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ABSTRACT

NEW CONCEPTS FOR SUBMARINE PROPULSION PLANTS ARE CONTINUOUSLY

BEING PRESENTED TO THE NAVY FOR REVIEW AND POSSIBLE APPLICATION.

AN A1ALYTICAL METHOD IS NOW BEING USED TO DETERMINE THE

EFFECT OF POWER PLANT WE!GHT AND THERMAL EFFICIENCY ON THE CRUISING

RADIUS, SPEED, AND VESSEL DISPLACEMENT. A MATHEMATICAL MODEL REPRESENT-

ING THE PROPULSION PLANT AND VESSEL wULL WAS PREPARED AND, BY MEANS OF

A DIGITAL COMPUTERO THE EFFECTS OF VARYING SEVERAL DESIGN PARAMETERS

WERE STUDIED. BY COMPARING THE PREDICTED PERFORMANCE OF SEVERAL TYPES

OF POWER PLANTS WITH THE RESULTS OF THE COMPUTER STUDY IT IS POSSIBLE

TO SELECT THOSE WHICH JUSTIFY FURTHER DEVELOPMENT FOR NAVY USE.



ADMI N 'TRATI VE INFORMATION

THsI REPORT WAS PREPARED AS PART OF MEL ASSIGNMENT 75 `21 WHICH

WAS AUVriORIZED BY BUSHIPS LETTER SF013 01 03 SER 430-068 OF 20 DECEMBER

1962. THE WORK WAS PERFORMED UNDER SUB-PROJECT SF013 01 03, ADVANCED

FSM STUDIES, TASK 0218, PROPULSION SYSTEM ANALYSIS. TO EXPEDITE PRO-

GRESS OF THESE ANALYSES, TWO STUDY CONTRACTS WERE AWARDED TO THE

WESTINGHOUSE ELECTRIC COMPANY, CONTRACT NUMBERS N60o(61533)61?94 AND

N600(61533)61394,ITO SUPPLEMENT STUDIES IN PROGRESS AT MEL. Ti,:SE
COVER PROPULSION SYSTEMS AND ELECTRICAL ANCILLARIES TO PROPULSION SYS-

TEMS) RESPECTIVELY. WESTINGHOUSE SUB-CONTRACTORS INCLUDE HYDRONAUTICS,

INCORPOPATED, AND STEIN SEAL COMPANY, IN ADDITION TO THEIR OWN MARINE

SYSTEMS ENGINEERING DEPARTMENT, RESEARCH AND DEVELOPMENT CENTER, DEVEL-

OPMENT ENGINEERING DEPARTMENT AND ADVANCED SYSTEMS ENGINEERING DEPART-

MENT.
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A METHOD FOR SYNTHESIS AND SELECTION OF
PROPULS I ON PLANTS FOR SU8MARI NES

II1 RODU CTI o4

UNTIL DEVELOPMENT OF THE NUCLEAR POWERED SUBMARINE, ALL AMERICAN

SUBMARINES USED AN INTERNAL COMBIJSTION ENGINE WHLl SURFACED AND

ELECTRIC MOTORS POWERED BY BATTERIES WHEN SUBMERGED. WHILE THE ADOP-

TION OF THE SNORKEL AFTER WORLD WAR II GREATLY EXTENDED THE NEAR-

SURFACE ENDURANCE, IT DID NOT EXTEND THE FULLY SUBMERGED OPERATION.

POWER PLANTS CAPABLE OF OPERATION FOR PROTRACTED PERIODS WHEN

FUL*.Y SUBMERGED HAVE BEEN SOUGHT FROM THE CONCEPTION OF THE FIRST

SUBMARINE. PROMISING RESULTS WERE OBTAINED iN GERMANY AS EARLY AS

1907 WITH A CLOSED-CYCLE, INTERNAL-COMBUSTION ENGINEj OPERATING ON

GASOLINE AND BOTTLED OXYGEN.(1) HOWEVER, THE STORAGE OF LARGE VOLUMES

OF PURE OXYGEN UNDER A PRESSURE O. 200 ATMOSPHERES WAS THEN CONSIDERED

TO BE TOO HAZARDOUS, AND THE PROJECT WAS DROPPED. SUCH A SYSTEM WAS

UNDER ACTIVE DISCUSSION IN THE UNITED STATES BEFORE WORLD WAR 1.(2)

ACCORDING TO SCIENTIFIC AMERICAN,(3) CONGRESS AUTHORIZED CONVERSION OF

AN E-TYPE SUBMARINE TO OFERATE ON THE NEFF CLOSED-CYCLE SYSTEM IN A

1917 APPROPRIATION BILL; HOWEVER, THERE IS NO RECORD THAT IT WAS EVER

COMPLETED.

INTEREST IN CLOSED-CYCLE POWER PLANTS LAPSED IN THIS COUNTRY,

ALTHOUGH IT CONTINUED ACTIVE IN OTHERS, UNTIL WORLD WAR I1. ALARM

OVER REPORTED ENEMY SUCCESSES WITH SNORKEL AND CLOSED-CYCLE SYSTEMS

SPARKED A REVIVAL OF INTEREST WHICH LED TO NAVY SPONSORSHIP OF RESEARLH



AND DEVELOPMENT ON CLOSED-CYCLE DIESEL AND GAS TURBINE ENGINES,(4)

A WALTER-CYCLE3 HYDROGEN PEROXIDE-,)IES•L-. %EL-BURNINGSTEAM-GA,) TURBINE

PLANT)(5) A STEAM PLANTI(4) AND FItUALLY THE NUCLEAR POWER PLANT.

WHEN THIS PROVED SATISFACTORY, DEVELOPMENT OF COMPETITIVE SYSTEMS

WAS DISCONTINUED.

SEVEPAL COUNTRIES HAVE BUILT SUBMARINES POWERED BY CLOSCD-CVCLt

POWER PLANTS, INCLUDING THE UNITED STATES. THE MIDGE' ?UBMARtNI?

