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~DEH. A HIGH ENDURANCE ESCORT
-~ HYDROFOIL FOR THE FLEET

By Richard Aroner and Robert M. Hubbard
> i Naval Systems Division
Boeing Aerospace Co.

Abstract
\.

Eventually. an “advanced marine vehicle.” having arrived at a
point of technical maturity. must relinquish its special classifica-
tion in order to gain eligibility to assume a major fleet role. In
support of the proposition that the 50 knot submerged foil
hydrofoil has arrived at that position, this paper describes the
results of preliminary design studies which make use of the
available technology base to produce a conceptual design for a
Destroyer Escort Hyvdrofoil (DEH).

Starting with a set of mission requirements and choices of
weapons suites. the effort proceeds to a definition of vehicle
physical and performance parameters, while invoking an abso-
lute minimum of technology advances not now on hand. Full
recognition is given to the need for providing routine on-board
services. self-maintenance features and internal systems that will
generate few demands for new or unusual logistic support.

Of several iterations, the principal results reported are for a
200 foot LBP ship with a veh zross weight of 1363 tons.
" Foilbome endurances typically range from 3700 to 2800
nautical miles dependent on payload selection. with hullborne
speeds into the 20 knot range and huliborne endurance of 4000
miles. A range of payloads from 100 to 177 tons is investigated
to make visible the arrangement and performance variations
that result. Accommodations for crews ranging from 63 to 91
officers and men on a standard habitability basis are incorpo-
rated into the alternate mission variants.

It is concluded that a mission-capable, hich-endurance,
open-ocean hydrofoil escort ship is feasible within the existing
Iramework or dgeveloped technology.

Introduction
For more than a decade, developmental hydrofoils have
explored many technical alternatives in way of establishing a
firm foundation to capture the recognized military advantages
offered by the hydroioil concept. The ongoing PHM program.
as the first full “class acquisition™ is a direct result of this past
development. :

However, we can not afford to dwell on accomplishments of
the past but must procead immediately to attack the questions
of the future. Specifically. we have not yet publicized a valid
basis for a true approciation of the full potential that has
accrued from this excellent buildup of available, demonstrated
technology. For this reason. there still exists an all too general
opinion that the hydrofoil does not lend itself to extrapolation
into the domain of a full-blown open ocean escort ship with all
the attendant implications of long endurance, self-maintenance
and integration into the existing ftleet logistics situation. In
addition. the often discussed “size barrier™ ascribed 1o hvdro-
foils has not been adequately challenged in the context of a real
design based on contemporary data.

For over one vear, specific preliminary design studies have
been underway to define and quantify the properties of a large
hydrotoil ship suitable for task force escort deployment. which
makes use of the existing technology buse and requires only
engineering design (6.4 level of RDT&E) to support a tleet
prototype procurement.

In this paper, we not only present the principal results of this
work, but also elaborate on our conclusion that a 50 knot
Escort Hydrofoil (DEH) can be designed and constructed which
offers:

.

(a) A quantum improvement in speed and seaway perform-
ance.

(b) Foilborne and hullborne endurance suitable for open
ocean escort service.

(c) Size to support an effective payload suite with adequate

crew and conventional facilities for high endurance
missions.

The Operational Perspective

The incentive for advanced marine platforms stems from a
desire for more speed. better seakeeping or a combination of
both. Displacement ships with destroyer type hull forms
succeeded in making speeds in the 35-40 knot range some 60
vears ago but over the years the usual problems of deck
wetness, structural limitations and habitability factors have
prevented the utilization of this speed regime under adverse sea
conditions. Captain J. R. Keyhoe in a recent article (Ref. I)
graphically summarized the existing situation for U.S. and
U.S.S.R. destroyers as regards seaway speeds.

Figures 1 and 2 contain data taken from his treatise. We have
superimposed a point on Fig. | and a curve on Fig. 2 which
compuvesthe bydrolsil ER) with cospentirnal et dabx,

¥

as regards the seaway effect for a typical voyage.
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Figure 1:  MAXIMUM WAVE HEIGHT CAPABILITY IN HEAD SEAS
AT 26 KNOTS

The speed capabilities of several vehicle types as a function of
sea state are plotted in Figure 3. It will be noted that the very
large conventional ship (CVAN) sutfers only slight degradation
in usable speed until signiticant wave heights of 20-25 feet are
reached. The performance of the conventional destroyer escort
begins to degrade at seas of about 10 fect and for significant

