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Marine towing is required for transporting ships and floating structures and for salvage operations of damaged vessels, Safe

towing operations require the estimation of towing resistance, selection of an appropriate tug and towing equipment, and

verification of the towing system, However, the design procedure based on the U.S. Navy Towing Manual involves repeated

manual calculations using tables, curves, and empirical criteria, which can be time—consuming and prone to reading errors, In

this study, a towing system design program was developed based on the U.S, Navy Towing Manual, The procedure was divided

into four modules: steady—state

towing resistance calculation, tug selection, towing equipment selection, and towing system

verification, Tabular data were implemented as look up data structures, while graphical data were digitized using polynomial

regression and natural cubic spline interpolation, The developed program was applied to a manual example, and the results

were consistent with the manual calculation, confirming that the program reproduced the manual—based procedure,
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Fig. 1 Marine towing operation
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CLASS DESCRIPTION
D 15-19 DESTROYER TENDERS 18,400
D 3744 DESTROYER TENDERS. 20,500
E21-25 AMMUNITION SHIP 16,000
E 26-35 AMMUNITION SHIF 18000 | 7800 | 075 216
5 17 [COMBAT STORE SHIPS 18000 | 8350 | 070 216
GF 11 (exLPD-11) [MISC. COMMAND SHIP. 16312 | 8350 | 075 175

Fig. 3 Characteristics of naval vessels (NAVSEA, 2022)
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Appendix Figure G-6. Hull Resistance Curve. RH/A vs. Tow Speed.
Fig. 4 Hull resistance curve (NAVSEA, 2022)

Fig. 5 Wave resistance curve (NAVSEA, 2022)

Beau- Ava. Ht Significant Avg. Minimum Avg.
fort Knots Description v(gf.t) " | 1/3 Highest| Wave Duration Wave
No. (ft) Length (ft)| (Hours) |Height (ft)

0 <1 Calm -— - - - -
1 1-3 Light air <1 <1 10 in 18 min —
2 4-6 Light breeze <1 <1 6.7 (ft) 39 min —
3 7-10 Gentle breeze <1 <1 20-27 1.7-2.4 (hr) 2(3)
4 11.16 | Moderate 1.82.9 2.9-4.6 5271 4866 | 3%4(5)
breeze
5 17-21 Fresh breeze 3.85.0 6.1-8.0 90-111 8.3-10.0 6 (8%%)
6 22-27 Strong breeze 6.4-9.6 10-15 134-188 1217 9% (13)
7 | 2gag | Modemtegale | 4y g 1826 | 212285 [ 2027 | 13%(19)
(high wind})
8 34-40 Fresh gale 19-28 30-45 322-444 30-42 18 (25)
9 4147 | Strong gale 31-40 50-64 492500 |  47-57 23(32)
10 48-55 Storm 44-59 71-95 650-810 63-81 29 (41)
" 56-63 | Violent storm 64-73 103-116 910-985 88-101 37 (52)
12 > 63 Hurricane >80 > 128 - - 45 ()
Fig. 6 Beaufort scale (NAVSEA, 2022)
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Table 3-1. Hydrodynamic Resistance of the Towline.
Added Resistance (Ibs) Added Resistance (Ibs)
Wire Wire Chain Chain 10,000 1b. Tension 20,000 Ib. Tension
Size Scope Size Scope
(im) [ (in) [0 4kts S kis 12kt 4kts 8 kts 2kis
158 3000 1000 4000 7200 1000 3000 5800
157 2000 900 3500 100 700 2500 3300
2000 - - 2000 2200 6000 1500 200 4000
2000 214 % 2500 5100 12000 1900 3900 7900
2000 14 70 3100 10000 19300 2000 7200 15000
2000 434 20 3700 12000 24500 2700 8900 17600
214 2000 214 % 1500 5200 11500 1300 3800 8000
214 2000 14 70 3000 8000 18500 1600 6500 14500
218 2000 434 270 5000 14100 25500 4500 12900 23000
214 3000 214 % 1900 8300 17500 1600 5700 13100
214 3000 14 270 3100 12000 24500 2500 £700 20100
214 3000 434 270 5500 14400 27800 5000 13300 26000

Fig. 7 Hydrodynamic resistance of the towline (NAVSEA,
2022)
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Figure 3:3. Available Tensions vs. Ships Speed for U.S. Navy Towing Ships

Fig. 8 Available tow tension vs. ships speed (Adapted
from NAVSEA, 2022)
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Minimum Factors of Safety*

wire Wire Chain Synthetic | ohackles Bits,

Towing Mode for Tug Rope Rope Pendant | Polyester ine Detachable | Padeves,
Hawser Pendant or Bridle (Other) Links etc.

Note 1 1 1 2 2,3 4 5

Long Scope Wire Rope
Hawser

On automatic tension
control
On the Brake 5

34

On the pawl (dog)
Gn the hook (bitt, pad,
etc.)

