
Course Stability of a Towed
Submarine Rescue Vehicle
A manoeuvre-based approach

������ � ’�����

KTH Royal Institute of Technology
Department of Aeronautical and Vehicle Engineering

Teknikringen 8
100 44 Stockholm, Sweden

obrien@kth.se

��������

Marine vessels designed to be self-propelled are generally unstable when
towed. Submarines are not an exception; holding a course while towing
a surfaced submarine is a challenging operation that often requires several
tug boats or special methods. The Swedish navy’s submarine rescue vehi-
cle URF, for example, is directionally unstable when being towed at lower
speeds, and this report examines methods of improving URF’s course stabil-
ity under these circumstances. An experimental evaluation was conducted
to assess the effect of static trim angle on URF’s course stability; by adjust-
ing URF’s trim angle, the center of pressure can be shifted in a way that is
favourable to course stability. A 1:19 scale model was developed and towed
in calm water at equivalent full-scale speeds of 2 to 8 knots and at trim an-
gles between 0 and 15 degrees. Course stability was assessed on the basis of
the model’s observed behaviour during towing, including the model’s maxi-
mum angle during wandering, stable angle, tendency to dive and behaviour
upon sudden release of the towline.

� ������������

�.� The submarine rescue vehicle URF

The crews of submerged disabled submarine face a hard predicament;
there are only two routes for survival: escape or rescue. Even today
the chances of surviving a submarine accident by either method are
generally poor, and largely dependent on circumstance, as illustrated
by the Kursk disaster in August 2000; however, successful attempts at
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both have been made for over a century. While improvements to sub-
marine escape and ascent devices have been under constant improve-
ment since 1911 when they were first used successfully to evacuate
the crew of disabled German submarine U3, many modern nations
have focused increasingly on building up their rescue capacity.

A notable milestone – the first instance of a submerged disabled sub-
marine rescue by the use of a rescue chamber – was the Squalus
incident in 1939, where thirty-three crew members of an American
submarine were brought up from a depth of 74 m. From the de-
vice used for the Squalus rescue, essentially a development of the
humble diving bell, submarine rescue devices have evolved into well
equipped and highly versatile vehicles.

Among the deep submergence rescue vehicles of various nations is
the Swedish Navy’s submarine rescue vehicle (Ubåtsräddningsfartyg
in Swedish - hence the acronym URF). URF is carried aboard the
HSwMS Belos, an advanced diving and submarine rescue ship; URF
is pictured in Figure 1.1, being lowered into the water by the crane
on Belos aft deck. Together, URF and Belos form a system which
enables Transport Under Pressure (TUP) of rescued crew at risk for
decompression sickness, and are one of the most capable submarine
rescue systems operative in the North Atlantic. International cooper-
ation is a significant feature of Sweden’s submarine rescue capacities,
and there are collaboration agreements with countries such as Poland,
Norway and Great Britain.

Figure 1.1: URF and mothership HMS Belos. Photo: Försvarsmakten.

The need for flexibility and swift response in the case of a subma-
rine accident calls for multiple modes of transportation. The subma-
rine rescue vehicles of other nations can be airlifted, but none can be
towed – they must be carried on the back of a Vessel of Opportunity
(VOO), thus greatly limiting the chances that a ship with the neces-
sary characteristics will be available. URF can be airlifted to nearby
the accident and then towed out by the VOO – which can be virtually
any ship.
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URF is operated by the Royal Swedish Navy, and this report is done at
the request of the Swedish Defence Materiel Administration (Försvarets
materielverk, FMV) which is responsible for URF’s technical support
and supportable life extension.