*This paper represents an independent Boeing Aerospace Co. development.
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wave heights of 20 feet cun be optimistically credited with an
average speed of about 15 knots. The large SES with calm water
capabilities of 80 knots must give up much of this performance
in the higher sea conditions for many of the same reasons that
apply to the displacement hull. The S0 knot hydrofoil, although
not completely immune to sea effects retains its speed
properties because the main hull is decoupled from the sea
surface and its seaway response is largely governed by the design
length of the struts and the specific type of dynamic control
system employed. It is the only escort vehicle which can match
or exceed the seaway performance of the task torce nucleus.
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Figure 3:  OCEAN ESCORT OPERATIONAL ENVELOPES

The many tactical benefits of hydrofoil high speed capa-
bilities are summarized in Fig. 4. Notably, as speed increases,
the number of ships required for most tasks decreases. the

investment in force size tends to go down, and the number of

escort ships per task force group or element is smaller.

Anvestment in  the subc

g, SHIPS REQUIRED
. TO DISTRIBUTE
k SONOBUOY FIELD
o i
#
i
DEH AT
SOKNGTS ’g
[
a K
z 4 SHIPS REQUIRED
@ i FOR AAW SCREEN
2 g ASW SUW POUNCER
SZJ 3t K HRS CONTACT
g i
> B
[=}
ff i .
(e}
W Dl CTION RANGE
2 REQUIRED FOR
I TORPEDO EVASION
> ASW SCREEN
§ 2r SEARCH RATE
z
<
-
w
= SUW BARRIER
LENGTH
1+ !
b
k
E
‘1
L b
1 2 3
ADVANCED SHIP SPEED
30 KNOT CONVENTIONAL ESCORT
Figure 4:  COMPARISGHN OF EFFECTIVENESS OF HIGH

SPEED ADVANCED SHIPS TO 30 KNOT
CONVENTIONAL ESCORTS

The hydrofoil payoff cam be realized merely by exploiting
the body of design practice and operating experience that
constitutes the technological base produced by a 15 year
ating submerged-foil hydrofoil.
Accordingly, this paper describes an escort ship sized to meet
specific performance and wmission goals, but predicated on
myeting the given vequircmen e mﬂJwﬁt% an abajote
minimum of technology not on hand. )

Characteristics Formulation

Operational experience is the only sure route to provide the
guidance needed to derive 2 firm “best set” of military vehicle
design characteristics. - Presently, we must make the Dbest
visualization or forecast to produce the most flexible set of
properties to design into DEH. Certain areas are worthy of
explanation insofar us they represent a break in the pattern of
development of previous military hydrofoils.

It is postulated that DEH should offer a dual capability. It
will provide the high speed. high sea state characteristics of the
hydrofoil but also be required to operate tor long periods in a
hullborne mode at speeds into the 20 knot range, with
hullborne endurance comparable to existing escorts (5,000
N.M.). Continuous foilborne endurance should be much greater
than previous hydrofoils and provide an “ocean-crossing”
capability (at Jeast 2600 N.M.) so that no new or unusual
logistic demands will be placed on existing fleet operations.

It will be necessary to make available an adequate comple-
ment along with stores. mauintenance facilities and range of crew
skills so that the level of setf maintenance will be comparable to
that of conventional escorts. There is no inherent basis to
persist in the notion thar o hvdrofoil can only support a
minimum  operating crew  with a  high degree of logstic
dependence on base facihties. On the other hand. we endeavor
to tuke advantage of the manaing economics inherent in the gas
turbine propulsion system 1 the general degree of automation
otherwise L}‘““JLtLrL\“\. of the newest ships, coupled with the
smaller overall size of the platform.
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TABLE 1: SHIP CHARACTERISTIC SUMMARY

WATERJET SHIP

PROPELLER SHIP VERIIONS

001E 0028 1028
BASELINE ASW BASELINE ASW HELICOPTER ASW

202A
MULTI-MISSION

PHYSICAL PARAMETERS

LENGTH 8P, FT.

MAX. HULL BEAM, FT.

MAX. WL BEAM, FT.
AFT FOIL SPAN, FT.
6ROSS WEIGHT, TONS
FOLL DRAFT, FT.

PERFORMANCE

MAXIMUM SPEED, KTS.
F/B ENDURANCE, N.M.
H/B ENDURANCE, N.M.

