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1.0 INTRODUCTION

The Foilborne Hydrodynamic Module is one of the modules which constitutes the
ASSET/HYDROFOIL synthesis process. Its primary purpose is to compute: 1) the
foilborne drag a input dedgn speed and desgn weght, 2) the foilborne drag a input
range speed and a 50% fud load, 3) the takeoff hump drag and corresponding speed,
and 4) if requested, the waterjet propulsion system inlet duct area required for
takeoff. The pertinent parameters calculated in the module are passed to the other
modules via the current modd. With the exception of the waterjet inle duct Szng,
the Foilborne Hydrodynamic Module does not modify foil/strut assembly geometric
parameters, and its only output is the foilborne and takeoff drags and corresponding
takeoff  speed.

Although this module is dedgned for integrated operation within the synthess loop,
it is capable of independent operation if desired; however, during independent
operation, it must be recognized that in order to compute consistent drags, proper
geometric input data will be required for both the huli and foil/strut assembly. All
this input data enters the module through the current model. It should be noted that

the exclusion of interfacing parameters during independent operation may lead to
erroneous  conclusions.

The Foilborne Hydrodynamic Module cdculaes the totd foil sysem lift and drag and
hull drag for takeoff calculations from the input geometry and operating conditions
data. The foil/strut hydrodynamic calculations are based on methods described in
References [ 1 Jthru [ 7] and the hull drag calculations are based on methods
described in References [8]thru [10]). Modifications and additions to the
referenced methods were required in order to integrate it into the module, dthough
the basic cdculaion forms were not dtered. A moment baance and lift summation
have been incorporated in the Foilborne Hydrodynamic Module such that the moment

about the ship center of gravity (CC) is zeo and the summation of dl verticd lifts
equas tota weight.

The calculation of hull resistance for takeoff calculations is based on the methods
developed for the Hullborne Hydrodynamic Module. This coupling of the Foilborne

4-5-
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Hydrodynamic Module and the Hullborne Hydrodynamic Module drag estimation
procedures was done to provide both a consstent drag estimate between the modules
and to use a consistent geometric definition. Both modules use essatidly the same
input data. The approach, summary of input, description of output, expianation of
diagnostic messages, theory, and examples of use of the Foilborne Hydrodynamic
Module ae given in the following sections

4-5-2
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2.0 APPROACH

The Foilborne Hydrodynamic Module is one of the modules which constitute the
synthes's  process. Its primary purpose is to compute 1) foilborne drag a both design
soeed and range speed, and 2) takeoff hump drag and the corresponding speed at the
hump drag point. In addition, the module can cdculate a waterjet propuldon system
inlet duct sze required for tekeoff. In order to properly compute drags, a complete
set of geometry is required for the foil assembly and hull. With the exception of the
waterjet inlet duct gSzing, the Foilborne Hydrodynamic Module does not modify fail
asembly geometric parameters, and its only output is foilborne and takeoff drag, and
takeoff speed.

The two man computationd functions performed by this module may be outlined as
follows:

1. The foil assembly hydrodynamic cdculaions for the foilborne condition include
the total foil assembly steady state lift and drag from input geometry and
operating condition data. The edimation of these components is accomplished
by utilizing a simple calculation technique to approximate a static equilibrium
condition for externd forces and moment. A detailed discusson of this group is
congdered in Section 5.

2. The takeoff hydrodynamic cdculations include the takeoff hump drag and the
corresponding speed a the hump drag. The estimation of the takeoff drag is
accomplished by utilizing the static equilibrium calculation technique of the
foil assembly hydrodynamic calculations. Included in the calculation is the
contribution of the hull forces and moment. A minimum tekeoff drag a a fixed
speed is obtained in terms of two independent operating parameters. Takeoff
speed is incremented until a hump drag value is found or the craft can achieve
foilborne operation. If requested, the data generated from the takeoff
cdculation is used to ceculate the maximum required waterjet inlet area

4-s-3
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Takeoff calculations are discussed in Section 6.
cdculation of fail

in Section 7.

Various limitations pertaining to

asembly  hydrodynamics and takeoff hydrodynamics ae described

A macro flow chat of the Foilborne Hydrodynamic Module is shown in Figure 2.0.

454
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3.0 I NPUT
All input data for the Foilborne Hydrodynamic Module ae extracted from the current

modd by the executive program. The parameters that are lisged in Table 3.0 ae
required as input by the Foilborne Hydrodynamic Module.

4-5-9



TABLE 3.0-1I
MODULE INPUT FROMCURRENT MODEL
ARRAY UNITS
DEFAULT PARAMETER NAME SIZE ENGLISH METRIC
SH P REP
MISSION
FB SPEED REQ KT KT
FB RANGE SPEED REQ KT KT
HB SPEED REQ KT KT
HB RANGE SPEED REQ KT KT
FB HEl GHT FT M
HULL
HULL OFFSETS
STATION ARRAY (15X1) FT M
HALF BEAM ARRAY (1BX9) F M
HATERLINE ARRAY (15X9) F M
CH NE LoC ARRAY 115X1) RATIO RATI O
FB PROPULSI ON
FB ENG NE
FB PROP TYPE IND
DESIGN TO MARGIN
FB GEARBOX
FB LWR GBX DIA Fr M
FB WATERJET
FB DUCT SIZE IND
FB JET VEL RATIO
FB DUCT IN AREA FT2 M2
FB PROPELLER
FB PROPELLER DIA FT M

FB PROPELLER CHAR
FB HUB/DIA RATIO
HB PROPULSION
HB ENGINE
HB PROP TYPE | NO
FAD FOI L/ STRUT
FAD FO L GEOMETRY
FWD F/S CONCEPT IND
FWD DESIGN cCL
FW FO L BUOYANCY LTON MTON

FAD FOIL ROOT CHORD FT M
FWD FOIL TIP CHORD FT M
FWo 08 FOL SWEEP OEG DEG
FWD CEN FO L SEMISPN FT M
FNDOB8 FO L SEMISPN FT M
FWO FOIL ROOT T/C

FWD FOIL TIP T/C

FWD CEN FOIL ANHED OEG DEG
FWD OB FOIL ANHED DEG DE®

FWD CEN FLP SPN RATIOD
FWO OB FLP SPN RATIO

4-5-10
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TABLE 3.0- 1
MODULE INPUT FROM CURRENT MODEL (Continued)

ARRAY UNITS
DEFAULT PARAMETER NAME SI ZE ENGLISH METRI C

FWD FOIL AFT BOX LOC RATIO RATIO

FWD STRUT GEOMETRY
FWD CEN STRUT IND
FWD OB STRUT IND
FWD STRUT WLBP RATI O RATI O
FWD STRUT BUOYANCY LTON/FT MTON/M
FWD CEN STRUT LENGTH FT M
FWD 08 STRUT LENGTH FT M
FWD CEN STRUT UP T/C
FWD CEN STRUT LR T/C
FWD OB STRUT UP T/C
FWD OB STRUT LR T/C
FWD OB STRUT SPLAY DEG DEG

FWD POD GEOMETRY
FWD CEN POD NOSE L/W RATI O RATI O
FWD OB POD NOSE L/M RATI O RATI O
FWD CEN POD TAIL L/N RATI O RATI O
FWD o8 PODTAIL m RATI O RATI O
FWD POD BUOYANCY LTON MTON

FWD HYDRODYNAMICS
FWD CONTROL | ND
Fwp FO L SUBMERGE FT M
FOIL LOADING FRAC

. FB DRAG FACTOR
PHR/CNT STRUT/POD
PWR POD POS | ND
PWR STRUT/FOIL CHORD RATIO RATI O
PMR STRUT TAPER RATI O RATI O
CNT STRUT/FOIL CHORD RATI O RATI O
CONTROL POD W/THICK RATI O RATI O
AFT FOIL/STRUT

AFT FOIL GEOMETRY
AFT F/S CONCEPT IND
AFT DESI GN CL
AFT FO L BUQYANCY LTDN MTON
AFT FOIL ROOT CHORD FT M
AFT FOIL TIP CHORD FT M
AFT o8 FOI L Sweep DEG DEG
AFT CEN FOIL SEMISPN FT M
AFTOB FQOl L SEMISPN FT M
AFT FO L RoOOT T/C
AFT FOIL TIP T/C
AFT CEN FO L ANHED DEG DEG
AFT 0B FO L ANHED DE6 DE®6

AFT CEN FLP SPN RATIO
AFT 0B FLP SPN RATI O

AFT FO L AFTBOX LOC RATI O RATI O
4-5-11



TABLE 3.0-1

BCS 40532-5

MODULE INPUT FROM CURRENT MODEL (Continued)

DEFAULT

PARAMETER NAME

ARRAY

SIZE ENGLISH

UNITS

METRIC

AFT STRUT GEOMETRY

AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT
AFT

CEN STRUT IND
0B STRUT IND
STRUT BUOYANCY
CEN STRUT LENGTH
08 STRUT LENGTH
CEN STRUT uP T/C
CEN STRUT LR T/C
OB STRUT UP T/C
OB STRUT LR T/C
OB STRUT SPLAY

AFT POD GEOMETRY

AFT
AFT
AFT
AFT

CEN POD NOSE L/W
0B POD NOSE (/W
CEN POD TAIL L/W
OB POD TAIL L/W

AFT POD BUOYANCY
AFT HYDRODYNAMICS

AFT
AFT

CONTROL IND
FOIL SUBMERGE

HB HYDRODYNAMIC FACTORS

WEIGHT

FO L

POS IND

HE DRAG

HB RANGE DRAG
HB DRAG FACTOR
FACTORS

CG INPUT IND
USABLE FUEL WT

M
M

LOAD WT
LOAD CG ARRAY

4-5-12
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4.0 QUTPUT

.. CURRENT MODEL

4 st of the parameters output to the current modd by the module is given in Tadle

=2 GRAPHIC OUTPUT

Two grephic displays can be generated by the Foilborne Hydrodynamic Module. The
iv'e of each digolay and the corresponding display number is shown in Table 4.2-.

-.2.. Digplay No. | - Foilborne Drag Versus Speed

Graphic display number one is a plot of the speed-drag data contained in printed
report number four (see Section 4.34). The executive command SET, GRAPHICS is
sed t0 select the grgphics output. After construction, the graphic plot will remain
on the display screen until the RETURN key on the user termina is depressed.
“ollowing depresson of the RETURN Kkey, the grephics output is erased and module
axecution is continued. An example of grgphic display number one is shown in Fgure

. o~
-si= i

-.z.2 Display No. 2 - Foilborne Drag Plus Factor Versus Speed

Graohic display number two is a plot of the speed-drag (+ factor) data contained in
>rinted report number four (see Section 4.3.4). The executive command SET,
GRAPHICS is used to sdect the gragphics output. After congruction, the graphic plot
w1 remain on the display screen until the RETURN key on the user termina is
Zecressed. Following depresson of the RETURN key, the graphics output is erased
zna module execution is continued. An example of graphic dislay number two is
shown in Figure 4.2-2.

4-5-13



TABLE 4.1

MODULE OUTPUT TO CURRENT MODEL

DEFAULT PARAMETER NAME
HP REQ
MISSION
TO SPEED

FAD FOIL/STRUT
FWD HYDRODYNAMICS
FB DRAG
TO DRAG
FB RANGE DRAG

4-5-14

ARRAY UNITS

SIZE ENGLISH METRIC
KT KT
LBF N
LBF N
LBF N
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TABLE 4,2-1
MENU OF GRAPHIC OUTPUT DISPLAYS

Display # Title
l Foilborne Drag vs. Speed
2 Foilborne Drag Plus Factor vs. Speed

4-5-15
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43 PRINTED OUTPUT

Five printed reports can be generated by the Foilborne Hydrodynamic Module, The
titte of each report and the corresponding report number is lised in Table 4.3- 1.

Printed output is controlled via the SET,ONLINE and SET,OFFLINE executive
commands. Samples of these outputs are presented in the following sections.

431 Report No. | - Summary

A typica summary is illustrated in Figure 4.3-. This summay is printed by default
when this module is used independently and no output is requested. The summay is
dso printed whenever gpecificdly requested.