USED BY THE JAPANESE IN THE DECEMBER 7, 1941, ATTACK ON PEAII. HAI&UR;:,

AS WELL AS MIDGET ITALIAN SUBMARINES USED IN WORLD WAR 11) wI"t

POWERED BY CLOSED CYCLE INTERNAL COMBUSTION ENGINES.

THE AMERICAN SUBMARINE, X-l) COMMISSIONED IN 1954 AND 0t5CRPSIA.L

IN REFERENCES (4) AND (6), WAS POWERED WHEN SUBMERGED BY A CLOSED-

CYCLE DIESEL ENGINE WHICH OPERATED ON DIESEL FUEL AND OXYGEN FrCM

CECOMPOSED HYDROGEN PEROXIDE. THE PEROXIDE TANKAGE AND ALL CLOSED

CYCLE CAPABILITY WERE REMOVED FROM THIS BOAT SEVERAL YEARS AGO, rOLLOW-

,NG A FIRE. THE BRITISH INSTALLED WALTER-CYCLE, HYDROGEN PEROXIDE-

DiESEL-FUEL-9URNING, STEAM-GAS TURBINE POWER PLANTS IN A NEW CLASS OF

SJBMARINES IN 1954.(7) THESE WERE USED TO SUPPLEMENT BATTERY POWER

WHEN BURSTS OF SPEED WERE REQUIRED FOR SHORT PERIODS WHEN UNDER WAY

SUBMERGED. Txri WERE NOT CONSIDERED SUITABLE FOR CONTINUOUS USE DUE

TO THEIR RELATIVELY HIGH FUEL CONSUMPTION.

!HE MARINE ENGINEERING LABORATORY IS REVIEWING PREVIOUS APPLIC4-

TIONS OF THESC SYSTEMS AND IS STUDYING CURRENT TECHNOLOGY TO DETERMINE

THOSE AREAS THAT MIGHT REQUIRE FURTHER RESEARCH AN' DEVELOPMENT IF

THEY ARE TO FIND APPLICATION IN SPECIFIC SHIPS. SUBMARINES DESIGNED

FOR OPERATION AT GREATER DEPTHS WILL REQUIRE THICKER AND HEAVIER HULLS.
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As A RESULT, MACHINERY MUST BE MORE COMPACT, EFFICIENT, AND LIG:ATER

THAN THAT HERETOFORE USED. IT SHOULD ALSO BE QUIETER, MORE RELIABLE,

AND SUBJECT TO A GREATER DEGREE OF AUTOMATIC CONTROL.

MANY TYPES or PROPULSION SYSTEMS ARE BEING STUDIED. SOME Or THESE

ARE NOT APPLICABLE FOR MOST MISSIONS. THE NATURE AND DURATION OF THE

MISSION ASSIGNED TO THE SHIP) AS YET UNSPECIFIEU) WILL BE THE DOMINANT

FACTOR IN SELECTING AN OPTIMUM SYSTEM. A SCHEMATIC DIAGRAM OF THE

PROPULSION SYSTEM ANALYSIS IS SHOWN IN FIGURE 1. IT SHOULD BE NOTED

THAT THESE ARE NOT SIMPLE BUILDING 3LOCKS THAT MAY BE INDISCRIMI-

NATELY COMBINED. FOR EXAMPLE, THE USE OF SOLID FUELS WOULD BE

INCOMPATIBLE WITH THE USE OF A CLOSED CYCLE DIESEL ENGINE. THE

CHARACTERISTICS TO BE STUDIED FOR EACH SYSTEM ARE SHOWN IN FIGURE 2.

FUELS AND OXIDANTS

FUELS AND OXIDANTS ARE BEING SURVEYED TO DETERMINE WHICH COM-

BINATION OFFERS THE BEST OVERALL PERFORMANCE. DENSITY OF ENERG"v

STORAGE, EASE OF HANDLING) TOXICITY, CALORIFIC VALUE, AND PROBLEMS

IN DISPOSING OF COMBUSTION PRODUCTS WILL BE COMPARED. SOME or THOSE

BEING STUDIED ARE LISTED IN TABLE 1. CALCULATIONS IN THIS PAPER ARE

BASED ON THE USE OF LIQUID OXYGEN AS AN OXID&NT. OTHER OXIDANTS,

CAPABLE OF BEING STORED AT NORMAL AMBIENT TEMPERATURES AND PRESSURES,

ARE ALSO BEING STUDIED. To MINIMIZE THE PROBLEMS IN HANDLING SOLID

FUELS, A METAL FUEL CAN BE PREPARED IN POWDERED FORM AND BLENDED WITH A

L;QUID FUEL TO FORM A STABILIZED SLURRY WHICH WILL HAVE A CALORIFIC

VALUE INTERMEDIATE BETWEEN THAT or THE SOLID AND LIQUID FUEL. OlHER

HIGH ENERGY DENSITY FUELS, INCLUDING THE METAL HYDRIDES, (8) HAVE

HIGH CALORIFIC VALUES AND MUST BE CONSIDERED.
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PROPULSION SYSTEM Ai

ENERGY STORAGE ENERGY CONVERSION

GAS FUEL DIESEL ENGINE
LIQUID AND BOILER-STEAM
SOL ID OXIDANT ENGINE

FUEL CELL
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CHEMICAL

ELECTRICAL
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CONSUMABLES HORSEPOWER
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ANALYSIS

TRANSMISSION THRUST CONVERSION

MECHANICAL PROPELLER

HYORAULIC NOZZLE
ELECTRICAL OTHER
OTHER

SHAFT SEALS

SHAFT EFFECTiVL

HORSEPOWER HORSEPOWER I| -!



