Input Fit Co s t  per PbP f o -  Bray ton eno rne 

CTOF As Itr put - 
$10 

-  Cost per sh~~ ror t,~~ tom fuel syste m
17 C I CE I ts  Input - 

f I b )  Cost per obp for t C rn1i n e
CSZB As input FIt 1051 per Shp .hr of silver zinc

-  bat ter y
C L I 0  - - As In put F I t  -  Co a t  per shp-_hS_rr j  l i t h i u m  bat ter j
CFC nput F IB  ~~~~~~~~~~~~~~~~~~~~~~~ CEM Ac Input Flt Cost  pyr shp for DC m oto r
CHIT~ Ks lA trut c-o~i pe /~~~ T~ThT c(P~ Pb~WTuèT -

5 tora~y- - npul Fi O Cost per cv Tt of hydrogen gas
- — 

sto~~~e~~~~~~~~~~_I(T~L Ks Input 110 Cost per cu ft of hydrogen l iqu id
st ora1e s

~

eer
CHDM As Input FF0 Cost per cu f t  of hydrogen metal 

i rat r i x stora~~~s~~~~ rc
ICB~ As Input F l O  Cost per cu f t  of oxygen gas storage 

-  51st~~ - COAL As Input 110 Cost per cu f t  of voyqen liquid 
storqje sypstem - -

- c~L L0PrOt ft  C o c t p o r J 6 a h u l j m~ter ia j  y a b o p  p
- - 19 - DEPF A s l pput F t P  V e h i c l e  operat eptlr , f n  f e e t

E P S I  - - As Input - ~F,iO mater ia l  nrodulri s of e l as t Ic i t y , ps
SPS I As I!r2i t~ - 110 l~ r i a t e r ia i y ielg str en~ t h , psi _
OPCF Input - ]pIl b’3 tp7)a Lh p) r ,t1.~~ b!Cik f t
SF An Inirut 111) Hid I f a t  lure safety fac tor , ) .0 SF acc vonlc for de pt hs i rm 011

of o p e r a t r o c  dept im , bo ’ l  : F r l r u t r r r _

- - 
l ions • and hul l  abe l- rd t i - i c  -

(Reverse Page A-4 Blank)
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-I 
_
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THIS PAGE IS BEST QUALITY PRACTICABLE
FROM C~)rY 1Ukth1Ski~.i) 1’OiJ lC

CF UEL’CI’RI *S 1- FD(T, .,t ) ‘O0(417 (
V F U F i 1~~v C I C , P F C ( H V C R C )  ~C0C41b I .
GE TO 7011 (00 (4191-

C IC FILL A ND LXIDI ZLP VOLtlI-’E C Al (UI AT1 II N cOO (42 01
143 GI TC (251,252)’ 101 4 C m  rCflC421 (
2’I OI L F A4. ,1.0 ( r 0 0 ( 4 2 2 (

GL to 71 5 (0C1423 (
2~ 2 DIL F A(:O .8 (‘00(4241’
215 GL TC (1S1,1 2,1~~3,I’4), 

114 11 (0flI~425(
C IC~~~1 - YDRL 1N M E T A l  M A T R I X  AN D 1310 171 -14 ((14 CR GAS) (00 (4264.
1’4 W T F’w4’1cH (l ,J) .L P~((I).(( 1. P(C(J) /l0O.). (mll d ( 42 1(

IFICH(I’C p,)’PC (’(.j)IICO.) (CO(-426(
w 1 f . W 1 F* r I I I FA L
V(4MF V4 - M(W T F ) tI’C (436(
W FU F L C I- .MF*V I- I’F ((1(114311
CFUEL ’tM flM ’V I-MF (00(4321
VF U E L 1— V ,-I MF /P Fl-N (VI-P ’f ) (‘C0(433(
CALL 1-310/ 1- (NI-C, 1.l- D ,WTF,V r X T U T , T 4 U F L , T C  XI(” ,DLI X L S ,fl UX (’ ,S , .U XID , (-0C1’31((

ICL PIC ,00XL,CC XG) ~0(~L435 (
GI IC 700 r00 (43tm (

C IC”I”YDRL O,lN (101 -m ID A ND (m XICI 7 FP (LII. (11- 045) ~‘0((437C
I’3 WIF *WI ’TCH (I,,J )*lPuC( I )* ((l • P((- .(J)/ l( l (’ .)4 (r(l(’1431’(