The type of foilborne propulsion system is printed for reference. If the foilborne
propulsion system is waterjet and if the Foilborne Hydrodynamic Module has
cdculated the required inlet area, the computed inlet duct aea is then printed. For
a fixed duct aea no printout is provided. The condition for which drags are printed
out ae as follows foilborne desgn speed, foilborne range speed, takeoff hump speed
and drag. The following weghts ae used for the cdculaion: for desgn speeds and
takeoff the full load weght is used while for range speeds only one-hdf of the usable
fuel weight is included. The nomind drags ae shown for dl conditions A foilborne
drag factor, FB DRAG FACTOR, multiplies both the foiiborne design and range
calculation drag and the resultant values are passed to the current model. This
factor dlows the usr to modify the output drag values caculaed by the Foilborne
Hydrodynamic Module before it is passed to the current model. The nomind drag for
takeoff is passed to the current model without any multiplication of a margin. The
takeoff drag multiplied by the design takeoff margin, DESIGN TO MARGIN, is
provided for reference only.

4-5-18



BCS 40532-5

TABLE 4.3-1
MENU OF PRINTED OUTPUT REPORTS

Report # Report Title
1 Summary
2 Foilborne Foil/Strut Data
3 Foil/Strut Geometry Data
4 Speed/Drag Matrix Data
5 Takeoff Data

4-5-19
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ASSET/HYDROFOIL VERSI ON 2.0 = FB HYDRO MODULE » 3/31/86 09.22.58.
PRINTED REPORT NO. 1 » SUMMARY

FB PROP TYPE-WATERJET
FB DUCT SIZE-CALC

NUMBER OF DUCTS 2.
AREA/DUCT, FT2 2.207

CONDITION SPEED »KT WT,LTON DRAG,LBF DRAG+FACTOR,LBF
FB DESIGN 45.0 235.0 38878. 38878.

FB RANGE 44.0 216.8 36493. 36493.

TO DESI GN 25.0 235.0 46223. 57779.

FIGURE 4.3-1 REPORT NO. | - SUMMARY

4-5-20
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432 Report No. 2 - Foilborne Foil/Strut Data

Typical foilborne foil/strut drag-lift summary data output is shown on Figure 4.3-2
and is obtained when the print control is set to two. The data shown is for nomind
drags and does not include the foilborne drag margin.

433 Report No. 3 - Foil/Strut Geometry Data

Typical foil/strut geometry summary data output is shown on Figure 4.3-3 and is
obtained when the print control is set to three. The data shown is that geometry used
by the Foilborne Hydrodynamic Module to cdculate the foil system hydrodynamics.

434 Report No. 4 = Speed-Drag Matrix Data

Typicd foiiborne speed-drag matrix summary data output is shown on Figure 4.3-4
and is obtaned when the print control is set to four. The data shown is for a
vaiation of speed from 25 knots to 55 knots a a five knot increment and a weight

variation of full fud load, 50% fud load and zero fud load. The Drag+Factor column

is as explaned in Section 4.3.1.

435 Report No. 5 - Takeoff Data

Typicd takeoff summary data output is shown on Figure 4.3-5 and is obtaned when
the print control is set to five The required waterjet duct area is shown as a
function of speed if water jet duct area is to be calculated. The largest area
calculated is then passed to the current mode.

4-5-21
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PRINTED REPORT NO. 2 « FOILBORNE FOIL/STRUT DATA

DESIGN SPEED CONDI TION | RANGE SPEED CONDI TION
SPEED = 450 KNOTS | SPEED = 44.0 KNOTS
WEIGHT = 235.0 LTON | WEIGHT = 216.8 LTON
PITCH = 0.00 DEG I PITCH = 0.15 DEG
LCG = 67.84 FT | LCcG = 67.84 FT
VCG = 8.14 FT | VCG = 8.14 fFT
FORWARD AFT I FORWARD AFT
FOL FOL I FOL FOL
FOIL SUBMERGENCE, FT 4.00 5.50 | 4.00 5.74
FO L |NCDENCE, DEG 2.61 1.87 | 2.61 1.87
FLAP DEFLEMON, DEG 0.45 0.44 | -0.09 -0.27
FO L X LOCATION, FT 7.71 97.72 | 7.71 97.72
FOIL DRAGS, LBF |
PROFILE 5504. 11187. | 5171. 10674.
| NDUCED 3526. 4934. | 3083. 4247,
TOTAL 9030. 16121. | 8253. 14921.
STRUT DRAGS, LBF |
PRCFI LE 609. 1454, | 584. 1528.
SPRAY 677. 3402. I 647. 3287.
WAVE 9. 89. | 9. 93.
TOTAL 1295. 4945, | 1240. 4909.
POD DRAGS, LBF I
PROFILE 1028. 3470. | 985. 3326.
WAVE 1. 4. | 1. 4.
TOTAL 1029. 3474. | 987. 3330.
TOTAL DRAGS, LBF 11354. 24540. | 10480. 23160.
FO L LIFT,LTON I
DYNAMIC 79. 97 148.19 | 73.52 136.51
BUOYANCY 1.08 2.67 1 1.08 2. 67
TOTAL 81. 05 150.86 I 74.59 139. 17
STRUT LIFT, LTON I
BUOQYANCY 0.22 0.54 I 0.22 0.56
POD LIFT, LTON I
BUOQYANCY 0.73 1.89 | 0.73 1.89
TOTAL LIFT, LTON 81.95 153.00 | 75.49 141. 34
F/S_LIFT/DRAG RATIO 16. 17 13.97 | 16. 14 13. 67
DYN LOADING, LBF/FTZ 1270.9 1097.4 | 1168. 3 1010.9
AIR DRAG, LBF 2984. | 2853.
SHIP DRAG, LBF 38878. I 36493.
SHP  WEIGHT/DRAG 13.54 I 13.31

FIGURE 4.3-2 REPORT NO. 2 = FOILBORNE FOIL/STRUT DATA
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PRINTED REPORT NQ. 3 = FOIL/STRUT GEOMETRY DATA

FOIL/STRUT  CONCEPT
LIFT CONTROL NPE
FOIL GEOMETRY
DESIGN CL

ASPECT RATIO
AREA, FT2

SPAN, FT

CHORD, FT

THI CKNESSRATI O
ANHEDRAL , DEG
FLAP CHORD RATIO
FLAP SPAN RATIO
SWEEP, DEG

STRUT GEOMETRY
STRUT TYPE
LENGTH, FT
SPLAY ANGLE, DEG
FOIL INTERSECTION
CHORD, FT
THICKNESS RATIOD
POD INTERSECTION
CHORD, fT
THICKNESS RATIO
TOP OF STRUT
CHORD, FT

THI CKNESSRATI O

POD GEOMETRY

SHAPE

POSITION

WIDTH, FT

HEIGHT, FT
FOREBODY LNGTH, FT
MIDBODY LNGTH, FT
AFTERBODY LNGTH, FT

FIGURE 4.3-3 REPORT NO. 3 -« FOIL/STRUT GEOMETRY DATA

FORWARD SYSTEM
T
FLAP
TOTAL CENTER OUTBRD
0.200

I

|

|

|

5.50 |
140.95 0.00 140.95 I
27.84 0.00 13.92 I
7.79 2.34 |

0.065 0.065 I

0.00 0.00 |

0.00 0.27 |

0.00 0.95 |
11.04 I

CENTER OUTBRD I
STEERABLE I
18.22 0.00 |
0.00 0.00 |

I

5.58 0.00 |

0. 100 0.000 |1

|

5.58 0.00 I

0. 105 0.000 |1

|

5.58 0.00 |
0.200 0.000 |1
CENTER OUTBRD |
ROUND I
cL FAL |
1.80 0.00 |
1.80 0.00 1
3.16 0.00 |
5.58 0.00 |
4.35 0.00 |

4-5-23

AFT SYSTEM
Pl
FLAP
TOTAL CENTER OUTBRD
0.200
7.50
302.48 168.47 134.01
47.63 13.26 10.55
6.35 6.35
0.065 0.065
12.00 12.00
0.27 0.27
0.75 0.94
0.00
CENTER QUTBRD
POWER
0.00 19.03
0.00 3.90
0.00 8.17
0.000 0.100
0.00 6.54
0.000 0.112
0.00 10.52
0.000 0.162
CENTER OUTBRD
RECTANGLE
ABOVE FOIL
0.00 1.31
0.00 2.99
0.00 2.56
0.00 8.17
0.00 4.52
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PRI NTED REPORT NO. 4 = SPEED-DRAG MATRIX DATA

SPEED »KT
25.
30.0
35.
40.
45,
50.
55.

25

30.
35.
48.
45,
50.
55.

25

30.
35.
40.
a5,
50.
55.

O O 0o OO O O O O o O © o o

0

0

0
0
0
0

WT,LTON
235.0
235.0
235.0
235.0
235.0
235.0
235.0
216.8
216.8
216.8

.8

8
6
8
7
7
7
7
7
7
7

216

216.

21

216.
198.
198.
198.
198.
198.
198.
198.

BCS 40532-5

PITCH ,DEG DRAG,LBF DRAG+FACTOR,LBF

2.
.25
.50
.75
.00
.75

P O 0O O F,r N NP OO O kB N PFP o oo kN

99

50

.99

25

.50
.75
.00
.75
.50
.99
.25
.50
.75
.00
.75
.50

54276.
40246.
36068.
36303.
38876.
43737.
52782.
45978.
35537.
33188.
34365.
37188.
41779.
50036.
38891.
31602.

30978.
32948.
35964.
40256.
47839.

54276.
40246.
36068.
36303.
38876.
43737.
52782.
45978.
35537.
33188.
34365.
37158.
41779.
50036.
18891.
31602.
30978.
32948.
35964.
40256.
47839.

FIGURE 4.3-4 REPORT NO. 4 - SPEED-DRAG MATRIX DATA
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PRINTED REPORT NO. § = TAKEOFF DATA

SPEED FOILBORNE TAKEOFF
ORAG,LBF DRAG,LBF DRAG,LBF DRAG,LBF
244686.
171911.
120713.
63065.
46630.

KT
13.0
16.0
19.0
22.0
25.0

18224.
29205.
37742.
41763.
46223.

FOIL

5191. 13033.

8092. 21113.
14421. 23321.
21465. 20298.
33860. 11956.

HULL HULL LI FT PI TCH

LTON

211.5
193.8
153.4
110.4

39.3

D E

-0.15
-0.02

0.51
1.36
3.31

BCS 40532-5

DRAFT WJ DUCT
G AP,FT FT2

6.06
5.89
5.56
5.52
6.28

FIGURE 4.3-5 REPORT NO. 5 - TAKEOFF DATA
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4.4 DIAGNOSTIC MESSAGES

If certan data input erors are encountered during Foilborne Hydrodynamic Module
execution, a diagnostic message will be printed to inform the user. Other than the
input data parameters listed below, no checks ae made in the input fol/strut data
because it is assumed that the required data was checked by other modules. ‘“When
fatal errors associated with diagnostic messages are encountered, calculations are
terminated and control is returned to the user for appropriate action.

The following input parameters are examined for missing data, i.e., numeric values
greater than or equal to 10°%. For each one found, a diagnogtic. message is printed
showing the parameter name and that it is a faad eror which caused termination of
the Foilborne Hydrodynamic Module execution.

FWD DESIGN CL

AFT DESIGN CL

FWD FOIL SUBMERGE

AFT FOIL. SUBMERGE

FB SPEED REQ

FB LWR GBX DIA (if a propdler foilborne propulson sysem is used)
FB DUCT IN AREA (if a waterjet foilborne propulson systern is used)
STATION ARRAY

A gspecid test is made on the center of gravity aray, FULL LQAD CG. ARRAY. If
either the longitudinal center of gravity ratio (the first element in the array) is
outsde the range 031 to 099 or if the verticd center of gravity ratio (the second
element in the array) is outside the range -10 to +10, a fatal error message for
missng daa is printed.

The fad eror message for missng data is

HYDRO MODULE **FATAL ERROR** MISSING DATA - parameter name
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If the FB DRAG FACTOR is greater than or equal to 1036, a warning diagnostic
message is printed and its vaue is set to one The waning message is

HYDRO MODULE **WARNING** FB DRAG FACTOR MISSING*+* SET TO

1**

If the FB RANGE SPEED REQ is greater than the FB SPEED REQ, a warning
diagnogsic message is printed and its value is st equd to the FB SPEED REQ. The
warning message is

HYDRO MODULE **WARNING*+* RANGE SPEED REQ GREATER THAN FB
SPEED REQ. RANGE SPEED REQ IS SET TO FB SPEED REQ.

If the TO SPEED is less than zero, a warning diagnostic is printed and program
execution continues without the takeoff caculations. The waning message is

HYDRO MODULE **WARNING*+ TO SPEED SET AT LESS THAN ZERO - NO
TAKEOFF CALCULATIONS WILL BE MADE.
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5.0 THEORY: FOIL ASSEMBLY HYDRODYNAMICS

This section contains a discusson of the procedures used to esimate the hydrody-
namic characteristics of the foil assembly. The procedure used to establish
equilibrium operating conditions is presented in Section 5.1. The detailed equations
for the lift and drag of the various foil assembly components are given in Sections 5.2
and 5.3.