CHARACTERISTICS TO BS STUDIED FOR EACH SYSTEM

1 WEIGHT ANO VOLUME Ofr NACHINERY, INCLUDING A CONFIGURATION OF EACH

PLANT TO A HULL.

2. EfrICICNCY Or MACHINERY AND RATE OF CONSUMPTION OF FUEL AND OXIDANT

AT DIFFERENT CRUISING SPCOS.

3. EXHAUST DISPOSAL.

4. NOISE CHARACTERISTICS AND RESISTANCE TO SHOCK.

5. HEAT REJECTION.

6. RELIABILITY AND MAINTENANCE PROBLEMS. CONSEQUENCES OF DERANGEMENTS.

PREDICTED LIFE OF MA OR COMPONENTS.

7. LOGISTIC SUPPC7, PROBLEMS. FUEL OXIDANT) SPARE PARTS, ETC.

8. DEVELOPMENT EFFORT REQUIRED AND POTENTIAL FOR GROWTH.

9. FEASIBILITY OF INSTALLING MAJOR COMPONENTS EXTERNAL TO THE PRESSURE

HULL.

10. MANEUVERABILITY AND POWER DEMAND RESPONSE.

11. COST OF DEVELOPMENT, MANUFACTURE, AND OPrRATION.

5 FIGURE 2



TASLE 1

CHIIARACTERI6TICS or FUELS AND OXIDANTS

SI- !
SPECIFIC BTU/LB OXYGEN/FUEL GRAVITYSl_______I Ir I - . COSMSER corMAV SEIVTY

FUEL GRAVITY I CONUABL1 WEIGHT RATES Of CONSUMASLE31

BERYLL I UM 1.85 10,300 1.76 1.324

LITHIUM 0.53 8,590 1.15 0.746

BORON 2.33 7,900 2.22 1.368

ALUMINUM 2.70 .7,060 0.89 1.641
HYDROGEN 0.071 AT 5,780 7.94 0.424

-423 F

DIESEL FUEL OIL 0.84 4,370 3.43 1.054

PENTABORANE 0.62 7,150 3.04 0.951

ALUMINUM 0.54 j6,300 2.67 0.875
BOROHYDR IDE

1FREEZING MEAN SPECIFIC
SPECIFIC BOILING POINT POINT GRAVITY

OXIDANT GRAVITY I F F OF' CONSUMABLES 3

OX I DANTS

Li, ID OXYGEN 1.14 AT -297 -361 1.054
BOILING

PO I NT

GASEOUS OxY- 0.237 -297 -361 0.283
GFN

2

HYDROGEN 1.463 306 29 1.20
PEROXIDE

PERCHLORYL 1.43 116 -231 1.29
FLUORIDE I I I I

-BASED ON THE USE Or LIQUID OXYGEN.

2 - AT 3000 Ps I PRESSURE.
3 - WITH DIESEL FUEL OIL.
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WATR&AEACTI N6 -UVELSp SUCH AS L ITH IUM- AND 0 SIUND' APPEAR ATTRACT I VE9

INCE THE Y DO0O REQUIRME THE SHIP TO CARRY A SUPPLY Or OXIDANT.

PEfOrM*AN-CE *ATA 01 INDICATE THAT LITHIUM IS HIGHLY EPtECTIVE- ýSODIUM

WHICH lS CHEAPER AND IN I4ORE A9UNDANT SUPPLY WAS SHOWN TO HAVE AN

-APPRECIABLY HI#GHER RATE Or CONSUMPT ION.

THE HYDROCARsom rUELSI ARE THE CHEAPEST AND MOST UNIVERSALLY

AVAILABLE. HYD*OGE*_Np A *MTHANE, WHICH HAVE TH4E HIGHEST HEATING

VALUES, ARE GASES AT NORMAL AMBIENT TEMPERATURES AND MAY BE BETTER

STORED AS CRYOGENIC LIQUIDS. OTHERM 'YD*OCARSON FUELS DO0tNOT VARY

GREAtLY IN NET HEATING VALUE. JET-ItNGINE AND DIESEL-ENGINE FUELS ARE

MOST ATTRACTIVE FOR USE, SINCE THEY ARE CURRENTLY USED IN GREAT

QUANTITIES AND OFFER FEW PROBLEMS OF DISTRIBUTION OR STORAGE.

OTHER SOURCES or ENERGY

STORAGE SATTERIES, HEAT STORAGE IN MOLTEN SALTSp AS PROPOSED IN

RILFERENCE (10), AND ELECTRICAL ENERGY STORED IN SUPERCONDUCTING

SOLENOIDS("1) ARE CONSIDERED POTENTIALLY SUITABLE FOR THE LOW-ENERGY

SUBMERGED MISSIONS.

ENERGY CONVERSION

THE FOLLOWING TYPES OF ENERGY CONVERSION ARE AMONG THOSE BEING

CONSIDOCRED:

A. INTERNAL COMBUSTION (CLOSED CYCLE DIESEL ENGINE).

a. EXTERNAL COMBUSTION (WITH REGENERATION).

(1) CLOSED-CYCLE GAS TURBINE.

(2) STEAM ENGINE OR TURBINE.

(3) STIRLING-CYCLE ENGINE.

c. FUEL CELLS.

7



0. MAGNEITONYOROOYNAIMIC GNEICRATOR.

c. THEtRMIONIC GENCIATOR.

o. THERNOeCCTRIC GENERATORl.