*FIC H(1’(C)*PCC (,.J)/jCO.) ~e(’14394.
WIF ~~W 1F ’ flIt F A C
V (4LF S44 — L C W T F )  (0(1,44 1 1
WI uEL’ r l -LF Iv I - ’ LF r 0 0 ( 4 1 ( 2 C
CF UELLCI-D L .Vl-LF (‘0(11- 443(
VFUF L 1 VHLI /PF I-L(9$-’ LF ) (0(1(41(41
CA L L  13(021 - (4- 1 ’C ,1 ’Mfl,4~t F ,V 1 3 I L~1 , T F U 1 C , I L X I T ’- ,fl U X lS,rU3C ,S ,l4 UX1L , çOO (A14 5 (

$CL X I D ,r U X L ,0 0 A G )
61 IC 70(1 (N1C44? (

C IC”P’Y D R L G E N  GA S  ANT ’ 0611 1 121 14  ( 4 1 0  C M  GA S )
1’2 WIF’WI’T C 1. (I ,J ) *L NC( I)* ((1. P (I(J)/10D. )4 ((‘0(4441

.FIC4- (1’CLl)*PC (’ (,J),1rO.) ç 4 ~C ( 8 5 ( (
WTF ’WlF ’fl It F At ( fl(r145) (
V I - G F * V P - G C I I T F )
WI UEI’rHr.I *VI- (’F (‘(‘(‘6 453(
CFUEL :r l”flG*Vl-CF c ( ’ 0 ( Q 5~~

(
V F U E L 1— V 4 - I G F / P 1 $ - ti ( ’4 l ’G F )
CALL CX TCZ H(h 1 - C .1 ’M D, W T F , ’ 41 ’XT LII,IFIlIl ,TL 3IO ,OUXL S,rU3CS,~~UXI&~ (‘0(1(0584.

$CIXIC,111L, C4’8G ) (‘0014514.
G( IC 70(1

C I C — — I - Y 0 R 1 ( A R 1 ’ C N  A N D  (110121-P (4 I’ DR GAS) c C N r A S V (
1’1 W IFSW1-TCHC (1,,,l)*FI1.C (1). ((1. PLC(J)/1 (” (l.)4 ~00(146U

•FICI’IC (RC D)’PCC (J)/tOfl. ) cC01061 (
W I F s ~~1 F e f l I L F A 1  ( 0 ( 1 ( 0 6 2 1
V4 - C F V F ” C (W T F )  ( (‘(‘(4631

B— i].
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~~~~CO?X ZU1~.NISkiE.1) IOD~C NCSC Th-232-78

WI UI L* rP . C f  * 9 1 4 ( 1  (‘001 0644.
C Il.mF L c( ’MCf ‘ 9 4 - C F  ( ‘ 0 0 (4 6 5 1
4 I U 4 L l ~~4 4 u C F / F F I - C ( 4 4 C f ) $ 9 S C P R ( V I 1 f )  (004 .4661
CALL L IIOIP( R4- (.PM0.WTF ,9I* !D1,IFIiEL ,I (’*T ( ,LO*LS ,Dl’XGS , WC XID , 000C167 (

$ C L o I C , r (  O L . C l ’ X G )  ( r f l O C *641 4.
Cl IC 7C 0 ( -00 t a69 (

C h A 1 T C ’ e l 4f1’ -~~F • W I 10,4 -1 ,  A N D II’~~T ( 1 ( ‘14 (I L O T R I D  MLTC’H ) (-(‘014701.
102 91*101*0. 0 c(’0(471(

W I XII ’,’c .C  nOOC A72 (
C C * I r ’ g r’ .’
S4” PHR &S4-PHP4F NO (l) *P 1 (ST *I.141 

~C0C471 (C
CL IC (25 6,2’4)’ 11 - AT I (‘00(4754

2 ’ P  V b T S ~~~4 I L I ( S I - F I-- I4 ) ( ‘ 0 0 ( 1 ( 7 6 4-
W I U 1 - L * i 4 - T L I * l l 4~IL1(~~MP,”P) (0011(771
C I U F L ( L 1 1 ’ * S 4 — F I- 44 (‘00 1, 1(784.
CL TO 257

2’9 Vh TS r 1. FTS 1( S HF -I-N ) (00148(’(
4* F UI I ‘(P IS? * V 1’ T S7 1 5 HF - ‘N ) (‘00(4811
C I U I L ’ C S 7 6 ’ S I ’ f- 4- k e 0 0 L4 8 2 L

2 ’P V F U F L I z 4 P I S / F F 4 - T ( ld F T S )  (‘0 0 (4 8 34 -
Gi IC 70( 1 ( ‘00 (4801 .