ACCOMMODAT IONS

OFFICERS
CPO
ENLISTED
TOTAL

SONAR

ELECTRONICS

200 200 200

48.4 48.4 48.4
40.5 40.5 40.5
120 108 108

1625 1363 1363
39.5 36.7 . 36.7
49 50.7 ; 50.7

3670 AT 42 KNOTS
4000 AT 19 KNOTS

3530 AT 42 KNOTS
3850 AT 19 KNGTS

2300 AT 42 KNOTS
4000 AT 19 KNOTS

10 ' 12 14

2 2 2

Sl 56 60

63 70 76
45 DAYS 45 DAYS 45 DAYS

(1) PHALANX

(1) OTO MELARA
76MM (240 RDS}

{2) MK 32 TORPEDQ TURES
(16) MK 46 TORPEDOES
(2) HARPOON MISSILES

COMMON TO BOTH MODELS
(2) PHALANX

(1) SEA SPARROW BOX
LAUNCHER (8 RELOADS)

(2) MK 25 TORPEDO TUBES
(8) MK 48 TORPEDOES

{2\ UADDNNN MTCCTI EC

COMMON TQ ALL MODELS

200
48.4
40.5
108

1363
36.7

50.7
2900 AT 42 KNOTS
3060 AT 19 KNOTS

45 DAYS

(2) PHALANX

(16) SM-2 VERTICAL

LAUNCHERS

16) HARPOON/TARPON
MISSILES

(1) OTO MELARA
76MM (240 RDS)

Il AR 2B TORFE TuBES

(8) MK 48 TORPEDOES

(1) PASSIVE TOWED ARRAY, (1) VDS, (1) FOIL MOUNTED CTFM

SPS-55 SURFACE
SEARCH RADAR

MK 92 FC RADAR

NAV & COMM. SUITE
STD. FOR TYPE

COMMON TO BOTH MODELS

SPS-55 SURFACE
SEARCH RADAR

SPS-58-2D AIR
SEARCH RADAR

SPS-55 SURFACE
SEARCH RADAR

MK 49 AIR
SEARCH RADAR

MK 74 TRACKER
TLLUMINATOR

SEA SPARROW FC ESM SUITE VA o
| M.
NAV & COMM. SUITE Y .B.con TvgngE
STANDARD FOR TYPE e
ESM SUITE UITE
AVIATION FEATURES, HELO REPLENISHMENT (1) LAMPS HELD REPLENISHMENT
(SH2-D HANGERED)
TOTAL PAYLOAD, TONS* 100 B 100 94 177

*INCLUDES: PARTIAL GRP. 4, GRP. 7, AMMUNITION, CREW & EFFECTS, PROVISIONS AND POTABLE WATER WEIGHTS.

For seakeeping criteria, it is proper that we fully utilize one
of the prime features of the craft. This is a design goal for DEH

to operate foilborne 98% of the time in seas representative of
" the North Atlantic on a year round basis. This quantifies to a
design significant wave height of 20° (upper sea state 6). This is
not a “wish” goal and selection of this criterion is based on
extensive seakeeping studies utilizing known hydrotoil response
characteristics.

As for allocation of missions. roles and weapons systems, an
authoritative determination must be left to the formal military
planning procedure. It is our objective to select representative
suites that will display the feasible range of possibilities.
Consequently, configurations have been developed which
include a basic ASW ship utilizing available weapons systems, a
varant housing one SH2-D helicopter and a third arrangement
cast as a multi-mission platform employing weapons concepts
still in the planning stage.
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For propulsion, past hydrofoils have empioyed either water-
jet or angle drive propeller systems. The attractive feature of the
waterjet system is its mechanical simplicity combined with a
hivh deeree of accessibilitv of the mechanical components
resulting in reliable trouble-tfree pertormance as demonstrated
fully on TUCUMCARIL Although many factors are involved, it
is noted that the one hydrofoil with waterjet propulsion. of the
four major developmental ships, has accumulated 437 of the
total foilborne time.

Appreciating that the demands for very long foilborne range
represent one of the more significant departures as compared to
previous hydrofoil characteristics, competing design teams were
set up. each to produce the best overall ship design solution for
a waterjet thruster and an angle-drive propeuer sysiem respee-
tively. Table I summarizes the characterizing data of the several
DEH versions as derived by our studies and sefection processes.
Configurations are set forth in Figures 5 through 8. 1t should be
noted that some additional operational considerations.
including at least maintenance and mission equipment com-
patability, nced to be further studied before a definitive
decision can be made.