THE PERiORMANCE Of HEAT ENGINES IS RESTRICTED BY Tic LIMITEO

ENDURANCE OF STRUCTURAL MATERIALS AT ELEVATED TENPERATURC6. IT IS

NECESSARY TO LIMIT COMBUSTION CHAMBER TEMPERATURES mY DItLUTING TiC

REACTANTSp USUALLY WITH WATER OR RECYCLED EXHAUST GAS. As NEW, HiGs-

STRENGTH, HIGH-TEMPERATURE MATERIALS ARE DEVELOPED AND APPLIEDp THE

EFFICIENCIES OF ALL NEAT ENGINES WILL IMPROVE. To ATTAIN HIGH EIrT-

CIENCIESq HEAT ENGINES WILL REQUIRE Ti4E USE Of THE MAXIMUM AMOUNT Of

REGENERATION PERMITTED BY THE SPACE AND WEIGHT ALLOWANCE FOR THE

POWER PLANT. FUEL CELLS ARE NOTp IN GENERAL, SUBJECT TO THIS LiMITA-

TIONy 3INCE THEY ARE NOT GOVERNED BY THE SAME THERMODYNAMIC LAWS AS

14r.r r401GNES AND CAN BE EFFICIENTLY OPERATED AT MODERATE TEMPIIERATURES.

AN ECONOMICAL METHOD FOR DISPOSAL OF NONCONOENSAiLE GASES IN CON-

r'USTION EXHAUST PRODUCTS HAS NOT YET BEEN ACHIEVED.

"TRANSM I SS IONS

THE FOLLOWING TYPES OF POWER TRANSMISSION ARE BEING EVALUATED:

A. ELECTRICAL GENERATOR AND MOTOR.

a. HYDRAWLIC PUMP AND MOTOR.

C. GEAR AND FRICTION DRIVES.

D. CLUTCAIES AND COUPLINGS.

E. TORQUE CONVERTERS.

WHILE THE EFFICIENCY OF THE GEAR DRIVE MAY NOT BE BETTERED, A

QUIFTEA OR OTHERý'-ISE MORE DESIRABLE TRANSMISSION MAY BE OBTAINED.

THE PROPELLER-SHAFT SEAL AND THRUST BEARING OFFER DIFFICULT DESIGN

8



P*owlaM. Tin P'NOPCILtgR.SHAFT THRUST SCARING AND ITS SUPPORTING STRUCTURE

1UST CARRY BOTH VISE PROPE LLER THRUST AND THE NYOROSTAT14 PRESSURE DiE

10 RtPyt. iRaTATive HULL PENETRATIONS CAN BE ItLIMINATtO BY THc USE Or

suSSEBBD ELECTRIC aR Hib""tic MOTORS. THEcSE MOTORS DO NOT REQUIRE

4010"P *x *~T SCALS AND# SINCE BOTH CNOS OF' THE SHAFPT ARE EXPOSED TO

DEPTH PRESSURE9 THE THRUST RtARING CARRIES ONLY THE PROPELLER THRUST.

WATtR.LO*RICATED SUSK1RGED MOTORS ARE NOW UNDER DEVELOPMENT IN SEVERAL

LASOR1A TOR I tSp INCLUDING OUR OWN.

THE PEIWORMANCE Of NOZZLES AND JET PUMPS IS BEING COMPARED WITHt

THAT Or SCREW PROPELLERS. THE USE Of MULTIPLE POWER PODS IN PLACE 0F

SOME Of THE CONTROL SURFACES IS A POSSIBILITY. MAGNETOHYDRODYNAMIC

JOROPULSION APPEARS ATTRACTIVE SINCE IT PRODUCES NO GEAR OR CAVITATION

Noist.

SYNTHESIS or APPLIE9 PROPULSION PLANTS

VARIATIONS IN PROPULSION PLANTS SIMILAR TO THOSE PREVIO)USLY

DISCUSSEO AND OTHERS WHICH REPRESENT TOTALLY NEW CONCEPTS ARE CON-

TINUALLY BEING PROPOSED AND MUST BE REVIEWED mY THE NAVY. EA'H REVIEW

Mt..ST NOT ONLY VERIFY THE PREDICTED PCRFORMANCE AND OTHER CHARACTER-

ISTICS OF THE PROPOSED PLANTS BUT MUST ALSO EVALUATE THE POTENTiAL

BENEFITS Of THE PROPOSED PLANTS TO PARTICULAR SHIPS AND MISSIONS.

THE CO'NTINUING REVIEW Or PROPULSION PLANTS INVOLVES A CONSIDERABLE

AMOUNT Of ENGINEERING EFFORT. TO EXPEDITE THIS PROCESS, A MATHEMATICAL

MODEL, REPRESENTING4 THE PRfftORMANCE OF THE PROPULSION PLANTS AND

VESSELS, WAS PREPARED, AND BY MEANS Of A FORTRAN COMPUTER PROGRAM4

9



SOAPS (SYNTHEsIS OF APP.LIED PROPuLSION SYsTrES), THE ErFrCTS -r VARY-

ING SEVERAL DESIGN PARAMETERS ARE STUDIED.

THE PROGRAM MAY BE 9RI~rLY OESCntKO-AS FOLLOS: A

A. REFRRnING To FIGURE 31 A VALUE REPRESENTING PAYLOAD 13

INSERTED INTO THE PROGRAM.

a. A PRESSURE HULL CAPABLE OF THE SUBMERGED DEPTH ENVELOPES

THE PAYLOAD PROVIDING NEUTRAL BUOYANCY FOR THE PAYLOAD ANO HULL WEIGHTS.

C. PROPULSION-MACHINERY REQUIREMENTS ARE COMPUTED, AND THE

WEIGHT OF THE COMPONENTS IS ADDED TO THE BASIC PAYLOAD AND HULL WEIGHT.

o. FUEL AND OXIDANT QUANTITIES ARE COMPUTED FROM CRITERIA

REPRESENTING MISSIONS ENERGY REQUIREMENTSp AND THIS WEIGHT IS ADDED

TO THE PAYLOAD, HULL, AND PROPULSION MACHINERY WEIGHTS.