C F 1 m L L  CELL 4 1 1 1 1 4 1 ,  4 * 110 1-41 ,  A NIt (‘(ST (FOP II I(’TRlC MOTOR) (‘C0(485(
1*1 SHPD(1,,j) S1,Fl( I,,.)+ (PINS T*I .341)

S4-PHR*SMPI-R, F1.0( I )* (PIN ST*t.941) (00(4871
CL IC (IQ I ,I 9’e,103), 1 T 1M 1 (‘00(4881

101 VF CS =4 FC I (I ,,J ) rOO tatc4.
V E K G I * V F C S / P F F ( ( V F C S ) + V E N I , . I (rO(1(4 9( r (
MLNC. * Mf  1C.+UF(S *VFC~ ~00( 09I(
CI NG’CFNC ,+CF (’SF’FL (I,,.j) (‘(‘(‘(~~924W T F *WI-FC1 (S I’ P I’ - F )  (00(4934.
CL TC 194

102 V I C S ’ 9 1 C 7 ( I , . J ) ( ( 1 0 ( 4 9 5 4 ’
! I L N G I L V F C S / P F F ( ( V F C S ) + V I P * I T  c l I0(4 96 (
WL NG :MFN0+rF(’S *VFCS (CCP,497(
CI NG— (FP.0+CF(*SHFC( 1,J) (00( 494~C
w7r *w11C2 (S4-Pf’F) (00(4991
(‘.1 T O  194 CCC (’0(,m ’

103 VICS X C FC3 (I,, J ) (‘0O(’0l(
V E N G I ’V F C S / P F I C (V F C S )+ V E N O T  (‘C0(’02(
W I N G W F N C + D f ( S * 9 F C 5  ( IOOL’03(
C & N G * ( F 1 . C ,,C f C * 5 I ’4 P L ( 1 ,J )  ( t O O L S O A (
WI F *W 4- FC I(SH PM F ’) (001505(

C FI L L  CELL f I l l  I VII U~’1 • W I  IGHI • P K T )  (1ST (C0(’06(
104 Ct IC (IQS,19 E’,1 97,10P), ~~!FL
105 w kjIE (3.25)

STEp (001c09(
106 VHG F R4 - G ( W T F )
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T. }f IS PAGE IS BEST QUALITY ?RACTICAB~~J~jjJ4 C%Jry ~~~~~~~~ TO i.~DC
WIUEL srMCF*VHIF (0((’lI(
CIUEL ’CHDC’VMOF c00 ’12(
V FLI FL I.VW CF/ P FMC 9I-G4 cO0C’13 (
C A L L  L I I T T 2 F ,  (kI-C,I, I.fl ,W ’ T F , V C I T U I , T F U I L  , T (  V I r , f l L i * I  S , I ’ U X G S ,W UX I L ’ ’ ( ‘ 0 0 ( 5 14 4

A C C X ! 0 , I C I L , C( ’ l r  ) 0 0 0 1 - 5 1 5 1 .
CL IC 20(1 (‘(lOI’lt(

167 VI’Lf’41-L O’TFJ (‘00(’17(
W I L J E L *(”MLF*Vl .’LF
C IUEL (HDL *V l’LF 000 (5191.
VFU F 1 I = V M L F / P I M L I~4I—LF ) (‘C0(’2t(
CA LL L 1Irl/R (RI-( ,F4Fr,h1f ,V13TT’1 ,lFLjf ’I ,If”ITC’ ,LJOX LS,D f XCS,1’C 6ID, CCO (’21 (

5CC X I C , C [ X L . C I ’ X ( - ) (OCC’22 (
CC TC 70(1 (-00LL234.

108 VI -’ 4’4Fi ’v1 -’ I ’ ( W T F )
WIUE L *r I’.*’II*VI-P ’F (00t’254
C F U E L ~~( Hf l H *V I - f r F  ( ‘0 (1(5261
V F U E L I * V W f r F / F f I - M ( 4 ! - M F ) ( C C ( ~~?7 (
CAL l L lI fl /R (4-MC, 4-4-0 , * T F . V ( 1 T U I , 1 F l J I l , T I 3 1 f l , I ’~UXL S , I’UXGS ,*LJX1 L , ((‘(l(~~2#I.