TABLE 2: PROPULSION SYSTEMS COMPARISON
PROPULSION SYSTEM FoILS FOILBORNE ew
ROPULSTON SYS VATER S SROPELLLR SYSTEM HULLBORNE SYSTEM

ENGINE TYPE TURBO-F ELECTRIC LM-2500
2-REQUIRED FOR SYSTEMS FT 101 TO BE USED
EACH SYSTEM VERS 1363 AND PHI)
TAKEOFF POWER 45,000 SHP WITH 25,000 SHP .
INTERMITTENT RATING WATER INJECTIO!
AT 100°F, PER ENGINE
CRUISE PO 33,200 SKP 23,400 SHP 7,560 SHP
EONT i
AT 80°F
CRUISE PROPULSIVE 83.9 AT 49 KNOTS 61.8 AT 50 KHOTS 57.8 AT 19 KNOTS
EFFICIENCY, PERCENT®*
SHIP GROSS WELGHT, TONS 1625 1363 -
NOMINAL ENDURANCE, N.H. 2,300 AT 42 KNOTS 3,670 AT 42 KNOTS 4,000 AT 19 KNOTS
CRUISE SHP/TON as.2 34.3 -

5.34% 2.74* 4:90
AVAILABLE FUEL, TONS 546 587/536

NET TLOIET
NET THRUSY

**PROPULSIVE EFFICIENCY = ¥
£S ALL PRCPULSION SYSTEM FLU

*INCLUD
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Performance Propulsion

Thrust-drag relationships and smooth water foilborne endur-
ance vs. speed are plotted in Figure 9. Take-off conditions are
adjusted to provide a minimum thrust margin of 25% assuming
an outside air temperature of 1009F. The apparent “‘excess”
foilborne range indicated for the propeller ship over a nominal
goal of 2600 miles is subject to some degradation when service
factors and rough water cruise power increments are applied.
Beyond this, the difference may be considered as a performance
margin convertible to payload optimization, and growth mar-
gins. The waterjet ship is initially more limited and does not
offer this flexibility.

Hullborne performance is summarized in Figure 10. In the
higher hullborne speed range overali craft L/D is improved by
utilizing foil lift, assuming the constant hydrofoil lift coetticient
that would be appropriate for a 32 knot takeoff. This helps to
overcome the relatively high hull resistivity as indicated by the
comparative drag curves applicuble to the propeller ship.

As noted previously. our work has encompassed waterjet and
propeller foilborne propulsion systems on the basf of common
hulls and payloads. The selection of gas turbines was unrestric-
ted and performaiice was optimized where possible by designing
up to the full capability of available engines. A common
hullborne propeller system was used in -all cases. Overall

comparative data of these systems is summarized in Table 2.

There are a number of contingent effects inherent in the
above tabulation. The lower efficiency and higher weight of the
waterjet system drives one tosards higher fuel loads and heavier
takeott weights which in turn provides incentive to go to higher
rating prime movers. The irrereased weight drives the feil arca
up resulting in both larger main foil and forward stecrable
T-foil. The process of optimization of the waterjet plant itself
brings in variations in inlet duct influencing strut size and drae.
The large pumps make greater demands on available space so
that total volume allocated to machinery is increased. In this
ove effects against the waterjet

ship. we must weigh the
system’s demonstrated mechanical simplicity and high reliabil-
ity - that  has resulted i the choice ol waterjets  on
TUCUMCARI, PHM aad the Boeing JETFOIL.
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Earlier experience with high power-density angle drive
propeller systems on hydrofoils resulted in significant hardware .
problems and lack of operational reftability. Today we can take
advintage of much of this experience and of an improved
manufacturing technologv to desien reliable drive trains for the
nydrototl environment. i this regard, the Navy developed
AGEH gear system is the highest rared train to date and has
turned in a generally excelient performance in approximately
200 hours of sea trials. Originally designed to handle the output
of two LM 1500 engines/shaft (30,000 H.P.) it has been
deployed with half the designed input power. Table 3 sets torth
the key angle drive train parameters needed for DEH and their
relationship to acceptable gear design factors. Qur assessment
indicates that bearing life would be the limiting factor. With
available bearing technology it is contidently anticipated that a
system exhibiting a MTBO in excess of 4,000 hours can be
produced. Figure 11 is a schematic of the foilbome and
huliberne propulsion trains.
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Figure 10: HULLBORNE PERFORMANCE AND ENDURANCE

Employment of a pod mounted 4:1 ratio planctary reducer is
a key factor in keeping system weights down, and operating the
right angle train at low torques. A fortuitous investment by the
Navy Department in the early period of the hydrofoil tech-
nologv buildup has resulted in the development. construction
and shop testing ot a very hghtweight high pertormance
planetary gear box. This unit produced by Curtiss-Wright was
designed as a 40.000 SHP reducer and has been shop tested up
to 50,000 SHP. lIts physical dimensions, light weight, and
overall ratio precisely fit the needs of our proposed ship and it
provides necessary visibility to one of the key components of
the concept.