URF’s ability to be towed by another vessel is a unique asset, given
her international significance and strategic advantages. Under certain
circumstances, URF will be the first submarine rescue vehicle on the
scene, in international interventions, even at vast distances from its
normal range of operation, the Baltic and North Seas. However, the
instability phenomenon common to all submarines also affects URF
when she is towed at low speeds (2-7 knots); this requires the opera-
tors to avoid this speed range while towing, and tow the submarine
above 7 knots, when she dives and is positionally stable at an approx-
imate depth of 10 m and roughly 5� to port or starboard. Although
this towing arrangement is acceptable in most circumstances, it is de-
sirable that URF be directionally stable at all speeds; additionally, cir-
cumstances may arise in which the spontaneous diving phenomenon
creates difficulties for the tow, for example while towing URF through
a shallow waterway.

�.� Behaviour and standard practice in towing URF

URF is normally towed at design draught 3.2 m and 0� trim angle.
The instability phenomena of the submarine in the unstable range of
speeds includes the following behaviour:

1. Pendulum-like motion behind the tug

2. Irregular wandering behind the tug

3. Stable position to port or starboard, sometimes combined with:

4. Sudden crossing over from port to starboard or vice-versa

It is at low speeds, while departing from and approaching a port,
quay, or narrow waterway, that course instability is the most problem-
atic. There is risk for the towed vessel to collide with other objects,
potentially damaging the vessel’s systems. There is particular con-
cern upon returning to port, when even minor collisions could cause
considerable distress to injured crew being brought back from the
scene of the accident.

�.� Purpose of the evaluation: a manoeuvre-based approach to

towing stability

This article presents the experimental evaluation of the effect of trim
angle on the stability of a towed submarine, and the results that were
obtained. The immediate purpose of the study is to provide a basis
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for the vessel operators to make decisions regarding the appropriate-
ness of the manoeuvres recommended, and to extend the knowledge
base of the instability phenomenon. In particular, a model study
sheds light on how URF would behave if statically trimmed at the
outset of a tow operation, at what speed she would spontaneously
dive, and what would happen if the towline were suddenly released.

Generally, the study will contribute to the understanding of stability
in towed systems and the approach to instability studied here might
also be applicable to a wider range of towed submarines, leading to
safer and simpler towing operations.

�.� The concept of the experiments

The experimental evaluation involved development of a scale model
of URF to explore the effect of trim angle on tow stability. The model,
shown in Figure 1.2, attempted to recreate the behaviour of the sub-
marine during towing in a straight line, in calm water and at design
draught. The test variables were the towing speed and the static trim
angle of the submarine model. The speed range was the Froude scale
equivalent of 2 to 8 knots, at static trim angles between 0� and 15�.

Figure 1.2: The scale model ready for towing. Photo: J Kuttenkeuler.

Because the goal of the study was to support decision-making re-
garding manoeuvres that URF is known to be capable of (and thereby
verify the assumptions of the evaluation), it did not aim to arrive at
an exact correlation of trim angle and speed for all speeds, but rather
to provide an approximate range of trim angles for the lower tow-
ing speeds where instability occurs. Likewise, results above a certain
range of trim angles are not relevant since excessive trimming is not
advisable for the sake of the operators and passengers.
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Because most of the submarines being designed and built are for mil-
itary use, recent studies regarding their performance, including lo-
gistical aspects such as towing, are not readily available. However,
some declassified studies are relevant to the question of course sta-
bility during towing operations, for example Mackay’s evaluation of
the relationship between tailplane efficiency and submarine stability
(2001), and the surface towing evaluation of Los Angeles class sub-
marines using various tail configurations (Fellman 1993).

Submarines are not commonly towed behind a surface vessel using a
towrope. The principal reason for this is their instability while being
towed at lower speeds. Standard praxis is for submarines to be towed
by at least two tugboats, which are lashed to the sides (or the fore and
aft of the submarine). Figure 2.1 shows the Los Angeles class attack
submarine USS Scranton being towed into the Elizabeth River in 2008
as it transits to Norfolk Naval Shipyard.

Figure 2.1: Conventional submarine towing with two tugboats. Photo: T
Schaffer, U.S. Navy.