5.1 EQUILIBRIUM OPERATING CONDITIONS

5.1 .1 Cdculaion Seguence

The calculation of the steady state foilborne drag is initiated from the Foilborne
Hydrodynamic Module "main" subroutine HYDROD. This subroutine: 1) checks
critical input data for missing values, 2) sets additional foil assembly geometry and
the operating conditions, 3) initiates the deady date drag cdculations, and 4) passes
the calculated drags to the current model and prints data according to the output
menu. Each of the above items are discussed below.

Data Checking

Before initiation of drag calculations, checks for missing values are made in

subroutine  HYCHEK. Calculations are not made if the following items are not
specified:

The forward and aft foil section desgn lift coefficients FWD DESIGN CL and
AFT DESIGN CL.

The forward and aft foil submergence, FWD FOIL SUBMERGE and AFT FOIL
SUBMERGE.

The foilborne speed required, FB_SPEED REQ.
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The hull offset station array, STATION ARRAY. Only the first element is
tested.

The foilborne lower gearbox diameter, FB EN_R, GRX_.DIA,. is checked only if a
propdler propulson sysem is specified.

The foilborne duct inlet area, FB_DUCT IN AREA, is checked only if a waterjet
propulson sysem is gSpecified.

The foilborne range speed required, FB RANGE SPEED REQ, must not be
greater than the foilborne speed required.

The foilborne drag factor, FB_DRAG FACTOR, if not specified will be set equa
to one.

In addition, the hullborne speed required, HB SPEED REQ, and hullborne range
speed required, HB RANGE SPEED REQ, ae checked. The hullborne hydrody-
namic calculations will be bypassed if these parameters are not given. Foil-
borne cdculaions will be made, however.

Physical Constants

Severa physcd congants ae st as follows

Accderation due to gravity = g = 32.174 ft/sec?
Water dendty = p = 1.9905 slugs/ﬁ:3

Water temperature = Ty- = 59 degrees Fahrenheit
Wind speed for rough water caculations = O knots

Atch Angle Schedule

For flgp controlled hydrofoils, experience has shown that providing a pitch schedule
a off desgn foilborne speeds reduces drag from a zero pitch attitude. The following
linear function is assumed for the craft pitch angle if one or more foil assemblies are
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flap controlled.

where:

|

<l
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For all foilborne calculations the foward foil submergence (FwpD
FOIL SUBMERGE) is fixed a the input vdue

(V-vy) 1)
V.-vy) :
573 tan" ) }’z.f0|l.borne.he|ght — {(5.1-2)
longitudinal distance between foil
assemblies
pitch angle, deg

pitch angle at V, deg. Equals the pitch angle which
would bring the basdine a the aft drut to a foilborne
heigt of one hdf the input foilborne height.

foilborne speed required (FB SPEED REQ), kt

foilborne speed @ which drag cdculation is being made,
kt

foilborne speed a which 6 is defined, kt. A vaue of 28
knots is set in HYDROD. If the foilborne speed

required is less than 28 knots, then V is sat to one hdf
of the foilborne speed required.

For an dl incidence controlled craft, the pitch angle is fixed a: zero degrees for all

f oilborne speeds.

Operding

Conditions

The gspecific operating conditions for which foilborne drag cdculations are made ae
as follows and are summarized in Table 5.1-l.
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TABLE 5.1-1 FOILBORNE DRAG CALCULATION SUMMARY

OPERATING CONDITIONS USED

CALCULATION SPEED WEIGHT PITCH

Of Incidence Foilborne 60% fud load 0

Settingsl Speed
Required

At Design Speed Foilborne Full load 0
Speed
Required

At Range Speed Foilborne 50% fud load Pitch function if
Range Speed flap control. Zero
Required if incddence control.

Of Speed Table2 25 to 55 knots 0, 50%, 100% Pitch function if
by 5 knots fuel load flap control. Zero
increments if incidence control.

1 This calculation is bypassed for incidence controlled ships.

2 An output control index of four (4) is required to obtain these data.
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Incidence Set for Flap Control

If one or more foil assemblies uses a flap control, the foil incidence angle is
fixed s0 that a zero flap deflection is obtaned a the foilborne speed required
for a zero pitch angle and a a fud load of 60% of full fud load.

For an dl incidence control craft the cadculation of incidence angle is bypassed.

Foilborne Speed Required (Design Speed)

The foilborne drag calculation at the foilborne speed required is dene for a
pitch angle of zero and a full fuel load. The calculated foilborne drag is
multiplied by the input vaue of the foilborne drag factor (FB, DRAG FACTOR)
and is passed to the current modd as the foilborne drag (EB DRAG).

Foilborne Range Speed Required

The foilborne drag cdculaion at the foilborne range speed required is done for
a pitch angle given by the pitch angle schedule and a fud load of 50% full fud
load. The calculated foilborne drag is multiplied by the input value of the
foilborne drag factor (FB DRAG. FACTOR) and is passed to the current model
as the foilborne range drag (EB RANGE DRAG).

Speed Teble

If printed report number four is sdected, or if graphic displays number one or
two ae oHected, a foilborne speed-weight matrix is developed. Speeds darting
a 25 knots and going to 55 knots by 5 knot increments are used. Fuel loads of
0%, 50% and 100% full fuel load are used. A pitch angle given by the pitch
angle functions is used if the assamblies are flgp controlled; othewise, a zero
agle is asumed. The cdculaed foilborne drag is multiplied by the input vaue
of the foilborne drag factor (EB DRAG FACTOR). The data produced for this
Speed-weight matrix are not output to the current modd.
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512 Steady State Equilibrium Calculations

In order for static equilibrium to exist, the summation of the external forces and
moments must be zero. An approximate static balancing technique has been
employed in subroutine HFMBAL to estimate the required control surface deflections
for static equilibrium. Subroutine HFMBAL calls subroutine HFMCAL to provide
estimates of the foil assembly lift, drag, and moment about the craft center of
gravity. Two sets of force and moment data corresponding to two assumed values of
control surface deflections are then used to develop two first order equations
representing lift and moment. The approximate static balancing technique is based
on the assumption that both the lift and moment are sufficiently linear with control
surface deflection to use first order equations to represent these components.

Control surface deflection is assumed to be either a plain flap deflection for a flap
control system or foil incidence changes for an incidence control system. The
current control model does not allow both control methods to be used on a single foil
assembly. The type of control system is set by the FWD CONTROL IND and A_IiT_
CONTROL IND parameters.

The first order equations for each foil assembly lift and moment about the craft
center of gravity are of the form:

L z L o+ @, - Ll)/A )@ (5.1-3)

! = M+ My - M) (5.1-4)
where:

L = foil assembly lift

L, = lift at the initial control deflection (8 1)

L, = lift at the second control def lection (8 2)
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M = foil assembly moment

My z moment at the initial control deflection ( ¢1)
M, _ moment at the second control deflection (@.,)
A = control deflection increment (¢, - ¢ )

(e = variable control deflection

The following control surface deflections are used:

Value Flap Control* Incidence  Control
Initial ¢1 0 0
Second ¢2 4 degrees 2 degrees

An independent set of equations is developed for each foil assembly in the form
shown above. To approximate a static equilibrium condition a summation of lift and
moment about the craft center of gravity is done. For foilborne calculations it is
assumed that a thrust equal to drag condition exists. For takeoff calculations it is
assumed that the thrust is equal to the drag times the input design takeoff margin.
The design takeoff margin is the required thrust margin over drag available at
takeoff. These conditions introduce additional moment terms which are included in
the foil assembly moment. The equations for total lift and moment are:

0 = My + M+ My (5.1-6)

* For flap control systems the foil incidence angle must be determined by using the
incidence control mode of subroutine HFMBAL.

4-5-35



BCS 40532-5

where:

W = weight

L = lift

M = moment

a denotes aft foil assembly

f denotes f ocw ard foil assembly
hull denotes  hull

NOTE: 1)  The foil assembly lift is composed of both dynamic lift and buoyancy
components.

2) The lift and moment contributions due to the hull are used for

takeoff calculations and are set to zero for all foilborne calcula-
tions.

3) The foil assembly moment is composed of all the lift and drag
moment components including the following:

a) The forward foil assembly moment includes the air drag
moment component.

b)  The foil assembly which contains the foilborne propulsion
system elements includes in its moment the contribution due
to the thrust vector.

Substitution of the foil assembly lift and moment equations into the craft total lift

and moment equations and then solving for the required forward and aft control
surf ace deflections provides the following expressions:
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((I.2 - L1a>/ 8 M

. - M, - Mhuu)]/DET (5.1-7)

fl ‘a
(L, «L,)a )M, <\, -M_ )
[ ( Zf lf : Lg ' la huil

(W- (Llf* L1a¢ Lhun))(("‘z + M

! )Af)]I/DET (5.1-5)
f i

(L =L, )YAa XN, «M,) 2a)-
Zf lf f Za b )

((Ly =L, ) XM, =AL ) 2,) (5.1-9)
2a la a Zf .t f

forward control surface deflection required for static
equilibrium

aft control surface deflection required for static equili-
brium

The control deflections calculated are approximations due to the assumption of linear
variation of lift and moment with control deflection. The errors associated with this
approximation are small for realistic hydrofoil configurations. This approach affords
a significant reduction in computer calculation time over a more precise iterative
scheme. The linear approximation of lift does not allow consideration of nonlinear
conditions such as stall, cavitation, or ventilation. It is assumed that if the operating
condition occurs in such a region the foil configuration is not realistic.

The calculated farward and aft control surface deflections are used to compute the
steady state static equilibrium foilborne drag and lift.
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513 Foil Assembly Moment About Center of Gravitv

The total foil assembly moment about the craft center of gravity is obtained by

summing the individual moments contributed by the lift and drag components. A
positive moment is defined as a bow up rotation.

The moment contributed by the lift components is defined as follows:

M
Lec

where:

X
cg
‘foil

pod

strut

foil Pfoil
+ (L +L ) Keg=X_ )
DL Bpo 4 8 pod
+ (0L ) Xeg-X eyt (5.1-10)

strut

moment contributed by the lift components, ft-Iton
buoyancy lift, Iton

dynamic lift, 1 ton

longitudinal location of craft center of gravity, ft
longitudinal location of 50% foil root chord, ft

pod longitudinal location of lift (assumed equal to the
foil location Xgq ;)0 ft

strut longitudinal location of lift (assumed equal to the
foil location xfoil)’ ft

The moment contributed by the drag component is defined as follows:
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where:

CG

v
- Dstrut

spray

D
strut \, ave

D
Strutproﬁle

h

d—

Podprofile

2D
pod L ave

Dsoil

Alstrut spray

(ZDgirut
+3(D
+(ZD

+ (D

i

foil 4Z¢oil’ = Mair

BCS 405325

+2D

a
spray strut

P
“strut Spra
wave p y)

AZ )

strutprof ile

strut profile

+2D

Podprofile

pod

(5.1-11)

moment contributed by the drag components,
ft-1bf

summation of the foil assembly strut spray
drag, Ibf

summation of the foil assembly strut wave
drag, Ibf

individual strut profile drag, Ibf

summation of the foil assembly pod profile
drag, Ibf

summation of the foil assembly pod wave drag, 1bf
total foil assembly foil drag, Ibf

vertical distance from craft center of gravity
to the strut actual waterline
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A Zstrut

The contribution of the

where:

profile

AZ

= Z¢5il

air

M._.
air

AZ
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vertical distance from craft center of gravity to the
strut actual waterline plus 60% of the strut wetted
height. ~ This assumes that the strut center of profile
drag is located at 60% of the wetted strut height below
the actual waterline.

vertical distance from craft center of gravity to the
assumed pod center of drag. It is assumed that the pod
center of drag is at the foil chord plane (Azfoil)'
vertical distance from craft center of gravity to the
foil root chord plane.

contribution of air drag to the drag moment. This term
iIs computed and added to only the forward foil

assembly  moment. It is not computed for any other foil
assembly .

air drag to the drag moment is given by:

D air 2Zair (5.1-12)

air drag which is estimated by an empirical function of
the length between perpendiculars. A discussion of this
term is given in Section 5.3-7.

vertical distance from craft center of gravity to an
estimated vertical location of the center of air drag.
The estimation of the center of air drag is by an
empirical function of the length between perpendiculars
and is discussed in Section 5.3-7.
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The total moment about the craft center of gravity is given by:

M. = (ML - MD )/2240 (5.1-13)
& cg cg

where:

i

cg total moment about the craft center of gravity, ft-lton

5.1.4 Thrust Moment Corrections

For a static equilibrium condition to exist, the thrust force must be equal to drag.