Supercavitating propeller - estimates dre derived trom an
existing successful supercavitating bdlade series. The selected
characteristics are shown in Table 4. Figure 12 offers compara-
tive data which indicate that although the diameter is somewhat
larger than previous propellers, disc loading as an overall
comparator falls well within the body of previeus practice.
Figure 13 illustrates a rationale tfor characteristics selection.
Some compromise in peak etticiency has been taken to improve
take-off thrust performance and to ensure suitable transmission
system reduction ratios.

TABLE 3: REGHT ANGLE BEVEL GEAR PARAMETERS APPLICABLE TO DEH FOILBORNE DRIVE PINION
PARAMETER VALUE COMMENT
NO. OF TEETH sQ SAME AS AGEH
DIAMETRAL PITCH 2.228 SMALLER THAN AGEH

22.442 IN.
20 DEGREES
30 DEGREES

PITCH DIAMETER
PRESSURE ANGLE
SPIRAL ANGLE
TOROUE

RIM 3,600
BENDING STRESS 24,400 PSI
CONTACT STRESS
PITCH LINE VELOCITY

21,600 RPM

241,000 LB-iIN.

141,500 PSI

26 IN. MANUFACTURING LIMIT
SAME AS AGEH

SAME AS AGEH

300,000 LB-IN (AGEH DESIGN)
3,130 {AGEH DESIGN}

30,000 PSI IS GLEASOGN STANDARD
LOWER THAN GLEASON FOR ’109 CYCLES
30,000 FPM Sk IBL

0 BE POS

o
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Figure 11: PROPULSION SYSTEMS SCHEMATIC
TABLE 4: FOILBORNE PROPELLERS Overviewing the entire propulsion situation, the utilization of

an angle drive propeller system emerges as substantially superior
from the performance and wei &it point of view. The basic

TYPE SUPERCAVITATING-FIXED-PITCH power system elements are either developed comvponents or
DIAMETER, FEET 7.0 have undergone engineering development and shop level testing.
PITCH-DIAMETER RATIO 1.10 .}\What is needed for a propeiler drive DEH is a detailed design,
BLADE AREA RATIO 0.60 o development and qualification program of all the components
TG, B2 BLINTS : 3 3F the propulsien syvtem This wyvisn woredl wonitderabienss Ce
PERFORMANCE : Sy W avoid past problems as regards preventing lube svstem contam-
" : : 4 ination, subsequent bearing deterioration, over-emphasis or
DESIGN CONDITION “ e = » AO0 W ration, .- subsequept’-beanng . delerioration, overemp on
= s e weight economy, seal integrity and reliability of attached
SPEED, KNOTS \ SHP= 56 l auxiliaries, all factors that have contributed to “down-time’ on
POWER, PROPELLER HP ¥ 22,230 # the existing developmental propeller ships.
RPM, MAXIMUM g v i i
P ] z
NET THRUST, LBS PER PROPELLER 300’) s \
TAKEOFF OPERATION T PSR
e CRAFT NOMINAL POWER
SPEED, KNOTS 7 25 e
i DENNISON 11.000 HP
POWER, PROPELLER HP 23,180 «
RPM, g 750 PLAINVIEW 15,000
NET THRUST, LBS PER PRCPELLE. 125,600
W BRAS D' OR 11,000
=0.4 |
. DEH 23,400
Hullbome driving equipment is identified in Table 2 and
utilizes 107 diameter controllable pitch subcavitating propeliers. FragaTare Rt ae0
Because of the conventional drive arrangement, specific weights i e
= HIGHPOINT BRONZE SOULIT 1.700

are high and it would appear desirable to delete the entire
hullborne system in favor ot exclusive utilization of the 7

toithorne thruster. Figure 14 gives estimated hullborne endur- THOUSAND L8S THRUST/BLADE AREA
ance/speed comparisons assuming all hullborne operation on a . - B .
foilborne controllable pitch supercavitating propeller. Further Figire 12: COMPARISOK OF PROPELLER THRUST LOADING
development.ot this idea is reserved for downstream considera-

ton which must take into account the viability of super-

cavitating blade operation in this speed regime, the possible

implementation. of torced ventilation. the physical aspects of

pitch control and a more astute definition of desired under-

water acoustic properties for the ship.
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Structure

Generaticn of loads data for structural design purposes is an
area where the hydrofoil designer. motivated by the necessity to
fully appreciate the dynamic loads imposed on the vehicle, has
buiit up a body of practice that departs from the conventional
approach to ship hull design. The loads criteria directly relate
significant wave height for the design sea state to a “limit load™
represented as the highest single load that can be imposed by
the environment for the condition investigated. The governing
limit load is compared to material yield propertics, or when
increased by an arbitrary factor of 1.5 is designated as an
“ultimate load™ which may be compared to the ultimate
propertics of the material. Stresses must be adjusted so that
neither criterion  exceeds the nominal material properties.
Dependent on the condition under investigation. additional
dynamic tuctors are inserted to account for “springing” effects
or freebody vehicle response dynamics. Figure 15 eraphically
summuarizes the various loads conditions investigated. Dynamic
sea loading on decks and superstructure is related via the
significant wave heights to dynamic pressures encountered in
breaking waves.

i,

At-sea experience has demonstrated the serviceability of
hydrofoil hulls and it canm be noted that no primary structural
failures have occurred, even during operations in sea states
substantially higher than design conditions.