�.� Stability of towed underwater systems

Clauss (2001) works with numerical modelling of a towed system,
such as a towfish or sonar array. The purpose of his work is to ex-
plore the dynamic behavior of the towed body, and understand how
its motions interact with, and are dependent on, those of the cable
and towing vessel. Clauss conducted tow test evaluations to validate
the results of the numerical modelling, using a model towfish towed
by a winch positioned at the end of a 3 m deep basin, recording the
dynamic behaviour of the model. His analysis reveals that the shape
of the trajectory of the submarine model, caused by periodic excita-
tions of the towline, is dependent on the geometric (and therefore
hydrodynamic) configuration of the submarine hull, and contributes
to the understanding of the towed submarine’s response to the mo-
tions of the towing vessel.

Triantafyllou (2003 p. 64), in discussing the theory of towed sys-
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tems (including bodies towed underwater), explains the nature of the
forces and motions experienced by towed submarines. Of particular
interest are his recommendations (2003, p. 73) for vehicle design with
towing stability in mind, particularly the following design criteria:

1. The tow point must be located above the vehicle center of in-
water weight, for basic roll and pitch stability.

2. The tow point should be forward of the aerodynamic center, for
towing stability reasons.

3. The combined center of mass (material and added mass) should
be longitudinally between the tow point and the aerodynamic
center, and nearer the tow point. This will ensure that high-
frequency disturbances do not induce excessive pitching.

4. The tow point should be longitudinally forward of the center of
in-air weight, so that the vehicle enters the water fins first, and
self-stabilizes with positive forward speed u.

5. The center of buoyancy should be behind the in-water center of
weight, so that the vehicle pitches downward at small u, and
hence the net lift force is downward, away from the surface.

Rand (2000) models a lifting surface of the kind used to fan out the
individual cables of a towed sonar array, using a simplified mathemat-
ical model. The device creates lift in the horizontal plane, similarly
to a vertical tailplane on a submarine. He models the disturbances
introduced into the system using a sinusoidal forcing function on the
cable, and analyses the resulting differential equations for linear sta-
bility and for nonlinear dynamic effects. His results identify unstable
regions for the towed sonar array lifting device in the forcing and re-
sponse frequency domain.

In the unstable regions, small forcing amplitudes (infinitesimal ones
if there is no significant damping) initiate an oscillation response in
the lifting device which grows exponentially.

�.� Stability of towed submarines

Working with adaptations to the Los Angeles class submarine, M.
Fellman (1993) documented an evaluation of the submarine’s sur-
face towing stability characteristics, conducting basin tests with a 1:22
scale model. The test parameters included displacement, trim, meta-
centric height, tow point location and stern appendage configuration.
The submarine model achieved towing stability at speeds up to 10
kn, with the horizontal tailplanes set to 25� (trailing edge up) and the
model statically trimmed between 0.95 and 1.19 degrees (stern down).

Fellman first established criteria for tow stability, according to Fig-
ure 2.2, using 15 degree increments, with desirable stability defined
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as a maximum amplitude of 15 degrees, whether the tow is wander-
ing, maintaining a steady position, or oscillating across the towing
vessel’s path.

Figure 2.2: Criteria for classifying tow stability, as proposed by Fellman
(1993).

Important conclusions of the study were that "submarines under
tow have been found to be generally more stable ... when displace-
ment is increased" and that extension of the control surface area im-
proved tow stability (Fellman 1993, p. 23-24). He likewise found that
extending the area of the horizontal tailplanes contributed to the sta-
bility of the submarine, provided they tailplane had a non-zero angle
of attack to the free stream.

Mackay’s study (2001) on the effects of tailplane efficiency on sub-
marine manoeuvring stability sheds light on the tow stability of sub-
marines by extension. By varying the tailplane efficiency (virtually
increasing and decreasing their area), he could observe the transi-
tion from stable to unstable behaviour of a generic submarine model.
Tailplane efficiency, k

⌘t

, is the ratio of the real lift generated by a
submarine appendage such as a tailplane or rudder, acting the wake
of the submarine, to the lift that such an appendage would generate
in the free stream. Tests of manoeuvring stability in the horizontal
plane included pullouts and spirals with rudder efficiency k

⌘t

vary-
ing over an appropriate range, so as to bracket the transition from
directionally stable to directionally unstable. Mackay’s results, which
appear in Figure 2.3, showed that the submarine’s horizontal stability
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improved with increased rudder efficiency, and that the submarine
model transitioned from directionally unstable to directionally stable
just over k

⌘t

= 0.8 (in other words, when the rudder was operating
at 80% of its free stream efficiency.