The moment due to the thrust vector must be considered for a correct moment
balance.

A check is made for the type of strut in each foil assembly. Whichever foil assembly
has a power strut, the estimated thrust moment about the craft center of gravity is
added to that foil assembly moment about the center of gravity. The following forms
are used to estimate the added thrust moment depending upon the type of foilborne
propulsion  system.

For the foilborne calculations, the thrust required is defined as:
THRUST = TOTAL CRAFT FOILBORNE DRAG (5.1-14)
For the takeoff calculations the thrust required is defined as

THRUST = (TOTAL FOIL SYSTEM DRAG +
HULL DRAG) (DESIGN TAKeorF MARGIN)  (5.1-15)

where the total foil system drag is the estimated total drag for the foil assemblies at

takeoff . The hull drag is the estimated hull drag at takeoff. The design takeoff
margin is the ratio of thrust to drag required at takeoff.
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The added thrust moment is calculated as indicated below for the two propulsion
system  types.

Propeller Foilborne Propulsion  System

The thrust vector is assumed to be horizontal and acts at the foil chord plane. Thus
the added moment is:

Mthrust = Gheust) Zyprost arm) (5.1-16)
where:

M thrust = moment due to thrust

Zthrust arm = vertical distance from foil chord plane to the

craft center of gravity

Waterjet Foilborne Propulsion System

The gross thrust vector is assumed to be horizontal and acts at the baseline while the
inlet momentum is assumed to be horizontal and acts at the foil chord plane. In order
to estimate both the gross thrust and inlet momentum, an estimate of the waterjet

flow must be made. The following expressions are used to estimate the waterjet flow
and are programed in subroutine SIMPWJ.

1. At the foilborne speed required a jet area (vena-contracta) is calculated using
the following expression:

2 (5.1-17)

jet D/(p ry (ro -1V

=
(o]
"
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where:

D = craft drag, Ibf

P = water density, slugs/ft3

cy = jet velocity ratio at design speed

V) ot = jet velocity at vena-contracta, ft/sec
Vv z free stream velocity, ft/sec

The jet area calculated at the design speed is then used for all subsequent
calculations of jet flow.

2. The jet flow is calculated using the following expression:
- 2 3
Q = (1.06) (A, V + (A V)7 + 4DYA, /)2 (51-19)
where:

Q = the total theoretical jet flow with a 6% factor applied
to account for nozzle losses, ft3/sec

Using the estimated value of jet flow, the gross thrust and inlet momentum are
respectively:

2
PQVier = PRYA (5.1-20)

T gross

Dintet = pQV (5.1-21)

4=5-143



BCS 40532-5

The added waterjet thrust moment is then:

Menrust = (T gross ch) - Djnjet ‘thrust arm) (5.1-22)
= P AU AGD Zog =V Ziprust arm) (5.1-22)
where:
ch = vertical distance of craft center of gravity above
baseline
Zthrust arm = vertical distance from the foil chord plane to the craft
center of gravity
The total moment for the appropriate foil assembly is then:
Mtotal = MCg + (Mthmst)/zzuo.o (5.1-23)
where:
M.otal = total moment for the appropriate foil assembly, ft-Iton

5.2 LIFT CALCULATIONS

The methods used for estimating the lift coefficients are basically those which are
shown in References [1]and [4].

In order to calculate the foil lift characteristics, an estimate of the section lift
characteristics must be made. The basic section data used is based on a NACA 16
Series section combined with a NACA a=1 camberline. Two section characteristics
are required to estimate foil lift. They are the section lift curve slope at infinite
depth, and the angle of zero lift. The section lift curve slope and angle of zero lift
are developed independently for the center and outboard foil sections.
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5.2.1 Section Lift Curve Slope at Infinite Depth

The section lift curve slope at infinite depth is the change in section lift coefficient
with changes in angle of attack at infinite depth. Data from References [6) and [7]
were used to define this quantity (per degree) as:

S _ 2m/1s0/m) (1.0 - 1.563 (o) 3 (5.2.1-1)
0
where:
<, = section lift curve slope at infinite depth, /deg
ai:
t/c = section thickness ratio

The lift curve slope for the total forward or aft foil assembly is obtained by
averaging the center and outboard segment values as:

cla = (cla{Center N <:1a Son/Gcenter * Sop?  (5-2:1-2)

> ®eenter o8B
where:

<y = section lift curve slope for center foil segment
a
Beenter

o = section lift curve slope for outboard foil segment
a
<oB

Scenter =  foil center segment projected area, ft2

SOB - foil outboard segment projected area, ft2

5.2.2 Section Angle of Zero Lift

The following expressions are used to estimate the angle of zero lift:
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Camberline ideal angle of attack is that angle of attack for which the flow does
not turn abruptly around the leading and trailing edge of the section but
attaches smoothly and leaves smoothly. This angle is also called the design
angle of attack. Data from Reference [ 6] was used to define the ideal angle

of attack:

) (5.2.2-1)

camberline ideal angle of attack, deg

theoretical camberline value for ideal angle of attack
(equals 0.0 for NACA a=l camberline)

theoretical cam berline design lift coefficient (equals
1.0 for NACA a=1 camberline)

section design lift coefficient (this is an input from the
current  model)

Angle of zero lift at infinite depth is that angle of attack for which the section
lift is zero when the section is operated at an infinite depth of submergence.
Data from References [6])and [7] were used to curve fit an expression for the
angle (deg) of zero lift. The following expression was programmed:

a, - (1.67 C& ) (5.5 - Cld) (5.2.2-2)

angle of zero lift at infinite depth, deg

The angle of zero lift at finite depth and Froude number is calculated next. A
correction to the angle of zero lift for depth effects was developed by utilizing
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both model test data and theoretical calculations. Test data included model

tests of PCH, PGH-2, and PHM while the theoretical calculations considered
finite depth potentid flow solutions. The correction for depth is

-2
Aa = 3.54 ((Hsub/ (0.75C)) +1) (5.2.2-3)
h/c
where:
Pa = correction (for depth) to angle of zero lift, deg
oh/c
Haub — submergence of fail, ft
C = average foil chord, ft

The Froude number correction was based on data shown in Reference [4]. The
folowing expresson is used:

h a 0c = exp (1.658 - 0.8645F _ - 0.6555 (Hsublc)) (5.2.2-4)
c
r y 5.2-2‘5
F. = 16889 V, /(ge)” ( )
where:
ba, = correction (for Froude number) to angle of zero lift,
Fe deg
Fe. = chord Froude number

g = accderation due to gravity (32.17), f'c/sec2
The section angle of zero lift is then given by:

a, = a + ha + Pa (5.2.2-6)
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section angle of zero lift, deg

5.2.3 Foil Pitch Lift Curve Slope at Infinite Depth

The foil pitch lift curve slope is the change in foil lift due to changes in pitch angle.

The forms used to estimate this component per degree were slight modifications to

those given in References [1]and [ 4]. These are as follows (per degree):

where:

center

OB

AR

C

1
40

"

1

1

(C cos .\ )/
1 %
aw
{ (1+((180/ T 2)(’c‘:l cos .\ %/AR))Z) +
a
[e o]
(s0/72C,  cosA %/AR)]I (5.2.3-1)
a

o0

A OB YOB/(Ycenter + YOB) (5.2.3-2)

weighted average of the 25% chord sweep, deg

outboard sweep, deg

foil center semispan, ft

foil outboard semispan, ft

aspect ratio

average section lift curve slope, / deg

This form is due to Diederich from NACA T.N. 2335.
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The correction for the image system (finite depth) on lift curve slope was obtained
from Reference [1] The following terms are programmed:

where:

ol

>|

[E]

0.7 + 0.05 AR for AR <12
1.0 for AR > 12

- (W@ M,/ T K,) + D)

RATIO, C; = 0.00436 | X -0.2 ]

a
v e}

S total/ (2(Y )]

Y
center + ob

(Y A

center + OBYO B)/ (Ycenter + YOB)

(5.2.4-1)

(5.2.4-2)

(5.2.4-3)

(5.2.4-4)

(5.2.4=5)

(5.2.4-6)

infinite Froude number finite depth foil lift curve slope,

/deg

foil submergence, f ¢

average foil chord, ft
total foil projected area, £12

weighted average of taper ratio

outboard taper ratio (tip chord/root chord)
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525 Correction For Finite Froude Number

The correction for finite Froude number on the lift curve slope (per degree) was
obtained from Reference [4]. The following terms were programmed.

Fe - 16839 V,/ (g &) (5.251)
CLa = CLa (1 - exp(-0.298 - 0.433 F_ - 0.544 (H_ , /C)(5.2.5-2)
Foo
where:
F. = chord Froude number
vk = speed, kt

526 Didribution of Lift Curve Sope

In order to estimate incidence and flap lift slopes, a distribution of foil lift curve
slopes between the center and outboard foil segments is required. On inverted T
foils, no didribution is required because there is only one foil segment; however on Pl
and 3 STRUT configurations, a distribution is required. For Pl and 3 STRUT
configurations it was assumed that the spanwise lift distribution follows the same
loading curve a shown in Reference [1] for flgp deflection lift. Using this assumed
loading distribution, the following forms were used to estimate the center and
outboard pitch lift curve dopes.

The center ssgment pitch lift curve dope is as follows

CL a = bRy CLaStotal/ Scenter (6261)
center
A Kb = Kb (5.2.6-2)
"
4
K = -K 5.2.6-3)
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Ks - 1.35-G.13 A (5.2.6-4)
N B Y center!Ycenter Yo' (5.2.6)
where:
CL = center segment pitch iift curve slope, /deg
A center
M = span location of outhoard strut
A =  weighteg average of taper ratio

Qutboard segment pitch lift curve slope is given by:

CL = (- AKb) C

a L S

OB a totall S

OB (5.2.6-6)

5.2.7 Foil Incidence Lift curve Slope

The foil center and outboard segment :acicence lift curve slopes were developed
directly from foil pitch lift curve slope but were based on a function of the exposed

area of each segment. In order to estimate t=e incidence lift, it was assumed that
the foil area used for pitch lift curve slope was reduced by a value equal to one half

the foil area covered by the pods. The one haif factor used for the foil area covered
by the pods was an estimate of the lift spill over onto the pods by the foil segment.

Using the same loading curve from Reference [1] that was used to estimate the
pitch lift distribution, a ratio of loading Zactor based on exposed semispan plus a
factor of pod-foil area to semispan was used to ratio the foil segment pitch lift to
obtain the incidence lift. The following expressions were used to estimate incidence
lift (per degree):

c C (AK, /aK )

i, a, Pexposed Ptotal * (5.2.7-D)
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O

bexposed

K
I'factor

2 % pod widths

AK
btotal

N
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(Ky - Ky, ) (5.2.7-2)
Noutside 1 indde
4
Kg Ny +U-K m, (5.2.7-3)
1.35-0.13 A (5.2.7-4)

=  either center of outboard foil segment

= either exposed or total

= difference in Kb term based on exposed
semispan plus equivalent pod semispan. The
equivalent pod-foil semispan was estimated as

(K ) times (X % pod widths)

Lfactor

= pod lift carry over factor (assumed equal to 0.5)
= sum of one-half pod widths on concurrent semispan

= difference in Kb term based on total concurrent

semispan

= ratio of span location to total semispan (i = outside
or inside)

Figure 5.2-1 shows how the various AK terms are related to the foil geometry and

the span loading factor K

b

An average foil incidence lift curve slope was estimated by using the following

expression:
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= ©L Sos+CL, S

i center)’
OB center

GOB*%&MG) (5.2.7-5)

5.2.8 Foil Flap Lift Curve Slope

The foil center and outboard segment flap lift curve slopes were developed in a
manner analogous to that of the incidence lift curve slopes. The loading curves were
developed using the same expressions as shown above except that the spanwise ratios
of T were based on flap span location. It was assumed that the flap started from the
pod side and extended either inboard or outboard depending upon which foil segment
was being evaluated. The correction for flap chord ratio was a modification of the
results shown in Reference [ 1]. The functions used to estimate the flap lift curve

slopes (per degree) were:

c
L 6. =
RATIO 5

where:

AK
bflap

AR z

CL (K /AK

), RATIO (5.2.8-1)
a, Bflap * 6

btotal

(1 + (1-E)62.5/(AR + 5)°)

(E (2.665 +E(-3.3383 + E(2.4528-0.7798E))))  (5.2.8-2)

either center or outboard foil segment

difference in K, term based on flap span

flap chord ratio

foil aspect ratio

An average foil flap lift curve slope was estimated by using the following expression:
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C = (c S +C
L6 L 5 center

Lg >
center OB

OB)/

(Scenter * SOB) (5.2.8-3)

5.2.9 Foil Maximum Lift

Severd types of foil lift limiting conditions can occur on a hydrofoil. These include
(1) foil stall due to flow boundary layer separation, (2) leading edge cavitation,
(3) mid chord and/or junction cavitation, and (4) flap «dl or cavitation.