Figure 16 is a typical structural section of the DEH hull.
Despite the 200° length, main hull scantlings are controlled by
bottom impact and local loads on sides and decks, except for
distributing strut/hull intersection loads into the main girder.
Based on a web spacing of five feet, the structure is conven-
tional except that etforts to minimize weight kad to a rather
dense spacing of longitudinals. Further optimization studies will
be conducted involving hull weight - manufacturing cost
trades. The use of ordinary T-stiffener to shell assembly
techniques are assumed. Extruded plate-stiffener sections have
been used in the past for additional weight economy. Because
of the narrow extrusion panels and the attendant increase in
welded plate seams required, it was judeed that our larger ship
would be better served with conventional assembly practices.

COMPONENT ANALYSIS METHOD

HULL BOTTOM DESIGN SPEED WAVE {MPACT WITH

PLATING CRAFT TRIMMED & ROLLED FOR
MAXIMUM LOCAL PRESSURE
r 1
HULL SIDES, DECKS DYNAMIC PRESSURES BASED UPON
& SUPERSTRUCTURE | EMPIRICAL DATA FOR BREAKING

! : f i WAVES

WAVE IMPACT TIME HISTORY
ANALYSES TO DETERMINE MAXIMUM
LOAD ENVELOPES

HULL GIRDER
& FRAMES

MAXIMUM LIFT, EMERGED FOIL,
MANEUVERING LOAD CONDITIONS
DERIVED FROM TRIALS DATA

FOILS, STRUTS
& FOUNDATIONS

THE DESIGN LOADS ARE BASED L'PON BOEING DERIVED CRITERIA USED ON CURRENT
HYDROFOIL CRAFT. ANALYSIS WETHODS HAVE INCORPORATED EMPIRICAL DATA
FROM TECHNICALTRIALS.

Figure 15: HULL DESIGN LOADS
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Figure 16: TYPICAL STRUCTURAL SECTION

PAGE 10



Hull materials are the conventional 5456 aluminum. The use
of HY-80 as an alternate has and is being considered but with
the probable need for a corrosion allowance and a redistribution
of elements to avoid impracticably thin materials. it is not likely
that the latter material will be weight competitive.

Structural design criteria for struts and foils take a more
conservative approach in deference to the influence of corro-
sion fatigue. In this case the governing ultimate load conditions
which include appropriate dynamic magnification factors are
compared to yield stresses. This reduces the design working
stress by a factor of one third. In addition, in the detail design
stage, statistical load profiles resulting from computer foilborme
simulations for a given environmental situation can be applied
to specific joint designs for analysis of fatigue life including
crack propagation propensity.

17-4PH stainless steel of 120,000 psi yield or HY-130 are
candidate materials for struts and foils. The former has
excellent corrosion and cavitation erosion resistant properties
but requires a high temperature post-fabrication heat treatment
although recent technology investigations indicate a high
probability of eliminating heat treatment above aging temper-
atures. HY-130 requires reliable coatings for corrosion/erosion
protection. This matter is being actively pursued and it is
anticipated that the present Navy program of HY-130
development will include designing and building an alternate set
of strut-foils for PHM, which now utilizes a 17-4PH stainless
alloy. The 6A1-IV type of titanium would have excellent
general properties and save considerable weight. However
relative costs. mill availability and fabrication variables have not
been adequately investigated to elevate this material to an equal
level of interest.