E. THE COMPUTER PROCEEDS TO ITERATE THE COMBINED WEIGHTS

TRACING THE LOOPS WITH A PROVISION TO TEST THE RATE OF CHANGE OF THE

SUBMERGED DISPLACEMENT AT EACH SUCCESSIVE ITERATION. WHEN THE RATE

OF CHANGE OF SUBMERGED DISPtACEMENT SETTLES DOWN TO A PREDETERMINED

VALUE, THE PROGRAM STOPS AND THE DATA OF THE FINAL ITERATION IS

PRINTED OUT. THE GROWTH OF SUBMERGED DISPLACEMENT WITH EACH ITERATION

IS SHOWN AT THE UPPER LEFT-HAND CORNER OF FIGURE 3. THIS GROWTH IS DUE

TO THE SUCCESSIVE ADDITION OF CONSUMABLES AND PROPULSION MACHINERY

WITH EACH ITERATION.

BEFORE A DETAILED DEVELOPMENT OF THE PROGRAM IS PRESENTED, IT

MAY BE WELL TO EXPLAIN THE BASIC ASSUMPTIONS WHICH HAVE BEEN USED IN

FORMULATING THE PROGRAM. FIGURE 4(A) SHOWS THAT ALL OF THE SHIP CON4-

PONLNTSp EXCEPT THtE MAIN BALLAST, HAVE BEEN FITTED INTO THE PRCESURE

HULL.

10
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IYNTHESIS OF APPLIED PROPULSION SYSTEM-IAVERAGE
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THESE INCLUDE PAYLOAD; PROPULSION MACH4INERY, AND PROPULSION SYSTEM

CONSUMABLES. PAYLOAD IS A CATCH-ALL QUANTITY, WHICH INCLUDES ARMAMENT

AND MISCELLANEOUS ITEMSj SUCH AS ELECTRIC PLANT. COMMUNICATIONS AND

CCNTROL, AUXILIARY SYSTEMSp OUTFIT AND FURNISHINGS, EFFECTIVE FAIRING

WEIGHTI AND CONSUMABLEF FOR AUXILIARy POWER.

THE VEHICLE IS FAIRED TO PROVIDE A NEAR-OPTIMUM MYDRODYNAMIC

SHAPE SIMILAR TO THAT OF ALBACORE. THE PRESSURE-HULL WEIGHT IS DETER-

MINED FROM DATMOBAS DATA REPRESENTING HULL FP-CTION AS A FUNCTION OF

SUB4ERGENCE DEPTH AND HULL-MATERIAL STRENGTHy AS SHOWN IN FIGURE 4(B).

qULL FRACTION IS THE RATIO OF THE PRESSURE HULL WEIGHT TO THE WEIGHT

OF ITS DISPLACEMENT.

A SUMMARY OF THE PROGRAM INPUT DESIGN CRITERIA AND OUTPUT

PARAMETERS IS SHOWN IN TABLE 2. ALSO PROVIDED IN TAsLE 2 IS THE

NOMENCLATURE PERTAINING TO THE FOLLOWING ANALYSIS:

REFERRING TO FIGURE 5, THE PROGRAM STARTS WITH THE CALCUiLATION

OF PA YLOAD,

1. WF' WA + WS

WT = WP + W + w'PR

WHERE 'ST = TOTAL WEIGHT OF ALL SYSTEMS IN THE PRESSURE -UkL,

T. = WT/(l - DK)

WHER7 1)'T =- DISPLACEMENT OF THE PRESSURE HULL FOR NEUTRAL BUOYANC-.

4. DT = DT x RBF
%- -U DT/RHO

WHERC VSUB = SUBMERGED VOLUME OF THE TOAL VEHICLE.

CP T (DL7

113



TABLE 2

INPUT AND OUTPUT DATA

INPUT DATA

AA = APPENDAGE ALLOWANCE
C = CONVERGENCE CRITERIA
CP = PRISMATIC ZOEFFICIENT
CS = WETTED-SURFACE COEFFICIENT

DEPT- = DEPTH OF SUBMERGENCE IN FEET
DK = HULL FRACTIONI HULL WEIGHT/DISPLACEMENT, KD
DL = L/D; LENGTH/MAXIMUM DIAMETER
FUEL FUEL WEIGHT/BRAKE HORSEPOWER HOUR IN LB

N = NUMBER OF ITERATIONS BHP-HR

OXV)• = OXIDANT WEIGHT/BRAKE HORSEPOWER HOUR IN LB
PN Np; PROPULSION EFFICIENCY BHP-HR

RBF = RESERVE BUOYANCY FACTOR

RHO RHO OF SEA WATER IN LB

CU FT
s = CRUISE RADIUS IN NAUTiCAL MILES
TFý = TANKAGE FACTOR OF FUEL; TAINK wEIGHT/iIFUFL WEIGA:T

TF0 = TANKAGE FACTOR OF OXIDANT; TANS W-IHT/OXIOANT WEIGHT

V(2) = AVERAGE VELOCITY, I.E., CRUISING SPE.-f IN KNOTS
V(i) = MAXIMUM VELOCITY IN KNOTS

WA = WEIGHT OF ARMAMENTS IN POUNDS

WS = WEIGHT OF SYSTEMS IN POUNDS (ELECTRIC PLANT; COMMUNICAT:ON AND CON-

TROL; AUXILIARY SYSTEMS; AND OUTFIT AND FURNiSHINGS!

FN = FUEL EFFIC!ENCY RATIO 1

CCF = CONSUMABLE CORRECTION FACTOR (FUEL EXTERNAL TO rmULL)
F = F(,1) SPECIFIC MACHINERY WEIGýIT IN L_/5ý'F(!)
TN = IRANSMI$51ON EFFICIENCY

OUTPUTr LATA

DT TOJTAL- SUBMERGED OISPLACEMENT

L LENGTh,

D MAX•,IAUM r:IAMETER

A BARE HULL WETTEL) AREA

SHP( ý1) MAXIKIJM PROPULS!ON P",WER

'AIM = PROPULSION MACHIN(Rý AN[ AN; 'LýAk. WEI,,•I

WF = WEIGHT OF FjEL

wo = WEIGHT 1F OXIDANT
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7. L =(DL) D A CSn (D) L

8. EHP(1) = (SEE REFERENCES (12) AND (13).)

WHERE EHP(1) = EFFECTIVE HORSEPOWER AT MAXIMUM SHIP VELOCITY.