[

On the hook or brake
with chain pendant
On the hook or brake
with synthetic spring
Long Scope Synthetic
Hawser with Wire
Rope Pendant

On automatic tension
control

On the brake

On the Pawl (dog)

On the haok (bit, pad,
etc)

lgig. 10 Factors of safety for towing systems (NAVSEA,
2022)
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Table 2 Fitted polynomial equations for hull resistance

Table 6 Extracted data points for sea state resistance

curve curves
Curve No. Fitted polynomial equation Average Curve No. 1| Curve No. 2 |Curve No. 3
1 0.00083922° +0.0750342” wave height (ft)l _ (Ib) (Ib) (1b)
+0.085441z — 0.080442 0.0 0 0 0
5 0.0056752* — 0.0198592 2.0 444 889 889
+0.409543z — 0.635963 3.5 1,566 2,222 2,202
3 —0.0010452" 4 0.0779842” 5.0 3,333 4,444 4,444
—0.1555822 — 0.068958 6.0 4,667 5,778 5,778
4 —0.001592” + 0.066862 7.0 6,444 8,444 8,444
—0.127818x + 0.060038 8.0 8,444 11,556 11,556
5 —0.0001932* 4 0.0299372 9.0 10,444 15,778 15,778
—0.090836x +0.09779 9.5 11,333 17,778 17,778
10.0 12,222 19,778 19,778
Table 3 Regression performance of fitted hull resistance 120 16.222 31.333 32.444
curve 13.0 18,000 36,222 39,556
Curve No. R? RMSFE NRMSE(%) 135 19111 38,889 43.902
1 0.99 0.051 0.382 15.0 21,778 46,889 60,227
2 0.99 0.053 0.470 17.0 25,238 58,636 100,000
3 0.99 0.154 2.040 18.0 26,667 64,000 115,909
4 0.99 0.021 0.381 20.0 27.778 76,364 | 138,636
5 0.99 0.013 0.424

Table 4 Fitted polynomial equations for available tow
tension curve

Tug Fitted polynomial equation

0.69662* — 2.83372°
— 484.5652% — 2844.17x + 137180

2.5128z* — 59.01972°
+10.74522% — 3771.23x + 150690

8.26z1 — 202.652°
+541.862% — 3275.27x + 174951

ARS 50

ATS 1

T-ATF 166

Table 5 Regression performance of fitted available tow
tension curve

Tug R? RMSE | NRMSE(%)
ARS 50 0.99 23.248 0.019
ATS 1 0.99 1.085 0.001

T-ATF 166 0.99 34.044 0.195
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Table 7 Input conditions for example calculation

e
RibonMenul

iTreelView) [DesigniView]

[tem Value
Ship class FFG 7
Tow speed 8 kn
Tow course Heading to North
Tow displacement 3,585 LT
True wind speed 28 kn @ 000 R

Table 8 Steady-state towing resistance calculation result

, . . [tem Symbol Unit Result
Fig. 12 Towing system design program y
Frontal windage area Arp ft? 2,200
Input Wind drag coefficient Chy - 0.7
Towed Ship’s | P e i )
! Ship Class |} Displacement ' ||| Tow Course ii,T,”,'”,,s,”,e,eiJi True Wind Speed | Total projected area A ﬂz 170
of propellers P
Module ™ -
fy Calculation Tug Selection ________
! Sea State Resi HWind i ! Hull Resis Lﬂ;ﬂ‘ Tungpeedii»‘[e»r{s_l?!\_ii_?;_‘g?:;;;:?s‘i::é Curve number — 2
! Propeller Resistance i Tow Haser Resistance E‘Wl‘ Evaluation : Satisfied / Dissatisfied for hull resistance
Curve number 3 '
3;::;:1(5:;;&:;I:nla‘tienéisufely&Slmcluralkequiremen{i}é/[mai for sea state resistance
Evaluation : Satisfied / Dissatisfied |§3@lE Beaufort number - 5
: Relative wind speed Ve kn 28
Ouvtput ™
o e g | o iy g [ Teelfer esier T Heading coefficient K - 1
) . . - , Wind resistan R I
Fig. 13 Configuration of the towing system design program d resistance w b 6,109
Resistance factor Ry/a - 4.3
calcuiation) ®S0Ick Tojeld S2, moflold vj2 ofel 3 Hull resistance B b | 19,269
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Select | Speed(knots) | Tension(lbs) Tug Name