Hull Form Selection

Selection of the hydrofoil hull encompasses some of the
ududl COIINDIUCIALIVIS CHLOUINCITU UL Convenuonar nun UUblgIl.
introduces a few interesting novelties, and also “liberates” the
designer in other respects. The novelty occurs in the need to
have hull resistance data for many waterlines in order to
suitably evaluate owverall vehicle drag during the takeoftf phase.
In the interests of reducing foilborne bottom impact and
minimizing wetted surface at takeoff, deadrise angles of about
220 are employed. A relatively fine fore-foot and bow flare are
needed to reduce spray when cresting at high speed. Freed from
the customary speed/length limitations, the hull is characterized
by a high displacement length ratio as compared to destroyer
forms. This allows for generous intermal deck area, volume for
arrangement purposes and freedom from stability limitations
often encountered in destroyer forms. An additionual important
factor in beam selection is the arrangement of main struts to
provide effective foil span equalization without excessive strut
splay angle. The hull lines utilized are fully supported by an
extensive scrics of towing basin tests. Table S lists the character-
izing hull data. Analysis of resistance indicated that perform-
ance of this hull would be quite satisfactory under takeoft
conditions. (75% of total drag at the takeoff hump is vested in
the strut/foil system.) Hull resistance is rather high at the 20
knot hullborne cruise condition. However, investigation indi-
cated that the investment in hullbome propulsion equipment
was reasonable and acceptable.

Strut/Foil Conficuration

Selection of Strut/Foil Configuration is intfluenced not only
by operational criteria, but by external physical hmitations
which become operative in this large vehicle. Specitically these
are:

TABLE 5: Hull CHARACTERISTICS

DISPLACEMENT, L. TONS 1363
TAKEOFF DYNAMIC LIFT, L. TONS 1255
DESIGN LCG, AFT OF MIDSHIP, FT. _ 15.37
DESIGN DRAFT, FT. 11.61
LENGTH OVERALL, FT. 216.66
LENGTH BETHEEN PERPENDICULARS, FT. 200
MAXIMUM BEAM, FT. : 4
MAXIMUM BEAM AT CHINE, FT. 38.5
WATERLINE MIDSHIP BEAH, FT. 40.5
DEADRISE ANGLE, MIDSHIP, DEG. 22.5
WETTED SURFACE, SQ. FT. 8350
WATERPLANE AREA, SQ. FT. 6596
BLOCK COEFFICIENT (Cg) 0.454
MIDSHIP COEFFICIENT (C,,) 0.55
WATERPLANE COEFFICIENT (C,5) 0.8}

Foil span (Drydocking and canal limitations)

Navigational draft huliborne

Nominal foilborne keel height (sea state related)

Design sea state

Foil loading and foil distribution

Control dynamics and ride quality

Structural feasibility

Ship arrangement

Fabrication and material considerations

Contiguous use of strut (i.e., waterjet ducts or angle drive
fransmission components)

B y e i
Obvivwly thest are interrelaled (actors and coramand amrechn
attention in prosccuting our design.

The selected foil arrangement is a fully submerged canard.
with a relatively high ratio of main to forward foil area
distribution. Experience has shown that, holding the proportion
of total lift supported by the forward foil to a low value gives
the best overall ride and minimizes perturbations caused by
forward foil broaching and “flyout.” Also, in the large
hydrofoil the smallest possible forward steerable “T-foil is of
benefit from the point of mechanical actuation and hydraulic
power demands. The high distribution ratio also brings the main
foil forward for better interfacing with the main machinery in a
fore and aft location which facilitates locating inlet ducts and
stacks free of interference with afterdeck ordnance or heli-
copter installations. Rapid automatic course corrections are
available from the faster responding small “T7-foil. The
balancing effect of this general approach is that the larger
resulting main foil reaches an imposed span limit sooner, or thu
compromises in foil aspect ratio are required, impacting take-off
L/D. To allow maximum design latitude. a main foi! span limit
of 120" (dry docking limit) was established along with a limiting
hullborne draft of 40" with expectation of reducing these
dimensions as the ship definition developed.

Figure 17 shows the key planform and sectional dimensiona!
properties of the foils selected for the propeller ship. The use of
taper and variable t/c promotes optimum structural utilization
of material and is a very important consideration in holding foii
weights down.
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Figure 17: FOIL GEOMETRY

The two conventional control systems in use are (a) incidence
control and (b) trailing edge (plain flap) control. The former is
not structurally feasible for a ship of DEH size and general
arrangement. The latter is feasible but because of inherent hinge
point unbalance entails very large hydranlic power commit-
ments. The dleL'Kd control foil concept indicated in Figure 18
has been adopted for use on DEH. This pcrrmts placing the flap
hinge point near the quarter chord reducing hinge moments by
at least a factor of four as compared to the trailing edge flap.
This promises to offer an excellent solution to the “hydraulic
power limit” conventionally associated with large hvdrofoils.
The Boeing Company is presmtly conducting wind tunnd and
Flow chanaef besbrdd thnie SINET vo pruvt
data.