9. sHP(1) &A (EHP(1)) !

10. VA = SHP(1) x F

11. EHP(2) = (SEE REFERENCES (12) AND (13).)

WHERE EHP(2) = EFFECTIVE HORSEPOWER AT THE NORMAL CRUISE VELOCITY.

AA
12. SHP(2) = M HP(2)

13. BHP(2) =

WHERF TN = TRANSMISSION EFFICIENCY.

FN = FUEL EFFICIENCY RATIO.

BHP(2) = BRAKE HORSEPOWER AT NORMAL CRUISE VELOCITY.

S14. T = V-72

WHERE T = CRUISE TIME.

15. WF = 5HP(2) x T x FUEL

16. WO = BHP(2) x T x OXID

17. WST = WF A TFF + WO x TFR

18. WPR = WF + WO + WST

DT (DK)

20. BW DT (I - •2)
R8F



CONSIDERING THE FUEL AND OXIDANT TO BE STORED IN THE PRESSURE HULL,

THE PROGRAM REITERATES:

WT = WP + * WPR

DT = ETC (NEX. ITERATION,

GO TO TEST

TEST DT2- DTI <C GO TO PRINT OUT

2 >C FIND NEW DT

WITH FUEL AND OXIDANT STORED EXTEqNAL TO THE PRESSURE HULL,

WT = WP + V4 + (WPR(I - CCF))

_3 WTDT(3) 1 - DK

WHERE 0T(3) = DISPLACEMENT OF PRESSURE HULL.

DPR = WPR x CCF

DT = (DT(3) + DPR) RBF

HW = DT(3) (DK)

EXPLORATION OF PARAMETEFj

AN EXPLORATORY STUDY USING THE FORTRAN PROGRAM (SOAPS) TO

SYNTHESIZE APPLIED PROPULSION SYSTEMS HAS BEE" CONDUCTED. THIS

STUDY WAS PERFORMED TO OBTAIN PRELIMINARY GUIDANCE CONCERNING THE

FOLLOWING QUESTIONS:

A. WHAT DESIGN PARAMETERS HAVE THE MOST SGNFICANT EFFEC

ON A SHIP?

B. WHAT TYPE OF DATA ON PROPULb,'•N SYSTEMS IS MOST REQUIREi?

C. WHAT ITEMS OF A PROPULSION PLANT SHOULD B 'I'vLN MOST

ILMPH SI_,I
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0. WHAT CRUISE VELOCITY AND RANGES AMC PRACTICAL FOR PRO-

E CTED PROPULSION PLANTS? f
E. WHAT ARE TYPICAL SHIP '!SPLACEMENTS FOR A VARIETY o0

MISSIONS?

F. WHAT IS ADDED TO SUBMERGED DISPLACEMENT WHEN A POUNO

OF PAYLOAD IS ADDED TO THE SHIP?

TO ANSWER THESE QUESTIONS AND MANY MORE, THE DATA AS SHOWN IN

TABLE 3, REPRESENTING 243 DISCRETE SHIP DEF GNS, HAVE BEEN PROCESSED.

ALTHOUGH SOM7 OF THE RESULTS WHICH WILL BE PRESENTED IN THE

FOLLOWING SECTIONS OF THE PAPER ARE WELL UNDERSTOOD BY THE PEOPLE

WHO DESIGN AND BUILD SUBMARINES, THESE PRESENTATIONS WILL SHOW HOW

THE PROGRAM MAY HANDLE THE UNSPECIFIED AND UNIQUE CONSIDERATION WHEN

FACTUAL DATA REPRESENTINr THE ANTICIPATED SYSTEMS BECOME AVAILABLE.

FIGURE 3 SHOWS THE STRONG EFFECT OF SPECIFIC FUEL CONSUMPTION

ON SUBMERGED DISPLACEMENT AS A FUNCTION OF VELOCITY AND CRUISE RANGE.

IT IS CONSIDERED IMPORTANT TO NOTE THAT, FUR THE LOW-VELOCITY, SHORT-

RANGE MISSIONS, THE SPECIFIC FUEL CO.NSUMPTION D3ES NOT SIGNIFICANTLY

INFLUENCE SUBMERGED DISPLACEMENT. FOR THE HIGH-VELOCITY, Lt,.NG-RANGE

MISSIONS, SUBMERGED DISPLACEMLNT IS APPROXIMATELY A DIRECT FUNCTION

OF SPECIFIC FUEL CONSUMPTION. THE OVERTAKING CHARACTERISTIC OF CON-

SUMABLES ON THE PAYLOAD FRACTION (PAYLOAD HELD CONSTANT) AS RANGE

AND VELOCITY ARE INCREASED IS ALSO SHOWN IN FIGURE 6.
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TABLE 3

CRITERIA FOR EXPLORATORY STUDY

RANGE. 5,0001, 10,000, 15,000 WM

VELOCITY: 5, 10, 15 KNOTS (V MAX = V AVG)

PAYLOAD: (0.1, 1.0, 3.0) 106 LB

(SOLID OF REVOLUTION

HULL FORM: (
(DL = 7.0

APPENDAGE ALLOWANCE: 1.15

REF: 1.1

SPECIFIC MACHINE WEIGHT: 10 40 70 LB/EHP

SPECIFIC CONSUMABLES: 1Y 2, 3 LB/EHP-HR
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FIGURE 7 SHOWS THE EFFECT OF SPECIFIC PROPULSION XACHINERY

WEIGHT ON SUBMEPGED DISPLACEMENT. IT IS NOTED THAT AN INCREASE

IN SPECIFIC MACHINERY WEIGHT FROM 10 TO 40 AND rHEN TO 70 POUNDS/

EHP INCREASES THE FRACTION OF MACHINERY WEIGHT TO SUBMERGED DIS-

PLACEMENT FROM 0.2 TO 1.5% FOR THE SYNTHCSIZED MISSION AND VEHICLE

PARAMETERS. THE PAYLOAD, CONSUMABLES, BALLAST, AND HULL STRUCTURE

REPRESENT MORE THAN 98% OF THE TOTAL SUBMERGED DISPLACEMENT.