A method described in the Control Andyss Module User Manud has been developed

for estimating CL due to leading edge cavitation. Methods for calculating the
MAX
limitations due to other causes are not consdered by the program a this time

5.2.10 Total Foil Lift Coefficient

The foil lift coefficient is developed as a function of pitch, incidence, angle of zero
lift and flgp deflection. The general form used was:

cL, = G 8 vC Wemag )eC s de (s210))

where:
0 - ship pitch angle, deg

[ = foil incidence angle, deg

a, = foil angle of zero lift, deg
0 = flap deflection, deg
CL = lift curve dope due to pitch, /deg
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CL _ lift curve slope due to incidence, /deg
i

CL - lift curve slope due to flap detection, /deg
6

* = either center or outboard foil segment

A total foil lift coefficient was estimated by using the following expression:

C = (C S +C S )/
L Lcenter center LOB OB

s Sop’ (5.2.10-2)

center *

5.2.11 Total Foil Dynamic Lift

The total foil dynamic lift (1b£) for each foil assembly is developed by the following
form:

I.Dl_fOil _ C, Sq (5.2-11-1)
where:

CL = total foil lift coefficient

S = foil projected area, £12

q = dynamic pressure, 1bf/ft2

5.2.12 Total Foil Assembly Lift

The total foil assembly lift is composed of the foil dynamic lift: plus dynamic lift of

the pods plus the buoyancy of the foil, struts, and pods. The form used to calculate
total lift (Iton) is:

L _ L, +L +L +L (5.2.12-1)
tot - Broil  Plioil Bpod Bstrut
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where:

o
"

buoyancy lift, Iton

DL

dynamic lift, Iton

It was assumed that the pod and strut dynamic lifts were zero. The foil and pod
buoyancies are obtaned from the input data These quattities are cdculaed in the
Foil/Strut - Geometry Module. The drut buoyancy is computed by multiplying the per
unit length drut buoyancy term by the strut submergence.

53 DRAG CALCULATIONS

The methods used for estimating drag are basically those which are shown in
References [1]to [ #]. These methods are based on typical data given in
References [ 5] to [7] and from a limited set of model experimental data for

specific hydrofoil configurations. The foil assembly drags are developed inde-
pendently for foil, strut, and pod.

The foil drag is broken down into a minimum drag component and drag components
due to lift. The drut drag includes profile, spray, and wave drag components, while
the pod drag includes profile and wave drag components. A description of the various
drag components are lised below and ae given in the order caculated in subroutine
FODRAG. Figures 53| to 533 show typicd foil drag buildups usng the following
foll drag components.

5.3.1 Skin Friction Drag Coefficient

The <kin friction drag coefficient is based on a curve fit of the Schoenher line drag
coefficient curve a shown in Reference [ 5]. The following terms are programmed:

if:

R, > 10 (5.3.1-1)
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then

or il:

<hen

ang

where:

z

(15.0154+1 .5212(Lne(R1x10-6))) + ACf

10

(R, + 1)"}/2

1.6889 VkI/V

Reynolds  number
speed, kt
characteristics length, ft

? ftz/sec

kinematic viscosity, 1.46 x {0
turbulent skin friction coefficient

roughness allowance (0.0004)
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5.3.2 Section Profile Drag and Optimum Lift Coefficent

The badc section data used in ASSET/HYDROFOIL is based on a NACA 16 series
section combined with a NACA a=]1 camberiine The following terms are required for
the foil profile drag and are shown on Figure 5.3-2.

A.  The minimum profile drag function was obtained from a modification of data
shown in Reference [ 1]. Equation (5.3.2-1) is used if the Reynold's number
5 X 104; otherwise, equation (5.3.2-2) is used.

c, - 000826 (1+ 1.7 tic) R _x 1079 1#72 )
Pmin 4 (5321)

-0.7

Cq = 25 (1 + 17 t/c) (R (Fe ) (5.3.2-2)

Pmin d
where:

R = Reynolds number based on foil chord

t/c = foil thickness ratio

F- ) = section drag dlowance (equals 1.03, 3% drag increase
d assumed)

B.  The section angle of zero lift, a o is the angle of attack that the foil section
must be set at to obtain zero lift. Equations for calculating a, ae given in
Section 5.2.2.

C. The section optimum lift coefficient is that section lift coefficient for which a

minimum profile drag is obtained. Generally, for cambered sections the
minimum profile drag occurs at the camberline ideal angle of attack. The
following expressions are required to determine the foil optimum lift coeffi-
cient.
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The <ection lift curve dope a infinite depth is the change in section lift
coefficient with changes in angle of attack at infinite depth. Data from
Reference [ 7] was used to define the section infinite depth lift curve
dope (per degree).

c:1
a

el

Section lift curve slope at finite depth and Froude number. Corrections
for depth and Froude number effects on the section lift curve dope were
developed in a manner similar to that discussed for the total foil in
Section 5.25. References [ 1 Jand [ 4 ] were used to develop the
folowing  expresson.

27 /(180/7 ) (L0 - 1.563(t/c) +>7) (5.3.2-3)

-2
Q- [Cl%o (L= % (g, /0 + 07|

[(1 - exp (-0.298 - 0.433F, - 0.544 (Hsub/C)l (5.3.2-4)

The first bracketed quantity on the right-hand sde of equation (5.3.2-4) is

the image term. The second bracketed quantity is the Froude number
term.

Foil optimum lift coefficient is estimated based on the following expres-
sion:

C = 0.8C (a, - a_) (5.3.2-5)

Lopr, lg, b O

0.8 = a vaue obtaned from Reference [6] for the effective-
ness of a NACA a=] cambeline in devdoping lift

* = ether center or outboard foil segment

a, = camberline ideal angle of attack as defined in Section

522
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5.3.3 Foil Parasite Drag

The foil parasite drag is that portion of the total foil drag associated with skin
friczion and form drag. Actuad foil areas between drut centerlines are used for drag
cdculations. The incluson of the foil area covered by the gdruts and pods is assumed
TO provide an estimate of the interference drag. The following components are
computed for paraste drag. Fgure 532 shows a typicd foil drag buildup using the

following components.

FOIL TIP DRAG

The added foil paraste drag due to the foil tips is obtaned from Reference [ 5] and
is defined as

ADgps = (01 5(t/c)2)tip +003C, A g czﬂp (5.3.3-])
where:

(t/C)tip = section thickness ratio a foil tip

CL = foil lift coefficient

ctip = tip chord of fail, ft

q = dynamic pressure, 1bf/ft2

FOIL MINIMUM PROFILE DRAG

The fol minimum profile drag is that vadue of minimum profile drag for the foil when
it is operating at its optimum lift coefficient, as defined in Section 5.3.2, and at a
zero flagp deflection. It is defined as

Dp

Cq (S/cos 7 ) q (FFr,n) (5.3.3-2)

min Prmin

4=5-64



BCS 40532-5

where:
o = section minimum profile drag as defined in Section
Pmin 5.3.2
S = projected foil area, £12
¥y = anhedral  angle, deg
4 = dynamic pressure, lbf/ft2
(Fpmin) = three dimensional allowance for profile drag (equals

1.04, 4% drag increase assumed)

FOIL INCREMENTAL PROFILE DRAG

The foil incremental profile drag is the increase in profile drag above the minimum
value caused by operating the foil at other than the optimum lift coefficient. The
foom used for the cdculaion of incrementd profile drag is that: shown in Reference
[ 2 ] and is caculated as follows

L ACH (Sfcos ¥ ) q (5.3.3-3)
min Pmin

Ne = K|, Jeos?)-C, -(aC [cos 7§ 2 (5.3.3-4)

DP L 1"o t Lmin
min P (flap)
K - 0.476 (for Re <5 x 10%) (5.3.3-5)
K - 0.12 (Rc x 10-6)-0.46 (for Rc > 5 x 10% (5.3.3-6)
AC = K (AC ) (5.3.3-7)
. flap L
Minea0) (flap)
where:

Ch = incremental  profile drag coef f icient

Pmm

4-5-65



BCS 40532-5

foll optimum lift coefficent as given in Section 533
anhedra  angle, deg

projected foil area, £12

dynamic pressure, psf

= change in CL due to flap deflection

opt

a factor relating the change in the section optimum lift
coefficient to the change in lift coefficient due to flap

deflection.  Reference [ 2] gives a vaue of 05 for this
factor

change in lift coefficdent due to flap (deflection

Reynolds number based on foil chord

FOIL FLAP DRAG INCREMENT

The foil flap drag increment is the increase in the foil minimum profile drag due to
flap deflection. The form used for the calculation of flap drag increment is that
shown in Ref erence [ 2 ] and is cdculated as follows

AD
pmin

where:

0.00012 |8] 1*6 (qS/cos 7) (5.3.3-8)

absolute vaue of flap deflection, deg
projected foil aren, ft2

anhedra angle, deg
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4 = dynamic pressure, 1bf/ft2
FOIL SEPARATION DRAG

Several types of separation drag can occur on a foil. These include: 1) a foil stall
drag due to flow separation (this is in addition to the section incremental profile
drag); 2) a leading edge cavitation drag increment; 3) a mid chord and/or junction
cavitation drag increment; and 4) a flap stall/cavitation drag increment. Currently
there are no generd methods availeble to caculate any of the above separation drag
components.

A review of model test data for PCH, PGH-2, and PHM has provided the following
preiiminay form for the leading edge cavitation drag increment:

8Dy ecay ACDIecav Sq (5.3.3-9)
AC, = £ 12%0.5549 + £ 2(0.5598 £2 - 1.0711)) C (5.3.3-10)
lecav L max
_ C,/C (53311
3 =  Elg SN
where:
CL = maximum lift coefficient with leading edge cavitation
max (see Control Analysis Module User Manua for the
method used to cdculate this term)
S = projected foil area, ftz
q = dynamic pressure, 1bf/f t2

534 Foil Induced Drag

The foil induced drag is that portion of the total foil drag associated with the
deflection of the fluid in which the fall is producing lift. This drag component is a
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consequence of a finite span lifting surface. The operation of a foil near a free
surface introduces addition terms to the induced drag calculation. The falow ing
components are computed for induced drag and are stored in arays as indicated for

eech component. Figure 5.3-1 shows a typicd foil drag build-up using the following
components.

FOIL INDUCED DRAG COEFFICIENT DUE TO ANGLE OF ATTACK AT INFINITE
DEPTH

The infinite depth induced drag coefficient is obtained from Reference [ | ] and is
defined as

2 _ , Oy\~1
A(chI/ch a)w = ((m AR)cos(A ,-57))
2
+ A (dCI? /dcla ) e (5.3.4-1)
and
2 _ 3 Y
2 } =2 o=
A(dCDI/dCLa)w = 0.02 (A - A/ Ay if A< A (5.3.4-3)
-5
Ao = 0.4 - 0.3 (0.08 H,,/C * 1) (5.3.4-4)
= tip chord/iroot chord (for T failg) (5.3.4-5)
= (center span + (tip chord/root chord)
(outboard span))/total span (for P fails) (5.3.4-6)
where:
A(dCDI/dCi )3!J = increase in angle of attack induced drag due to

non-optimum foil taper ratio
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A = weighted taper ratio
A, = optimum taper ratio
Haub — submergence  of fail, ft
C = average foil chord, ft

CORRECTION OF INDUCED DRAG COEFFICIENT FOR DEPTH EFFECT

The correction of the infinite depth induced drag coefficient for the free surface
image effect was obtained from Reference [ 1].