!;’1‘%_[11(,\.1“!" @’Lbl”“

TABLE §:

Placing very strong emphasis on reliability _md effectiveness
of the entire flap control system. our desien provides sufticient
flap area and enough redundant flup segments to provide
adequate, albeit somewhat degraded. control if one half of the
flap elements on cither or both sides of the foil system become
inoperative. Two feasible concepts for tlap actuation power
trains are under study. one involving a dual redundant mechani-
cal svstem from the main huil, through the struts and into the
foils. The other employs redundant, inde pendept flap segment
power/serve loops which have tie advant age ot much reduced
weight and mechanical complexity .

ACTUATION POD

L
— ZACTUATOR

CONT
20° DOWN ROL FOIL

Figure 18: CONTROL FOIL ARRANGEMENT

Weights

Table 6 summarizes weight statements for the various
versions of the propeller driven ship. At the present state of
development 687 are lx!‘_uhud weights and the remainder
estimated or ratiocinations. The Group I (hull) includes 40 tons
for foundations and strut/hull interfacine allawances (Crann 0
(propuiston) are discrete compoitent weighis and system esti-
mates. Group (3) (clectrical} is based on employment of an

PROPELLER SHIP WEIGHT COMPARISONS

0028

BASELINE ASW

1028 2028
MULTI-MISSION

1363 TONS 1363 TONS 1363 TONS
433 (31.7)*
USABLE FUEL — 546 (4C.15* USEFUL LOAD 525 (38.6)* USEFUL £CAD , US&‘;’{L LOAD
vaoru vaorivo Lunl N
649(47.5) 624(45.2) §14(35.0)
1 s (5.3)
_ / R X
THER LOADS ——od 55 §§ : e € 0.0) |
ARMAMENT + MIL, P/L OF €8S 4R 2 4y [N D
MARGINS i 75 77 S g4 18,2}
ELECTRICAL + BASIC €45 S - 57 E 60 {4.2)
55 63 - 63 69 {5.1)
L 80 o 89 80 {5.9)
S — e
s LIGHT SHIf i
134 (9.8) 762{55.9) 134 {9,8) 134 {9.8}
PROPULSION PLANTS 90 (5.5) 30 (6.6) 90 (5.6)
HULL AND SUPERSTRUCTLRE ——od 217 {15.9) 223 {16.8) 232 (17.0)
*WE] TONS (PIRCENT OF FULL LOAD WEIGHT)
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optimized 60 cycle system using diesel prime movers. Although
400 cycle power has been utilized on previous hydrofoils, it was
felt that cost, logistic and acoustic problems would outweigh
the possible lower weight of the 400 cycle electric plant. Group
4 (communications and control) gombhines both component and
system “estimates. The sonar equipment weights which form a
large part of this system are estimated from developmental
models and would require verification. Group 5 (auxiliary
systems) is generally the most difficult group to support with
estimates in the preliminary design phase, particularly when
there is no parent form precedent. Each three digit group was
addressed and direct system estimates were made in the light of
the most probable available system development. Ileating,
ventilating and ‘air conditioning weights in example were based
on utilization of standard Navy type svstem arrangements and
components with a view towards logistic continuity and
available standard maintenance skills. On the other hand, the
anchoring system reflect weights appropriate to a lightweight
anchor and nylon-line mooring system as a means of reducing
weight over the conventional chain/wildcat arrangement.

Foilborne Control and Motion Dynamics

Of the several sectors of developed hwdrofoil technology, the
present state of the art as regards the foilbome control system
emerges as one of the more notable achievements, with
significant contributions creditable to Navy planners, technical
personnel and their supporting contractors.

Introduction of the acoustic height sensor, reliable acceler-
ometers, Boeing manufactured solid state analog electronics,
and selective system redundancy have combined to produce
" very reliable highly effective controls. Tucumecari, representative
of 1967 control system technology, has never experiénced an
operational foilbome incident attributed to the control loop.
Automation features relieve the helmsman of all coordination
activity except for ordered course, turn: rate and set foil depth.
Ref. 2 offers a comprehensive description of the modemn
foilyome coplrol systents.

Utilizing stability and control derivatives for our propeller
DEH, a linear behavior analysis based on typical controller
parameters is set forth in Figure 19 with a superimposed
comparison of vertical accelerations typical of destroyers.

Conclusions

A 15 year investment in technological development of the 50
knot hydrofoil has reached maturity. Without the inauguration
of any new significant research and development effort, a
mission effective high endurance hydrofoil escort ship in the
1200-1600 ton size range is feasible, viable and available to the
fleet. Of the several ““advanced marine vehicle” concepts of the
1960’s, the 50 knot hydrofoil can become the advanced
performance escort ship of the 1980’s.
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