A C (X I O,(1*L,Cr3!’- ) IO OL’241’
C ( ( ‘ ( ‘ 153 ( 1
C SUP” 401UP ’FS . WEI GI’ TS , 4 1 ( 1  CCS Tc (00(’31(
C 14ILL DINU PR IP , CON . ~E P’, NFU I. A KI)  N A V lO(’(’32(
C ~,C C1’33(
21’O V I - N O P I : I I F K C I+ 4 F U F L Y I V[ 1 I I ’,I

V C D N .t - r ’ v c r  rC0 (~~35C
91.14*’  1. (C ~j+VNA V +v so, 4 ~V~~1 1. 

4I” I. l~F’ 1 ~‘00C 531’r
WC IJ N *1 (LN’VCCK ((‘0(c3~ (
CIUN :CCD*P0 ( CC( ‘381.

— CF’ULL CM P*W(4I LL /I(r0 .(
W 1 . A V : L N P V * V 1 . A 9  (0(’(’ I iUt
W S EP4 ~ t-St , N * V S F P .  ( 0 O L ’ 4 1 (
WF ~UI*1 P~L T ’ V N C ’ 1  (( ‘( 11 CA � (
W1.EWIPuI1 .C ’,+ W F l I I + W E X I C + I ’ I C C N + 4 ’ P M V + W S E N + 4 * P . L T 4 M M I I L L  1( 10(543 1
CLSI C F l ~I’.+ C F l  E l .CLYTC +CC CN+ (4 A V +OS E 1.41Nl T 4CHULL
Of w T : V 4 - U L L ’ 4 4 .7 (CO ( ‘1(54

C ( ( ‘ C l  5 4 6 1
C CA LC L L A T I  V I T L U 4 - F  INC IF AS E HE~~I TR IO

C (0C1’1 (8C
C IF 141411 - , I 4 E C A L C I - I A T I  (C ( l ( ~~ 4 S,t

C IF SMALL , C I-4LC!( A N D  p rJ l - S I  FU~ 1 . L O I 1 C A L  p 1 ( 5 4 4 ( 1  ( 0 0( ’ 54 - (
C 11 N E G A t I V E  ( F R O M  P1.141(115 C4I (4 4 -AT TI N), (HICK FCJ II N E I T R A L  LOOt 55 ) (
C PCI1YAK! ’ Y (VWCI’’A9(, CI’ L A S h  TI” U (4Lc ClIA T 1 ( N ~~) (C C(452(
C (00-C’53(

I F (V I K r M •IT . C.!”) GO TO 8’I C C C I I ‘544.
V I NC R~ C V NE W +V b 1-, DY 3 — 9 9 1 4 -  (- (‘Cl ~C ‘‘1*1140*’
II (IEX T .1-C . 1) C,C TO 20)
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W 1’1IF (~~.41(2) ~00(55bt
W 4 - I T ( ( 3 . 7 2 ) C F P~G , C f l E l , C O X l 0 , ( ’ L V N , C H l m t l
4*4-1 1(17,383 (00(5601
w 4- I IF ( 3.22 ) VI N G T , V F I m F t  I,V C YIU I ,V N FW , 9N1b , (‘L 51,DHW T ,V TNCN (-00(5611

I •‘1X TLNU ~~’ (00(t62(
2!’l IF (*b c( V IN C N ) .01 . (V4-UL L II”LI .Q)) CI’ IL 550 (‘001163 (
C (441(1 F t I ~ Nr L 14 -A L 8L 154N C 5 (0015644
8’l 9I-O(D’V (4IJLY (00(5654

V I NCR’(’.O ( ‘ ( ‘01 - 568m (
V 4,UDY ’MNF4*/64.2 91.CW /144 EFF 000(5671
1 1 ( 9 1 ( 1 - I ’S . 4 1 . 0 . 0 )  GO IC) 51 (100(C68(
IF (C 4PI 1 15—94 - 1 - CU) •LT • ( 9 4 - I l l  / I (((.0)) (.1 10 51

( •*~~~~4~,~,**
14(1(91 .1C. 1) Ct IC 57 (00(5711.
4 * 4 - 1 1 1 ( 3 ,4 4 3 )  000(572 (
WI’ITF (3,59) (001573(
4*4-111(3,27) 4*1.1 W ,VF U PY ,W E NG ,MF 011, 1 , W O X I O , 1 - C 0 1 . .W N A V , 4 * S F 1 , W N U T  (‘00C5714 1