The programmed form is

@cp, /dcg ) = R(chi/dcfa)cc (5.3.4-7)
R = LML )+ 07 (5.3.4-8)
L, = 0.2+ 0.14 AR (5.3.4-9)

where:

R = induced depth correction term
AR = foil aspect ratio
H b = foill submergence, f t
C = average foil chord, ft

The induced drag due to angle of attack lift is given by:

2 2

D (dCDi/dCLa )Sqc/ (5.3.4-10)

ind
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where:

S = projected foil area, ft2
q = dynamic pressure, 1bf/ft2
CL = foil lift coefficient

INDUCED DRAG COMPONENT DUE TO FLAP LIFT

When flaps are deflected to produce lift changes, a redistribution of span loading
occurs which in turn changes the total induced drag. Using the results shown in
Reference [1], the following expressions have been programmed to estimate the
effect of flap lift on induced drags. Figure 5.2-1 shows how the a K, term is related

to the foil geometry and span loading factor Ky -

n
Kg = 1.35-0.13 A (5.3.4-1 1)
Kb = KJ Ne + (1 + K6 )172, (5.3.4-12)
s

AKy = r (K, - Ky ) (5.3.4-13)
‘tip Troot

2 - 0.4545 (1 + 1.2 7 )7 )% (5.3.4-1 4)

2@ = Z(o, . o (5.3.4-13)
K tip F’oot)

where:

A - weighted taper ratio

* = tip or root

My = flap span location ratio of semispan for tip

end and for root end of flap, respectively
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The aKy and A ¢ terms are summed for dl flap segments on the fall.

The induced drag coefficent due to flgp lift is

2 2
ACH = dCpy /dC; )[((I/Afb)-l)(ACLﬂ )©+
is I a ap
AK /O®)-D(CL-ACL, J(acC ) (5341 6)
oy ( flap il
where:
aC, z change in lift coefficent due to flap deflection
flap

Figure 534 from Reference [ 1] is included to daify the above expressons for the
flap induced drag coefficient.

The change in induced drag due to flgp lift is computed by:
mdflap Did
WAVE INDUCED DRAG

The increase in induced drag due to free surface wave making was obtained from
References [1] and [4] and is defined as

% 5.3.4-18
F. = 1.6889 Vi / (g ©) ( )

%
F )"

h 1.6889 V/ (gH (5.3.4-19)

sub

where:
Vg = speed, kt

F = chord Froude number
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FIGURE 5.3-4 INDUCED DRAG DUE TO FLAP DEFLECTION
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F = submergence Froude number
then:
Ky = (1+26/F_ ) (017 + 0013 AR)
2 2 1
P z (Fy, exp(2/F, )Y (5.3.4-21)
AD, .ye = Ky P cL2 Sq for H, o > 0.5t (5.3.4-22)
ADwave = 0 for Hsub< 0.5t (5.3.4-23)

If Hsub is less than one hdf the foil thickness, the wave drag is st to zero.
INDUCED DRAG AT ZERO LIFT

At zero lift and zero flap deflection a typicd foil has a span load digribution which

produces an induced drag. No simple expression has been developed for this
component, but based on theoreticd andyss of severd current: hydrofoil  configura
tions, the following form has been used as a preliminary estimate for this drag
component.

D ero = 0.0002 s q (5.3.4-24)

535 Strut Drag Components

Three components of strut drag are computed. They ae profile soray, and wave
drag.

The current verson congders only deady date draight ahead motions; therefore, the

only grut profile drag component consdered a this time is the rninimum profile drag
component. Only the exposed and submerged portion of the srut is used to cdculae
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profile drag. No interference drag allowances are made to the strut drag; however,
the pod profile drag does include a wetted area equal to the strut section area.

If the strut submergence becomes zero or less, all strut drag components are set to
zero. If the strut submergence becomes greater than the strut length, the strut spray
drag is set to zero and the wave drag term is replaced by a strut hull interference
drag term. The strut drag components are as follows:

STRUT PRoFILE DRAG (zEro SIDE SLIP ANGLE)

The strut minimum profile drag function was obtained from a modification of data
shown in Reference [ 1] and is calculated as follows:

c, _ 0008261 + 1.7 ta®_ 10767 %¥EE )
P min d
for RC > 5x 104 (5.3.5-)
-0.7
= 25(1 + 1.7 tle) Re) ' (Fe )
D
for Re < 5x104 (5.3.5-2)
D z C Sq (5.3.5-3)
Pmin dpmin
where:
Re = Reynolds number based on average wetted strut chord
t/c = average wetted strut thickness ratio
(FC ) = section drag allowance (equals 1.04, 4% drag increase
d assumed)
S = strut actual area from pod top to waterline, ftz
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q = dynamic pressure, 1bf/ft2

STRUT SPRAY DRAG

The general form used to estimate strut spray drag was obtained from Reference [ 3]
and is calculated as follows:

Dspray z cg ( f/cs)2 (0.006 + 0.0375 (t/CNC/&)q  (5.3.5-4)
where:

C = strut waterline chord, ft

& = chordwise distance from leading edge of strut to

maximum thickness location at strut waterline, ft
t = strut maximum thickness at waterline, ft
q = dynamic pressure, Ibf /£ t2
Currently a value of

f/Cs = 0.5 (5.3.5-5)

iS used.

STRUT WAVE DRAG

The general form used to estimate strut wave drag was obtained by curve fitting
strut wave drag data shown in Reference [5], and was calculated as follows:

Dyave = CDt q (t/c)? c? (5.3.5-6)

3 3 -1
. 0.6116 (ch exp (0.15/FCS)

o
n
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F _ " )
Cs = 1.6889 VK/ (gCS) (5.3.5-7)
where;
FC = strut waterline chord Froude number
5
Vg = speed, Kkt

STRUT-HULL INTERFERENCE DRAG

When the submergence of the strut is greater than the strut length, the strut spray
drag is set to zero and the strut wave drag component is replaced by a strut-hull

interference drag term. An estimate of the strut-hull interference drag was obtained
by using data provided in Reference [ 7) and is calculated as follows:

D

2
int = 031t4q (5.3.5-7)

where;

Lad
1}

strut thickness at the strut-hull intersection, ft

5.3.6 Pod Drag Components

Currently, two types of pod configurations are considered. Control and propeller
drive pods are assumed to have a circular frontal shape while waterjet inlet pods are
assumed to have a rectangular frontal shape. All pods consist of three sections: a
nose section of varying frontal area, a mid body section of constant frontal area, and
a tail section of varying frontal area. Any pod, however, has the same frontal shape

from leading edge to trailing edge. The following expressions are programmed for
calculating pod drags.
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POD PROFILE DRAG

The totd pod length is obtaned by summing the pod section lengths and this value is
used to estimate the skin friction coefficient, Cs- This term is obtained by the
expression given in Section 53.1. The value obtained for Cs is used to estimate pod
profile drag for both types of pods. The definition of wetted area is dependent upon
the pod shape. No reduction in pod wetted area has been made for ether srut or foil
intersections. The following forms are used for pod profile drag calculations:

CONTROL AND PROPELLER PODS

For this type of pod the following shapes were assumed: frontd shape is circular,

nose section shape is ellipsoidal, center section shape is cylindrical, tail section shape
IS ogive.

The wetted areas for each section was obtained as follows. The! surface area of the
nose ellipsoidal section was obtained from the following expression by numerically

integrating the surface area equation and then curve fitting the K' factor over a
practical range of ratios of nose length to pod diameter.

e = (((Ln)z-(DIZ)Z) MLy (5.3.6-])

S - k (27 (D122 + 27 (/DL _(sin™ ' el/e) (5.3.6-2)

S, = K' D2 (5.3.6-3)
where:

Sy = surf ace area of nose section, ft2

L, = nose section length, ft

D = pod diameter, ft
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The curve fit of K' for a range of Ln/D from | to 7 gives:

Kl

= 0.2513+2.434 Ln/D (5.3.6-4)

The surface area of the center cylindrical section was obtained by the foilowing

expression:
SC
where:
SC
I'C

= T Lc D (5.3.6-5)

= surface area of center section, ft2

= center section length, ft

The surface area of the tail ogive section was obtained from the following
expressions by numerically integrating the surface area equation and then curve
fitting the K' factor over a practical range of ratios of tail length to pod diameter:

St
where:

St
Now,

¥

y

£

L
f Yery(1+ (y,)z)y, dx (5.3.6-6)

0

K' D2 (5.3.6-7)

surface area of tail section, 2

= XL /DX-(/LYL/DEDND D (5.3.6-9)

(D/2) = & + & (1-(X/ &£ )% (5.3.6-9)

= (@ D+ (/D (5.3.6-10)
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where:

X,Y = ogive coordinates with reference at centerline of pod
and a traling edge of the center pod section (leading
edge of ogive tal section)

L, z tail length, ft

D = pod diameter, ft

The curve fit of K' for a range of Lt/D from 1 to 7 gives

K = 0.2316 + 2.257 (Lt/D) (5.3.6-1 1)
The totd pod area is then:
Sw ot = Syt S.t (0.2316D + 2.257 Lt)D (5.3.6-12)

which is used for computing profile drag.

The drag of the pod is computed by usng the following expresson which was obtaned
from Reference [5].

D = C S e
pmin Dwet wet 4 (5.3.6-13)

ChH = Cell+ L5/’ + 7(D/L)?) (X3.6-14)

wet
where:

L = pod tota length, ft

Cf = skin friction coefficient

q = dynamic pressure, 1bf/ft2

4-3-79



BCS 40532-5

WATERJET INLET POD

For this type of pod the following shapes are assumed: frontal area is rectangular,
nose section shape is a rectangular box with a surface area factor to account for
contour shape, center section shape is a rectangular box, tail section shape is a wedge
shape boat tail with a surface area factor to account for contour shape.

The wetted areas for each section are obtained as follows:

The surface area of the rectangular box section of the nose was computed by the
following expression.

S, = 2AW +H) L (0.8) =1.6(W + H) L_ (X3.6-1 5)
where:
S = surf ace area of nose section, {t2
w = pod width, ft
- H = pod height, ft
Ln = nose length, ft
0.8 = assumed surface area factor

The surface area of the center rectangular box is obtained by the following
expression:

w
"

2(W + H) L. (5.3.6-16)

where:

surface area of center section, ftz

w
1]
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L. = center section length, ft

The surface area of the wedge boat tail is obtained as follows:

wn
n

L1@Uw/2)L, + (H+ (H-W))/2)L,)

t
= 2HL)(1.1) =22 H Lt
where:
S, - surface area of tail section, ft2
L, = tail length, ft
1.1 = assumed surface area factor

The total pod area is then:

§ wet

SatSc. 5t
which is used to compute profile drag.
The drag of the pod is computed using the expressions given below.

A skin friction drag is computed using the following:

D = C, S q
Fmin f “wet
where:
Cf = skin friction coefficient
q = dynamic pressure, lbf/f t2

4=5-81
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A flow separation drag due to the boat tail was computed using data from Reference
(5] and is as follows:

3
Deep = C T/ S (X3.6-21)

For the boat tail the following factors were assumed:

D = (&/m)WH)" (5.3.6-22)
L S (X3.6-23)
S of = s, (5.3.6-24)

and the separation drag becomes:

Deep = LOCHWHY(L 4 6L OYSq (5.3.6-25)

The total pod profile drag is then:

DP = D +D (5.3.6-26)
min F min sep
No allowance has been made for waterjet inlet lip spillage drag. It is assumed that a
proper inlet lip design would be available for which there would be no spillage drag
developed at design conditions.

POD WAVE DRAG

If the pod submergence is greater than half its height, a wave drag is calculated,
otherwise, wave drag is zero. Data from Reference [ 5] has been curve fit to provide

a wave drag calculation term. The expression used to estimate pod wave drag is as
follows:
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2 L3, (3.5
A - .
C, wave (D7 1)°(0.087 5(H /1) *(F )
exp(0.0884/(F )>%))! (5.3.6-27)
F, = L6839V /(g (5.3.2-28)
D - W/ m ) (s)* (5.3.6-29)

where:

| totd length of pod, ft

H b = submergence of pod, ft

Fi = Froude number

D z equivdent pod diameter, ft
S = frontal area, £12

The wave drag is computed by:
Dwave = A CD Sq (5.3.6-30)
wave

537 Ship Air Drag

The air drag is based on a ship frontal area and a drag coefficient. An empirical
expresson for ship frontad aea has been developed as a function of length between
perpendiculars. The form used was:

)1.807

Stront = 0.157 (LPP (5.3.7)
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where:

front = ship frontal area, ft2

Lop _ length between perpendiculars, ft

Usng an assumed drag coefficient of 0.5 the ar drag is

} 2,,2

D.ir z 0.5(p ;. /2)(1.6889)°V, S (5.3.7-2)
where:

P ar = ar dengty, slug/ft3

Vi = ship speed, kt

i 0o provide a lever am for moment cadculations about the ship center of gravity, an
empirical expression for the location of center of air drag above the baseline has
been edimated as a function of length between perpendiculars. The form used is

~
1

1.042 .
air 01 19(LPP) (5.3.7-4)

where:

Z

air distance of center of air drag above baseline, ft

5.3.8 Total Foil Drag

The total foil drag is developed in terms of a paraste drag plus an induced drag. The
following components show a typicad drag build-up:
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a) Parasite (See Figure 5,3-2)

D = ADtipS + Dp + 4D

Piotal min Pmin *
AD + D
Prin(flgy) lecav
b) Induced (See Figure 5,3-3)
indtotal = Dind + AD'ind(ﬂap) + ADwave + Dzezro
c) Totd (See Fgure 53-)
D = D + D.
Piotal "Miotal

5.3.9 Total Strut Drag

The totd drut drag is developed by the following expresson.