IN THE COURSE OF OUR STUDIES, IT HAS OFTEN BEEN QUESTIONED

"WHAT IS THE SAVINGS IN DISPLACEMENT WHEN AN ITEM OF MACHINERY IS

LOCATED EXTERNAL TO THE PRESSURE HULL AS COMPARED TO AN INTERNAL

LOCATION?" FIGURE 8 SHOWS THAT WITH A LARGE HULL FRACTION (KD) AND

A CCMPONENT WITH A LOW MEAN DENSITY, A SiGNIFICANT REDUCTION IN

DISPLACEMENT PER UNIT OF COMPONENT WEIGHT CAN BE REALIZED BY EXTERNAL

LCCATION. HOWEVER, THE LOWER THE HULL FRACTION AND THE GREATER THE

MEAN DENSITY OF THE COMPONENT, THE LESS REDUCTION IS NOTED.

CONSIDER A 1000-POUND MACHINERY COMPONENT HAVING A MEAN DENSITY

OF 300 POUNDS/CUBIC FOOT. LOCATED EXTERNAL TO A PRESSURE HULL OF

MEDIUM HULL FRACTION. THE COMBINED DISPLACEMENT OF THE PRESSURE

HULL AND MACHINERY COMPONENTS WOULD BE REDUCED BY 250 POUNDS, AS

COMPARED TO THE INTERNAL LOCATION OF THE SAME COMPONENT.

FOR THE MISSION SPECIFIED IN FIGURE 9, IT IS SHOWN THAT HULL

WEIGHT AND TOTAL SUBMERGED DISPLACEMENT ARE A FUNCTION OF CONSUMABLES

LOCATION, CONSUMPTION RATE, AND MEAN DENSITY.
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THE RESULTS SHOWN IN FIGURE 9 INDICATE THAT CONSUMABLES WITH A

LOW ENERGY DENSITY (3 POUNDS/EHP-HOUR),WHICH ARE CAPABLE OF BEING STORED

EXTERNAL TO THE PRESSURE HULL, CAN BE CARRIED BY A SHIP HAVING A SMALL

PRESSURE HULL. OR A PRESSURE HULL EQUAL IN SIZE TO THAT OF A SHIP

USING HIGH ENERGY DENSITY CONSUMABL,: (I POUND/EHP-HOUR) CARRIED

WITHIN THE PRESSURE HULL. FOR AN EXAMPLE, A SHIP USING 3 POUNDS/

EHP-HOUR CONSUMABLES WITH A MEAN DENSITY OF 86 POUNDS/CUBIC FOOT

AND LOCATED EXTERNAL. TO THE PRESSURE HULL WOULD REQUýRE THE SAME

SIZE PRESSURE HULL (FOR NEUTRAL BUOYANCY) AS A SHIP USING HIGH ENERGY

CONSUMABLES (I POUND/EHP-HOUR) WHICH ARE CARRIED WITHIN THE PRESSURE

HULL. IT IS IMPORTANT TO NOTE THAT, ALTHOUGH THE SHIP WOULD HAVE A

RELATIVELY SMALL PRESSURE HULL AS PROVIDED IN THE ABOVE EXAMPLE, THE

TOTAL SUBMERGED DISPLACEMENT WOULD BE LARGER IN THE CASE WHERE THE

LOW ENERGY DENSITY CONSUMABLES ARE EMPLOYED.

FIGURE 10 SHOWS THE RATIO OF DISPLACEMENT TU PAYLOAD FOR THE

SYNTHESIZED VESSELS. IT IS SHOWN THAT HIGHER VELOCITY AND LONGER

CRUISING RANGES IMPLY VALUES OF 3 TO 5 POUNDS FOR REASONABLE PAY-

LOADS OF 1 X 1C6 TO 3 X 106 POUNDS. SMALL PAYLOADS IN THE ORDER OF

100,000 POUNDS PRESENT A SUBSTANTIALLY HIGHER DISPLACEMENT TO PAYLOAD

RATIO.

FIGURE 11 INDICATES THE METHOD BY WHICH SUBMARINES OF SPECIFIED

CHARACTERISTICS CAN BE SELECTED FOR AN OPTIMUM PAYLOAD, SPEED, AND

RANGE COMBINATION. THIS APPROACH WAS PRESENTED IN A PAPER WHICH OUT-

LINED FEASIBILITY STUDIES FOR A HYDROFOIL CRAFT.(14) A RATIO OF PAY-

LOAD TO DISPLACEMENT IS PLOTTED AGAINST CRUISE VELOCiTY.
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CONSIDERATION OF PRODUCTIVITY
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LINES REPRESENTING A CONSTANT "PRODUCTIVITY" ARE DRAWN DIAGONALLY

FROM THE ORDINATE TO THE ABSCISSA. PRODUCTIVITY IS DEFINED AS (t*L

PRODUCT OF PAYLOAD AND VELOCITY DIVIDED BY DISPLACEMENT. COST EFFECTIVE-

NESS CONSIDERATIONS FOR A WEAPON CARRIER GENERALLY WOULD POINT TO

A MAXIMUM PRODUCTIVITY, SINCE GREATER WEAPON PAYLOADS COULD BE TRANS-

PORTED PER UNIT OF DISPLACEMENT. THE OPTIMUM VELOCITY PREDICTED

IN FIGURE 11 IS BASED ON THE PRESENTED HYPOTHETICAL SHIP AND PROPUL-

SION PLANT DESIGNS. IN GENERAL, IT IS SHOWN THAT A SHORT CRUISE RANGE

AND A LARGE PAYLOAD CORRESPOND WITH HIGH CRUISE VELOCITY AND HIGH

PRODUCTIVITY. RELATIVELY SMALL PAYLOADS ARE BEST TRANSPORTED AT A

LOWER VELOCITY.