C a’1411Nt).’ (0015151
57 GI IC ~5fl rOOCSZb (
C A DJIjS1 VCP’ NEI TR AL PC C Y A N C Y  1o0(’77(
Si IF (9P1053 91,42,03 (00(.5701(
91 PL L A 0~~~(V (4lDY *60.2) (0015791

VA j R .4-,O (0OC58 (,(
GL IC 94 (OC (581 (

~~ PL(AC*~~.n (0(1(5821
VA IR .4- .0
61 IC 04 (‘00(584!’

93 PL(AC*(’.cl I001585(
VAIR:V F UOY (100(5821.

C
C O I I1 PLT R 4 5 L L 1 S  ( O O C S C P C I (
C (0015691 .
94 4*4- Ill (3.?e’ ) 1’54-N ,FN ((1),Ck!7 (J),OASM4(J) .h’CC(.J),S4-PC (I,,,), ((11J159 (m(

S4-Prl (1,,J) ,lF~~l 1 , VIIF: L I.V C AI l T ,P LFA D,V A TM. IP9I ,bP, C C ST OCC591 (
C00(592(

C NFW SPIEL ((‘(11-5934’

21’S C (NT 11.4 4. (1’0L594(
C NEW 1 1 . 0 1 4 - 4 1 . 0 0  ~00(S95(

4*4 - I T E C  7.437) (001-5921
210 C IN ITNII

S1IJP (‘0O(’96(
1- No

C (100(-A O 1(
C (C0(A UI (

S (BRC (TI’-IF C ’Olr ZP (144-C,R$O.M’1 - .4r$Itl1 ,TF I It ,TlX1U , (1 1l S ,
AP E * G S, hCYhi , rl*10 . (’C) *t,CC* ()

C (‘00! * 0 4 1

—
p
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C SVb R( ’uTIIs E C A L C O L A T F S  I N S T A L L F (’  V O L u M E  CI 1 1 4 .  IR o*s
C O X ID IZE R FOR EACH TY fE (‘F FUEL (100160b (
C (‘00(60?(
C OXYG EN GAS (3, 00(1 P SI ) *4*11 ((11. 1*1 4 *4*1 -NT (‘00(6064.

VOXG (I*r* 3.3.04 (1.067*90* CCOC FO 9L
C O X Y G E N LI4.I I IO 4141’ C O N T A IN M E N T  (00(8(0!’

V(’ X L ( P ( ’ X ) s 3 . 0 . C . ( ’ 1 1 9 . W 0 X  (‘00(6 111.
C O X Y G E N  GAS (0016l� (

PF E 3 X G ( 9 C X G S ) . o . 9 5  ( 10 O (6 13 (
C OXY GEP S L T4.UII ) (00 (8041-

PFOX L (VOXLS) .ct .95 ~0O(615 (
SI TO (I AI.162.182.167), IFI’EL

1 61 W (JX .4*IF /RH C (0(1(607 1
GO) TO 17(1 (‘0016)61

162 WCX .W IF/RHD (‘00(6191.
170 GO 10 (171,172), I0X III (‘00(6201
Ill V C X G S S V C * G C W C X )  (0O (621 (

W L X I O S f l O * G S * V L * G S  (C O(622 (
CC)X ID .CCXG *VCXGS (00C623 (
V C X I O I S V X G S / FFO XG (VO3(, S ) (‘(‘01624(
RETURN 0001

172 VCXLS ’VOXL(WC * ) (-00(626!’
W 0X10 ’ (1O X L S*V CX L S ~CO C627 (
C1XIO’rCXL .VOA LS eO (116281
V (X I O I . V f l X C S / P F O X L ( v (’ 3 l S )  (‘00 (6294.
R ETUR N (~0O (03 ((
END (0(16311

C (0016 32! ’
C (0 0 ( 6 3 3 1

SI1(RC I T % 1 4 1 -  D R A G  (100(631(4’
C (100 (635 (
C DRAG C A L C L m L A T I O 1 .  (‘00 16361
C A t I  F IN A L C O E F F T C I 1P’T~ (‘Al C UL.A1F’t) WPI/ 4*07110 AREA (‘00(6371
C ~00(8344 C