D = D D D
pmin+ spray + ~wave

5310 Totd Pod Drag

The tota pod drag is developed by the following expresson.

D = D D
pmin + “wave

5311 Tota Foil Assembly Drag

BCS 40532-5

(5.35-1 )

(5.3.8-2)

(5.3.8-3)

(53.9)

(5.3.10-))

The total foil assembly drag is composed of the foil plus strut plus pod drags and is

given by:

Dassembly = Dfoil * Dstrut + Dpod
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5312 Totd Foilborne Drag

The totd foilborne drag is composed of the forward and &t foil assembly dr
the ar drag. It is cdculaed udng the form::

DFB = Dforward * Pagt *Pair
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6.0 THEORY: TAKEOFF HYDRODYNAMICS

This section contains a discussion of the procedures used to estimate takeoff drag
and, if requested, to calculate the maximum required waterjet inlet area.

6.1 INTRODUCTION

The takeoff hydrodynamic calculation provides an estimate of the drag and speed at
takeoff for use in estimating the takeoff thrust required from the foilborne
propulsion system. The takeoff calculation is based on a steady state static
equilibrium condition determined by the method described in Section 5.1.2. The
additional calculations required for the takeoff thrust include:

1) Development of the minimum takeoff drag curve as a function of speed.

2) Determination of the minimum drag at a fixed speed for a variation of two
independent  operating  parameters.

3) Estimate the hull forces and moment as a function of the operating
parameters and then pass this data into the foilborne static equilibrium
calculation in order to estimate the takeoff drag at the input operating
condition.

4) Estimate the required maximum waterjet inlet area based on the takeoff
drag curve and an assumed maximum cavitation-limited inlet flow
velocity.

6.2 TAKEOFF DRAG CALCULATION

The calculation of the takeoff drag involves a comparison of the takeoff drag and
foilborne drag as functions of speed. The takeoff drag is the total hull and foil/strut
drag that results when the foil lift equals that portion of the total ship weight not

carried by the hull. The foilborne drag is that drag that would result if the foils could
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support the tota ship weight by unlimited control deflections. These two drags are
compared over a range of gpeeds to determine the maximum drag during tekeoff and
the speed a which takeoff occurs. Figure 6.2-1 shows a typicd takeoff drag curve
The objective of the takeoff drag calculation is to provide the current model an
edimate of the maximum drag which can occur during takeoff. This value can then
be used to edimate the maximum power required for takeoff.

The takeoff drag is the minimum drag possible under steady state equilibrium
conditions a each speed. The takeoff drag curve is developed a each fixed speed
utilizing a simple searching technique on the ship pitch angle and hull lift to
determine the minimum drag. The following discusson pertans to the method used
to edimate the takeoff drag. Figure 6.2- is included to show the various terms.

The cdculation of the tekeoff drag and corresponding speed requires an initid  Speed,
a speed increment, and bounds on the values of hul lift and pitch angles used to find
the minimum drag. The following vaues ae used:

1) Speed vaidion.

Initidd ~ speed 13kt (6.2-)
Speed increment = 3kt (6.2-2)

2) Limit vaues of search paamees.

a) First independent parameter: hull lift.

min
ATO = 09 (6.2-4)
max
where:
A = full load weight, lton
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/—FOILBORNE DRAG (NO HULL LIFT OR DRAG)
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CALCULATION

10
TAKEOFF ORAG WITHIN FIXED RATIO OF
FOILBORNE DRAG

'AVERAGE DRAG OF TAKEOFF ANO:
FOILBORNE USED

"AVERAGE ORAG |F HULL

IFTS 0 USE GREATEST
W
x XX
=X 2 HULL LIFT X0

CALCULATED HUMP DRAG
FROM CURVE FIT

/x \\ x”

X. -
o - - - .
X —-X&-.§- - X - XAED-';‘SN-A; -D.R_AS VALUES
ACDITIONAL
ORAG VALUES kS
FOR SECOND QORDER CURVE FIT SPEED GREATER
x\cA THAN FOILBORNE
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FIGURE 6.2-1 TAKEOFF DRAG CALCULATIONS
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minimum hull lift, Iton

bro .
min

810 — maximum hull lift, Iton
max

b) Second independent parameter:  pitch angle.

min
-1
el = tan ((H + Hog -D/(Lgp - X, ) (6.2-6)
‘I'Omax subde FB PP fwd
where:
9‘1‘0 _ = minimum pitch angle, deg
min
'9TO = maimum pitch angle which equas maximum
max rotation of the basdine a the aft perpendicular
which moves the forward foil a verticad distance
equal to the forward foil submergence plus the
foilborne height less one (1) foot, deg
Lpp = longitudind disance between perpendiculars, ft
Xfwd = distance from forward perpendicular to forward

foil, ft
Initid vaues of seach parameters.
The search technique utilizes these maximum and mnNmMum values to normdize
the hull lift and pitch angle vaues s0 that the range of search is fixed between
zero to one.

a) First independent parameter: hull [lift.

X, = 09 for v, < 8.5 (6.2-7)
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)((1).1 = 125 « 0.041 Vk for 8.5 < Vk < 28 (6.2-8)

X(l)i = 0.1 for Vk > 28 (6.2-9)

X(1) = (a. - ATQnm)/(ATOmax' AT%m) (6.2-10)
where:

X(1) = hull lift parameter

Vk = speed, kt

c = current cdculation vaue of hull lift

i = denotes initial value

b) Second independent parameter: pitch angle

X@2). = (0- 6 )/(6 0 ) (6.2-11)
! Tcr'%un 10 max Tomin
for X(2), < 1.0
X(Z)i = 0.9 for X(2)i 2 10 (6.2- 12
X(2) = (6 -6 (8 -6 ) (6.2-13)
¢ "TOmin” "Tnax  min
where:
X(2) = pitch angle parameter
B¢ = curent cadculaion vaue of pitch angle

i = denotes initial value
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The termination of the takeoff drag calculation is set by one of three tests. These
tests are discussed below and are shown on Figure 6.2-l.

b

Takeoff Drag Within Fixed Raio of Foilborne Drag.

At each takeoff speed an estimate of an equivalent foilborne (no null lift or
drag) drag is made and the cdculated takeoff drag is compared with it. If the
takeoff drag is equal to or greater than 0.96 times the foilborne drag, the
calculation of takeoff drag is terminated. An average drag is then passed to
the current model as the takeoff drag and the corresponding speed is passed as
the tekeoff gpeed. The following conditions are used:

a) Conditions for edimating f oilborne drag.

Speed = current takeoff calculation speed
Weight = full load weight
Pitch angle = 0 for incidence controlled craft

k6 for flap controlled craft but not
TO ax
greater than three (3), deg

Forward Foil Depth = foilborne height plus forward foil submergence

b) Egimation of foilborne drag.
The foil system drag is then cdculated using the above conditions.
c) Average drag.

When the takeoff drag calculation is terminated, an average drag is
cdculated. The average drag is cdculated by:
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° %D oilborne * Dtakeoff) (6.2-14)

The average drag is passed into the current mode as the takeoff drag.
2)  Hul Lift Equd to Zero

A test iSs made on the hull lift for each speed cdculated. If the hull lift is zero
then an average drag is saved, otherwise only the takeoff drag is saved. The
maximum value of these drags is passed as the takeoff drag. The corresponding
gpeed is dso passed into the current modd.

3) Speed Greater than Foilborne Design Speed

If the takeoff speed is incremented to a vadue grester than the foilborne speed
required, the calculation of takeoff drag is terminated. A search of the
caculated tekeoff drags is made and the maximum vaue is passed as wdl as
the corresponding speed. The following comment is printed out in the data
summary, “TAKEOFF SPEED IS ABOVE FOILBORNE SPEED - TAKEOFF
DRAG IS SET TO MAX. VALUE.

When a pesk in the takeoff drag curve is detected by comparing the current takeoff
drag with the previous takeoff drag value, a hump drag calculation is performed.
This cdculation determines three Speeds which bracket the pesk drag vaue and then
uses a second order curve fit of these three points to estimate the hump drag and its
corresponding  speed. If the hump drag is less than the foilborne drag, the cdculation
of takeoff drag is continued by incrementing the speed from the last incremented
speed vaue.

The calculated takeoff drag is passed into the current model for only the takeoff
condition. The cdculated hump drags are not passed. In order to provide the user
information on hump drags and to dlow for checking of the maximum power required
during tekeoff, the following note is printed in the summay if a hump drag has been
calculated. “NOTE - THE FOLLOWING HUMP TAKEOFF DRAGS WERE FOUND
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AND A CHECK OF THE TAKEOFF POWER SHOULD BE DONE TO ESTABLISH
MAXIMUM TAKEOFF POWER.” A lig of the hump drags are then printed.

6.3 DRAG MINIMIZATION TECHNIQUE

The objective of the drag minimizetion technique is to edimate the minimum takeoff
drag a a fixed gpeed for a variaion of ship pitch angle and hull lift.

The technique utilizes a simple search method which includes the following opera-
tions. For reference, see Figure 6.3-.

4)

5)

A fixed speed and intid values of X(1) = hull lift; X(2) = pitch angle ae
st to dat the caculaion.

A seaching grid of X(1), X(2) is devdoped utilizing uniform spacing for
each parameter. Both parameters are normalized to range from zero to
one.

The initid vdues of X(1) and X(2) are rounded to the nearest grid vaues
and the ssarch for minimum takeoff drag is initiated.

The value of X(2) is held fixed while X(1) is varied until a minimum
caculated drag is detected or the boundary is reached.

If a minimum is detected, a second order curve fit of the caculated drags
around the detected minimum drag is done in subroutine SECOFT. This
subroutine takes three input points and computes the minimum value of
the takeoff drag and the corresponding vaue for the X(1) parameter. See
Figure 6.3~ 1.

X(2) is incremented and seps 4 and 5 ae repeated. The darting value of
X(@) is the lagt vadue used from the previous pass of X(2).
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FIGURE 6.3- TAKEOFF DRAG MINIMIZATION TECHNIQUE
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7) Step 6 is repeated until a minimum caculated drag as a function of X(2) is
detected or the X(2) boundary is reached.

8 When a minimum drag has been detected, a second order curve fit as a
function of X(2) is then made as was done in step 5 for X(1). The vaue of

X(2) for this minimum drag is then used to calculate the value of X(1)
corresponding to the minimum drag. See Figure 6.3.

9) Using the values of X(1) and X(2) obtained in 8, a final calculation of
takeoff drag is made. This drag is edimaed minimum tekeoff drag a the
fixed input speed.

6.4 HULL CHARACTERISTICS = STATIC TAKEOFF CALCULATION

The calculation of a steady state takeoff drag equilibrium condition is based on a
technique which minimizes the takeoff drag at a fixed speed for a variation of ship
pitch angle and hull lift. 4 search for the maximum takeoff drag by incrementing
goeed is done until ether a hump drag or a lift-off drag is obtaned. This maximum
takeoff drag and corresponding speed are then passed to the current model. This
technique requires the ability to estimate hull resistance over a range of both hull
trim, displacement, and speed. Typically, the hull trim range is from about -1to +6
degrees while the hull displacement range is from zero to about 90% of the full load
displacement and a speed range of 10 knots to about 40 knots.

The takeoff hull resistance calculation methods are the same as those used by the
Hullborne Hydrodynamic Module. They condst of a merging of planing hull, transom-
dern, and Froude and Reynolds number scaing methods. The hull characterigics and
operating condition are compared to the range of applicability of each method and
the appropriate method is sdected. For hull characteritics and operating conditions
tha fal outdde the range of these methods, interpolation and extrgpolation is used.

The estimation of the hull resistance during the takeoff calculations is done by

subroutine HY DHUL. However, before execution of the takeoff calculations,
subroutine HULDAT is called to generate hull geometric properties. A detailed
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description of this subroutine is given in the Hullborne Hydrodynamic Module User
Manual. Subroutine HYDHUL next calls subroutine HULPAR which estimates the
static trim hull geometric parameters as a function of both pitch angle and hull
displacement. Subroutine HULDRG is then called to compute the hull resstance at
the input operating condition. The hull resistance computed by subroutine HYDHUL
is then passed to the takeoff drag calculation subroutine, TOCAL.