FIGURE 12 PRESENTS THE SPEED, HORSEPOWER, AND DISPLACEMENT

RELATIONSHIPS WHICH WERE ASSUMED THROUGHOUT THE EXPLORATORY STUDIES.

PLANT SELECTION

FIGURE 13 ILLUSTRATES A METHOD OF PRESENTING A COMPARISON AND

GUIDE FOR SELECTING A MINIMUM WEIGHT PROPULSION PLANT (INCLUDING

FUEL AND OXIDANT) FROM THE MANY TYPES OF ANTICIPATED PROPULSION

PLANTS. EFFECTIVE HORSEPOWER IS PLOTTED AGAINST MISSION DURATION.

THESE PARAMETERS WHEN COMBINED IN THIS MANNER PRESENT THE RELATION OF

POWER RATING AND ENERGY STORAGE REQUIREMENTS. BOUNDARY LINES ARE

DRAWN TO SEPARATE THE ADJACENT PLANT CONCEPTS AT AN INTERVAL WHERE

THE WEIGHT OF EITHER PLANT AND FUEL COMPLEMENT IS EQUAL. FOR A

SPECIFIED EFFECTIVE HORSEPOWER REQUIREMENT AND MISSION DURATION,

AN APPROPRIATE PROPULSION PLANT CAN BE SELECTED.
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iPOWER, SPEED, AND DISPLACLOIENT PARAMETERS USED IN EXPLO xTRoY STUDY
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SINCE VARIATIONS IN CRUISE VELOCITY, SUBMERGENCE DZPTH$ AND CRUISE

ENDURANCE SIGNIFICANTLY MODIFY OR RULC OUT CANDIDATE SYSTEMS$ IT WILL

BE NECESSARY TO PREPARE SEVERAL CHARTS SIMILAR TO FIGURE 13 WITH

PARTICULAR REFERENCE TO VELOCITY AND SUBMERGENCE DEPTH. To PREPARE

THESE PRESENTATIONS AND THE CORRESPONDING DATA REPRESENTING VARIOUS

PLANT PERFORMANCE AND DESIGN CHARACTERISTICS, THE COMPUTER PROGRAM

WILL BE UTILIZED TO GENERATE SYSTEMATIC FIRST ORDER DATA FOR EXISTING

AND PROPOSED PROPULSION PLANTS AS THEY MAY BE APPLIED TO SUBMERGED

VEHICLES OF ALL DESCRIPTIONS.

THE SUCCESS OF OUR PROPULSION SYSTEMS SYNTHESIS HAS PROVIDED

THE IMPETUS TO DEVELOP ADDITIONAL SUBROUTINES TO THE EXISTING PROPUL-

SION PROGRAM REPRESENTING THE SHIP'S AUXILIARY SYSTEMS AND ELECTRICAL

PLANT.

CONCLUSION

SINCE IT IS ANTICIPATED THAT EVENTUALLY FEP DIVING SUBMARINES

WILL BE WEIGHT-RATHER THAN VOLUME-LIMITEO, A NEW APPROACH TO MACHINERY

EVALUATION AND DESIGN IS REQUIRED. TO REALIZE MINIMUM WEIGHT SYSTEMS,

CRUISING SPEEDS MUST BE CONSERVATIVE. HIGH SPEEDS FOR LONG ENDURANCE

MISSIONS WOULD REQUIRE HULL DISPLACEMENTS LARGER THAN THOSE OF

PRESENTLY USED SUBMARINES. FOR A SPECIFIED HIGH ENERGY MISSION.

ECONOMY IN THE USE OF FUEL AND OXIDANT HAS THE MCST SIGNIFICANT EFFECT

ON SHIP DISPLACEMENT. CONSIDERABLE HULL WEIGHT AND THEREFORE DISPLACE-

MENT CAN BE SAVED BY THE EXTERNAL LOCATION OF POWER PLANT CONSUMABLES

AND MACHINERY. CONSIDERING A TYPICAL MISSION, REDUCTIONS IN RATES OF FUEL

AND OXIDANT CONSUMPTION ARE MORE IMPORTANT THAN REUUCIlONS IN

MACHINERY WEIGHTS.
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WHILE THE RATIO OF DISPLACEMENT TO PAYLOAD HAS BEEN FOUND TO BE

A FUNCTION OF SUBMERGENCE DEPTH, VELOCITY, AND RANGE, THE MAGNITUDE

OF THE PAYLOAD CArRIED IS ALSO QUITE SIGNIFICANT. IN GENERAL,

OPTIMUM PRODUCTIVITY IS REPRESENTED BY LARGE PAYLOADS TRANSPORTED *AT

HIGH CRUISE VELOCITIES FOR SHORT DISTANCES. RELATIVELY SMALL PAYLOADS

ARE SHOWN TO BE PRODUCTIVELY TRANSPORTED AT LOW VELOCITIES.

THE METHODS OF ANALYSIS PRESENTED IN THIS PAPER ENABLE US TO

REVIEW THE CURRENT STATUS OF CANDIDATE PROPULSION SYSTEMS AND THEIR

REIATIVE ABILITIES TO MEET THE NAVY'S REQUIREMENTS. THE STUDIES

INDICATE AREAS IN WHICH FURTHER DEVELOPMENT PROMISES THE MOST RETURN

IN IMýIROVEJ EFFECTIVENESS.
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