CI MMOP . RW D,RWC,I’ IPE ,RPC,COWO.fLIWC ,CDPr.t(P C,CFW D,CF I*C, CFfC ,CF 6C , (00(6394.
$RP CW O , PP CWC , RM( ’Br ,RP (HC ,R ,4- C , 4 *C ,A ,C F PA S , (IPUF ,C FPkT. CI , (‘00(641/ C
$ 1LX T ,1PE Y ,flA S (4,CRt? ,w C ,-D ,V1 s(~~R L ,G S I? H.4 - I N ,  (100 (6411
$FFRT.(4 T P R I ,C D F P T , b C ,W l C C , W A 4 -A , W # E T , J

6 8% F I R M A T ( 1 7 X , O E O ( ’ ,A,F1( 1.2,011(’ .5) (00 1643 1
682 E1RMA1(” REY PSI NC . 1014- BOUY IS L *M INA P’ ) (‘00(6441
6~~3 F (-RMA 1(lX ,454-W C /WC,I!fl/PC .~~l1F YNO PIE CFI4UV 4-C’ (001645t

$50 44 A C EB AS C EH U C CF4 ’ RI  Cl )  ( 10 0 ( 6 4 6 1 .
664 FLRMA1(4FII. c)
685 FIRMAI I M  C F W f l , C F W C . C F P 1 1,C FP(’)  ( ‘00 (64 84 ’
686 FLR MA T ( ” CDW0 ,CDWC ,Cr’ P’IP,CDP (”) (1001-6491
86? FLjRMA1 ( ERR( ’b— K/l CT 5.E—~ ”) (0(11-650!’

DIMENSION CRUZ (2(’),DAS 4-C2O ) (‘00(651!’

S’I QUALI T Y
T~IS PAGE~~~

BF
~J, DDC -~~~~

F1~OM COPY .t i-~A
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C ((1(4521
C C A L C L L A T O  4* T ’%G A N r  ~t T ’ Y  4-1 51.11
C ( ( ‘ ( ( 6 5 4 1

‘ri.S r ( , , ) * l . 6 I 4 4 * F L / V 1 S C  ( ( 1 ( ( A S f (
R~.(’(4’Cj(,)*1 .H44*fL/ 4TSC (011450’(

C ( C C  16590
C C A L C L L A T I  4 - C l ’ S  A N T ’  MI~~G (F FL 4 - IMCM.  SP4’I(~ ((‘((66(1
C CCl . 661 (
C *~~L X T t N! **  ( ( ‘ ( I

II (1! 1 1 • F I • I 3 (0 11 358 4 ( ‘ I i  6 6 3 1
4*1 - i l l  (3.643) ((‘((4641

C **~~X 1~~Nj.* ( ( ‘ C 1 6 8 5 (
3~~8 Pt 34~1- j o l s . i, o  (‘(‘1(66(0

6( 10 (351•3” r ,3’3.3 1 () , 1M 1 5  (0 4 (667 4
3’~( k’9wO (00 (6881

WL’WC,- r (‘ 0 ( 1 ( 6 4 9 1
Cl IC h f ’  ((‘(1(6714

3c~ 14 , 4 * 4 * 4
— I1 L — W C F - r (00(6721

GE T O  h f r  ((‘0(6731
3~~3 4 - 14 - p r  ( ‘ ( ‘ 0 ( 6 7 4 1

P1*4-i (-C0C67S1 -

~t !!“ ‘
~~/“! (lt(’(611’(

31,4 4 . 4 - k (  ( 0 0 ( 6 7 7 1
1-4 1*14 1 (10 (1(6781

C (0016791
C E~A S (  S~~T ( ’  4 - 1 4 1 ( 1 1 1 1  (- 0 0 ( 6 8 ( 14 ’
C (‘(‘0(4814’
370 R 1 p* r , S 1 1~~/ 1 . 2 I 1 ( / 1 .L ( ‘ ( ‘ ( 1 6 82 1

)F(RL! .11 . 1,01 8) III ‘l.”F ”  ((‘(‘(6831
11 - CRC ,! • ‘~T . 1.C1— 4 ) 4*4 - T I f  (~~.66?’f (00(6641
1 1C R ! ! .61. 1.4 1 — 4 )  4- I ’F~~).( F U
CIRIIF4 r I. 6e7 F 1i *CA C( ir ,1f(RUF )+ø .O)**7.C4I .(’0h7