6.5 WATERJET INLET AREA SIZING

A waterjet inlet area can be sized based on takeoff drags and an assumed inlet
cavitation limit velocity. The required takeoff margin will be provided.

The following conditions are required to start the inlet area sizings:

1) A takeoff calculation must be done.
2) The foilborne propulsion system must be a waterjet, and
3) The foilborne duct size indicator must specify that the duct is to be sized.

If these conditions are met, the inlet area will be calculated. and passed to the
current model. The inlet area calculation consists of the following operations:

1) At each speed used for the takeoff calculations, the thrust required is
assumed to be equal to the takeoff drag times the design takeoff margin.
This required thrust is then used to calculate the required waterjet flow.
A discussion of the waterjet calculations is given in Section 5.1.4.

2)  The minimum inlet area (ft2) which can pass the required flow cor-

responding to the above conditions is calculated by the following expres-
sion:

Ainlet = Qto/(v ) (6.5-1)

limNduct
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where:
Qto = required water jet flow from 2 above, it3/sec
N guct = number of water inlet ducts on foilborne propul-
son sysem
Viim = estimated inlet cavitation limit velocity, ft/sec

An empiricdl expresson for Vv, has been obtaned from PHM data. This
expresson is evduaed in the function ELVLLM. This function is ds0 used
in the Foilborne Propulson Module.

Vi = 06 Vk + (2066 + pgH)/2066) 29.06 (6.5-2)
where:

Vi = craft speed, kt

p = density of water, slugs/ft3

H = submergence of inlet pod (assumed equal to the

digance from the pod to the basdine), ft

3)  The maximum inlet area required is passed to the current modd.
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7.0 THEORY: CALCULATION LIMITATIONS

This section contains a list of the major limitations which exist in the Foilborne
Hydrodynamic Module.

7.1 FOIL ASSEMBLY LIMITATIONS

The major limitations which currently exist for the calculation of lift and drag are as
follows:

1)  The lift is assumed to be linear with regard to both angle of attack and flap
deflection.

2)  No limits are applied to lift due to stall, cavitation, or ventilation.

3) No limits are applied to flap deflections or incidence angles that are
calculated by the static balance calculation.

4)  There is no correction for structural deflections.
5) There is no correction for flow interactions between foil assemblies.

6) The foil lift is assumed at 50% chord « no corrections are made for foil
pitching moments.

7)  No checks are made for control authority or the effectiveness of the foil .
assembly geometry.

7.2 TAKEOFF DRAG LIMITATIONS

The major limitations which currently exist in the calculation of takeoff drag are as
follows:
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The limitations which exist for the foil assembly as given above also apply
to the takeoff calculation.

The takeoff drags are based on steady state calculations and do not include
a dynamic takeoff simulation.

4-5-100



BCS 40532-5

80 EXAMPLES

Severd examples are given in the following sections which demondrate the output of
the Foilborne Hydrodynamic Module when the input is modified by the user. Three
examples will be gven. The basc MODEL 900 configuration will be perturbed into
the following configurations: (1) inlet duct sSize will be cdculated for an increased
desgn weight, (2) a foilborne propeler propulson system will be used, and (3) severa
operating conditions will be changed. All of the above examples will use the same
geometry. Changes to the geometry can be made by modifying the appropriate
geometric parameter to the dedred vaue.

81 EXAMPLE 1 .- INLET DUCT SIZE CALCULATED FOR MODEL 900

In this example the waterjet inlet duct will be caculated for the MODEL 900 based
on takeoff requirements.

COMMANDS DESCRIPTION

C,E > USE, MODEL 900 Use MODEL 900.

CE >SET, FB DUCT SIZE IND, CALC  Set FB DUCT SIZE IND to CALC. This will
cause the module to calculate a required
waterjet inlet duct area

C,E >SET, ONLINE, FB HY DRO MODULE, 1, 5
Request that the first and fifth printed
report be included in the data printout.

C,E >SET, FULL LOAD WT, 245 St full load weight to 245 Iton.

C,E >RUN, FB HYDRO MODULE Initiate execution of the module

The summary output shown on Figure 8.1-1 is provided by the Foilborne Hydro-
dynamic Module for the above configuration.
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ASSET/HYDROFOIL VERSION 2.0 = FB KYDRO MODULE - 3/31/86 09.26.28.

PRI NTED REPORT NO. 1 = SUMMARY

FB PROP TYPE-WATERJET
FB DUCT SIZE-CALC

NUMBER OF DWLCTS 2.
AREA/DUCT, FT2 2. 303
CONDITION SPEED KT WT,LTON DRAG,.BF DRAG+FACTOR,LBF
FB DESIGN 45.0 245.0 39881. 39861.
FB RANGE 44.0 226.9 37395. 37395.
TO DESIGN 25.0 245.0 49304. 61630.

FIGURE 8.1-1 EXAMPLE | -SUMMARY
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The takeoff summary data shown on Figure 8.1-2 is provided by the Foilbotne
Hydrodynamic Module for the above configuration. An additional column is provided
for this case which ligs the required waterjet inlet area a each calculated speed.

8.2 EXAMPLE 2 - FOILBORNE PROPELLER PROPULSION SYSTEM REPLACING
WATERJET ON MODEL 900

In this example the waterjet inlet sysem pods will be replaced by propeler pods with
a gearbox diameter of 25 feet. The reference ship for this example is the same ship
as used for the previous example

COMMANDS DESCRIPTION

C,E > SET, FB PROP TYPE IND, PROPELLER
Set foilborne propulson to propdler type.

C,E > SET, FB LWR GBX DIA, 2.5 Set lower gearbox diameter to 2.5 feet in
order to size power pod.

C,E> RUN, FB HYDRO MODULE Initiate execution of the module.

The summary output shown on Figure 8.2-1 is provided by the Foilborne Hydro-
dynamic Module for the above configuration.
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PRI NTED REPORT NO. 5 = TAKEOFF DATA

SPEED FOILBORNE TAKEOFF
DRAG,LBF DRAG,LBF DRAG,LBF DRAG,LBF
264789.
185207.
130013.

69352.

50264.

KT
13.0
16.0
19.0
22.0
25.0

FIGURE 8.1-Z EXAMPLE 1 - TAKEOFF DATA

18680.
30268.
39646.
43541.
49304.

BCS 40532-5

FOL HULL HULL LIFT PITCH DRAFT WJ DUCT
LTON OEG AP,FT FT2
5223. 13457. 220.5 -0.15 6.22 1.626
8076. 22192. 204.3 -0.08 6.01 1.978
14051. 25595, 166. 3 0.27 5.62 2.184
22442, 21099. 115.6 1.36 5.63 2.228
35002. 13343. 44.5 3.39 6.55 2.303
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ASSET/HYDROFOIL VERSION 2.0 « FB HYORO MODULE = 3/31/86 09.27.51.

PRINTED REPORT NO. 1 = SUMMARY

FB PROP NPE-PROPELLER

CONDITION SPEED »KT WT,LTON DRAG,LBF DRAG+FACTOR,LBF
FB DESIGN 45.0 245.0 44810. 44810.
FB RANGE 44.0 226.9 42138. 42138.
TO DESIGN 25.0 245.0 51362. 64203.

FIGURE 8.2-1 EXAMPLE 2 « SUMMARY
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8.3 EXAMPLE 3 - MODIFICATION OF OPERATING CONDITIONS FOR MODEL 900

In this example the operating conditions for Model 900 will be changed. These
include changes in operating speed, weight, center of gravity location and foil

submergence.

COMMANDS

C,E >USE, MODEL 900

C,E > SET, FB SPEED REQ, 50

C,E> SET, FB RANGE SPEED REQ, 45

C,E> SET, FULL LOAD WT, 200

C,E > SET, FWD FOIL SUBMERGE, 7

C,E> SET, AFT FOIL SUBMERGE, 85

CE > SET, FB HEIGHT, 5

C,E> SET, FULL LOAD CC ARRAY

| > 0.541868, 0.580552, Q

DESCRIPTION

Use MODEL 900.

Set required foilborne design speed to 50 kt.

Set required foilborne range speed to 45 kt.
Set full load weight to 200 1 ton.

* Sat forward foil submergence to 7 ft.

* Sat aft foll submergence to 85 ft.

*+ S foilborne height to 5 ft.

Signals that input data will be provided for
the full load center of gravity foils down
array.

Input values of the longitudinal and vertical

CG location. A 64 foot LCG and an 8 foot
VCG is usad.

* Note: In order to propely change foilborne submergence, these three terms must
be changed concurrently to preserve the srut length.
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C,E> SET, FOIL LOADING FRAC, 0.3608
Adjusts forward foil loading fraction for
given foll sysdem in order to mantan same
value of foil/strut longitudinal location.

C,E> SET,ONLINE, FB HYDRO MODULE, 1, 2
Request that the first and second printed
reports be included in the data printout.

C,E> SET, TO SPEED, -1 Input takeoff speed less than zero to
suppress  takeoff  calculations.

C,E>RUN, FB HYDRO MODULE Initiate execution of the module

The outputs shown on Figures 8.3-1 and 8.3-2 are provided by the Foilborne
Hydrodynamic Module for the above configuration.
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HYDRO MODULE '#NARNING®* TO SPEED SET AT LESS THAN ZERO
« NO TAKEOFF CALCULATIONS WILL BE MADE

ASSET/HYDROFOIL VERSION 2.0 = FB HYDRO MODULE = 3/31/86 09.29.50.

PRINTED REPORT NO. 1 = SUMMARY

FB PROP TYPE-MATERJET

FB DUCT SIZE-CALC
NUMBER OF DUCTS 2.

AREA/D\CT, FT2 2.170
CONDITION SPEED,KT WT,LTON
FB DESIGN 50.0 200.0
FB RANGE 45.0 181.9

FIGQURE 8. 3-1

DRAG,LBF DRAG+FACTOR,LBF
43979. 43979.
37338. 37338.

EXAMPLE  3- SUMWARY
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PRINTED REPORT NO. 2 = FOILBORNE FO L/ STRUT DATA

DESI G\ SPEED CONDITION | RANGE SPEED CONDI Tl ON

SPEED = 50.0 KNOTS | SPEED = 45.0 KNOTS
VEIGHT = 200.0 LTON | VEIGHT = 181.9 LTON
PITCH = 0.00 DEG I PITCH = 0.37 DEG
LCG = 64.00 FT I LCG = 64.00 FT
VCG = 7.99 FT I vcG = 7.99 FT

FORWARD AFT FORWARD AFT

FOL FOL | FOIL FOL

FOIL SUBMERGENCE, FT 7.00 8.50 | 7.00 9.07
FO L |NCIDENCE, DEG 1.09 0.38 | 1.09 0.38
FLAP DEFLECTION, DEG 0.34 0.32 I 0.22 -0.11
FOIL X LOCATION, FT 7.71 95.77 I 7.71 95.77
FOIL DRAGS, LBF |

PROFILE 6024. 12736. I 5001. 10514.
| NDUCED 2258. 2528. | 2237. 2419.
TOTAL 8282. 15263. I 7239. 12933.
STRUT DRAGS, LBF |

PROFILE 1473. 3974. I 1211. 3623.
SPRAY 904. 4793, I 732. 3976.
NAVE 10. 109. | 11. 127.
TOTAL 2387. 8875. | 1955. 7726.
POD DRAGS, LBF |

PROFILE 1253. 4232. | 1028. 3470.
HNAVE 0. 2. | 1 2.
TOTAL 1254, 4234, | 1029. 3472.
TOTAL DRAGS, LBF 11922. 28372. | 10222. 24131.
FOIL LIFT, LTON |

DYNAMIC 74.21 118.48 | 66.93 107.64
BUOYANCY 1.08 2.67 I 1.08 2.67
TOTAL 75.35 121.15 1 68.01 110. 31
STRUT LIFT, LTON |

BUOYANCY 0.39 0.84 I 0.39 0.89
POD LIFT, LTON |

BUOYANCY 0.73 1.89 | 0.73 1.89
TOTAL LIFT, LTON 76.42 125.58 | 69.08 112.80
F/S_ LIFT/DRAG RATIO 14.36 9.76 | Is.14 10.47
DYN LOADI NG LBF/FT2 1180.4 877.4 | 1063.7 797.1
AIR DRAG, LBF 3684. 1 2984.

SHIP DRAG, LBF 43979. I 37338.

SHIP WEIGHT/DRAG 10.19 I 10.91

FIGURE 8.3-2 EXAMPLE 3 - FOILBORNE FOIL/STRUT DATA
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