7 61397 T-ATF 166
7 61397 ARS 50
7 61397 ATS 1

7.5 69162 T-ATF 166 | 2% x

I 8 77773 T-ATF 166 =

8 77773 ARS 50 -
8 77773 ATS 1

85 86738 T-ATF 166

85 86738 ATS 1

Fig. 14 Tug selection result of the program

-B--e-f-ore WireRopeHawser

Required Break Strength : 3 x 77773 = 233319

Seect | E52 v |Size Breaking Strength | Scope
3 2-1/4 IWRC 387000 0
2-1/4 Fiber Core 360000 0
Eqy t WireRopeHawser

Required Break Strength : 3 x 78198 = 234594

Seect |52 ~ |Size Breaking Strength | Scope
v [w] 2174 WRC 387000 2000
2-1/4 Fiber Core 360000 0

MEECE ofelM MY EsoMe 2dE ool HEofA ofelM
H 518 M2HS ARMSID, 512 ol £H oflolE A2 ofAlel
4 Sl ofelME AR JisE EER ERSIQICt Fig. 142
T2 0|83 ofeld M ZoE LIERHACE ofel £ 8
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£ tow hawser2 2-1/4 IWRC wire ropes M35 o0q, siE
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2 ARME[ICKFig. 15). Ololl oK A= 38 XMgst Zul, MA
2 234,594 b2 HA=EQACEH o|F Z2OM2 HAE A
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Required Break Strength : 4 x 78198 = 312792

Select | ESY ~ | Size Breaking Strength| Scope
3 v MIL-C-24633 225 396000 20
MIL-C-19944 475 1700000 0
E ist- ink

Required Break Strength : 3 x 78198 = 234594

Select

o
;[0

Breaking Stre

- | Scope

2 Size
h.

(wllw]

0.875 0

Detachable Link 0
Cetachable Link 25 0

I b Cetachable Link 125 0

Cetachable Link

E Shackle
Required Break Strength : 3 x 78198 = 234594

Select

Size Breaking Stre__ ~ | Scope

25 352000

o oo

MIL-S-24214A(. 3.3

Fig. 16 Equipment selection result of the program

Towed Ship Class FFG 7-61

Wind Angle 0

Towed Displacement 3585

True Wind Speed 20

Selected Tug T-ATF 166
Selected Tow Speed 8

Selected Resistance 77773
Computed T 78198

Selected Main Hawser Type WireRopeHawser

Fig. 17 Input data verification result of the program

Description Value IsSatified
WireRopeHawser Name 2-1/4 IWRC

WireRopeHawser Size 225"

WireRopeHawser Scope 2000 ft ' Satisfied
WireRopeHawser (SF-T < BS) 234594 lbs ' Satisfied
ChainPendant Name MIL-C-24633

ChainPendant Size 2.25"

ChainPendant Scope 90 ft ' Satisfied
ChainPendant (SF-T < BS) 312792 lbs ' Satisfied
Shackle Name MIL-S-24214A(SHIPS)

Shackle Size 25"

Shackle (SF-T < BS) 234594 |bs + Satisfied
Link Name Detachable Link

Link Size 1.25"

Link (SF-T < BS) 234594 lbs + Satisfied

Fig. 18 Equipment verification result of the program

Fig. 182 MEE ofel Zd|o| LT ZHE ZIE LIERACE
Wire rope hawser2| A% o 7= 32 HEst MH| sk52
234,5941bol0d, MHE=E 2-1/4 IWRC wire rope?| Ii=RIT
387,000b2Ct ze==z FHE DHEESH} Chain pendant,
shackle & link 24A| 2+ ZH|E ok AS-E MEc MA 5=t

DCIZIT S H|W50] AR 715 off 2 micksigic)

386

CHBIRMSS| =2 X! X| 633 H[55 2026 10¥



Catenary
Bits, Padetes, Etc. (SF-T < BS) 234594 lbs

Description

Value
67 ft

Fig. 19 Catenary depth and connection verification result
of the program

Table 9 Tug and towing equipment selection results

Category Selected item Size Result
Tug T-ATF 166 - Satisfied
Tow hawser IWRC wire rope 2-1/4 | Satisfied
Chain Pendant MIL-C-24633 2-1/4 | Satisfied
Shackle MIL-S-24214A 2-1/4 | Satisfied
Link Detachable Link 1-3/4 | Satisfied

Fig. 19= catenary depth &' 0f|Ql oiZ &x| HE ZIE L}
EfHCE HMHE catenary depthe 67t0]04, AAXP| AlX| o2l
sido| AT HlWE 4= AEE F FAM TSR MA=ICE
bitts, padeye & 02! ¢ &x[of| HShME S MA s1=
of ZTE d|wsio] AR Jts 01RE HmEksicl
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of Zct

4. 8 E

& o{70flA= U.S. Navy Towing Manual 7|gE2] 0491 A|AE!
AA A T2OWOE FHBINCE Manualel E 84| AiZe
T3y Hole #+x2 Melst, M A= chaz| et natural
cubic spline E7+2 ME35101 AlA 7hstt selfj2 Hsls|gict
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