(00(6871
11 (14 .11 . 4-C) (‘- Ii 10 371 (0016861
1 1 - C R  •! 1 . 1. C17) -r TI- 372 (‘00(6691
CC IC 773 (‘(‘0(691/4’

C LA M I N A N I  kf’YN( .41 . PC 4 - 4 - 1 P ! o,~~, P~ 2— 4, 2— 6 000 (6914.
37~ CFtI AS:1.12P/P.’.~

C I k ljF ’C ..l ( 0 f l ( 6 9 3 (
CIPRT .r. rl (00(6604.
61 70 79(1 (00(6951

C T RA NS 1 1 1 1 4 *  4- 1 - .1 1 • 4 - 1 5 1 . 0  • 4 - T  • 11 1 — —  H( FkN1P , I’ • 5 1  • ~C4— , I- , 2~~.2 (C CI 6964’
372 A * 3 5 9 4 .! ) * A l C C l C ( 4 - ( , ) 14 ’A l S . C (00 (6970

C IB A SI .a55/ (A LC1. IC (R))**7 .’4 4/k (‘00(694-C

~~~~~~~~~

if~’~~
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(,FPRTsi’.fl 400 (6991
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START

DEFINE VOLUME , PACK ING FACTOR
AND FUEL CONSUMPTI ON RELATIONSHIPS

READ TAPSS/DATA :

ENGINE AND FUEL OPTIONS
TEMPERATURE , PROPELLER DATA
MISSION PROFILE
WING AND BODY GEOMETRY
SURFACE CONDITION DATA
PAYLOAD VOLUMES AND INITI AL

VOLUME ESTIMATE
WEIGHT FACTORS
COST FACTORS
HULL MATERIAL DATA

PRINT INPUT DATA

A

ENDURANCE COUNTER
J = J + 1

B

SPEED COUNTER
1 = 1 + 1

INITIALIZE VOLUMES

VNEW = VIN I T
VBU OY 0
V IN C R = O

C

D-2 
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UPDATE PROPULSION AND PAYLOAD
VOLUME

VOLUME WITHOUT HULL 
—

VWOH VNEW + VBUOY

HULL DISPLACED VOLUME
VHULL = VW UH/H VEFF

1
CALCULATE VEHICLE GEOMETRY

BODY DIAMETER AND LENGTH
BD= f(VHULL ,PRCF ,BL OD )
BL= f(BD,BLOD)

WING GEOMETRY
HULL CONSTRUCTION & WEIGHT

_ _  _ _

DRAG CALCULATION

CALCULATE DRAG COEFFICIENT
FOR EACH SPEED , FOR W ING AND
BODY - (CDWC ,CDWD ,CDBC ,CDBD )

1
HORSEPOWER CALCULATION

CRUISE:
SHPC = 1(CDBC ,CDWC,CRUZ ,

WING & BODY WETTED AREA ,
EPROP ,P I NST)

DASH :
SHPD = f(CDBD ,CDWD ,DASH ,

WING & BODY WETTED AREA ,
EPROP ,PINST)

CALCULATE INSTALLED ENGINE , FUEL , & OXIDIZER VOLUMES

VENGII = f(SHPD , ENGINE DATA)
VFUELI = f(SHPD ,SHPC ,PCC ,END, FUEL DATA)
VOXIDI = f(FUEL WEIGHT , FUEL TO OXID IZER RATIO,

OXIDIZER DATA)

D-~3
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CALCULATE TOTAL VEHICLE WEIGHT & VOLUME

VNEW = VCON + VNAV + VNUT + VSEN +
VENGI + VFUEL I + VOXIDI

WNEW = WCON + WNAV + WNUT + WSEN +
WENG + WFUEL + WOXID

CALCULATE INCREASE IN VOLUME REQUIRED

V INCR = VNEW — VWOH + VBUOY

VINCR : >

O.5 CU FT C

CALCULATE BUOYANCY REQUIRED

VHOLD = VBUOY
VBUOY = WNEW/64.2 - VNEW

VBUO Y : < ADD BALLAST
0 PLEAD= VBUOY x

>

ADD AIR

VAIR = VBUOY

> (VBUOY —C 0.5

D-4
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CALCULATE VEHICLE
COST

4~~~~~D~~~~~~~~~G

~~~~~~ND~~~Th-Ø

J
[OUTPUT RESULTS

/ SIZE , VOLUMES , BUOYANCY , BALLAST
/ POWER , DISPLACED WEIGH T , COST
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