Figure 2.3: Horizontal plane stability indicators (expressed in non-
dimensional terms as G

h

) as a function of k

⌘t

. Note. Figure
from ’Some effects of tailplane efficiency on submarine stability
and maneouvring’ (Mackay 2001, p. 24).

Mackay’s report (2001, p. 13) also discusses the effect on tailplane
efficiency of the local characteristics of the flow. He demonstrates
that accepted empirical methods for estimating control surface effi-
ciency must be applied cautiously to submarine models, pointing out
that the method tends to misrepresent the efficiency of submarine
tailplanes, which operate in the vicinity of the submarine’s afterbody
geometry.

� ������ �� ��� ���������

Course stability in a towing situation is a function of many parame-
ters; some of which are variable during towing, others are set at the
outset of the tow, and still others are determined by the characteristics
of the towed body. The parameters influencing stability, in agreement
with Latorre (1988) and Triantafyllou (2003), are summarized in Table
8.3.
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Parameter Notation
Longitudinal center of gravity LCG
Vertical center of gravity KG
Forward speed u

Tow-line angle (in the vertical plane) �

Tow-line length l

Tow point location x

tow

, z
tow

Mass of towed system m

Table 3.1: Parameters of tow stability

Figure 3.1: Coordinate system of the towing vessel and towed submarine.
Side view (above) and top view (below).

�.� Initiation of unstable behaviour: disturbances

When a towed submarine does not regain its straight-line course
when given a sideways disturbance during towing, but rather con-
tinues to wander or to oscillate across the path of the tugboat, it may
be concluded that the submarine is inherently directionally unstable
at the given speed.

The disturbances that initiate deviation into the towed submarine’s
path are forces brought to bear on the tow line or on the submarine
itself. These may be caused by a number of factors. Strong head-
winds or following winds, for example, can cause tow stability to
degenerate, as described by Fitriadhy et alii in their paper on the sub-
ject (2013). Other factors can include currents and waves. However
(and significantly in URF’s case), the towing vessel itself can cause
the disturbances, even in the absence of other factors. The motion of
the tugboat is itself capable of inducing significant cable oscillations,
leading to unwanted excitation of the towed system: "Because of light
damping in the tangential direction, heavy cables easily transmit mo-
tions and tensions along their length, and can develop longitudinal
resonant conditions" (Triantafyllou 2003, p. 70), whereas lateral dis-
turbances are more heavily damped, and dissipate rapidly.
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If the towed system is close enough to the tugboat, the wake of the
tugboat may disturb the stability of the tow, forcing it out of a stable
position. However, the wake alone can hardly be the cause of the
towed submarine’s instability; the studies of Blanton (1988, p. 26-28)
on wake velocities show the quick decay of the wake behind standard
propellers. Figure 3.2 shows the decay in transverse fluid velocity in
the wake of a five-bladed, 28 cm diameter propeller; the extent of the
wake is barely twice the propeller diameter at 10 propeller diameters
distance behind the boat, and the transverse velocity of the fluid only
a fraction of the velocity of the free stream. Both the breadth and
the strength of the wake in the study would be insufficient to alone
explain the instability of URF during towing.

Figure 3.2: Plot of transverse velocity vectors, fully developed propeller
wake. Note. Figure from ’Near and Far Field Propeller Wake
Study Using Laser Doppler Velocimetry’ (Blanton 1988, p. 29).

Submarines, it should be noted, are prone to instability due to the
hydrodynamic properties of their hull shape. It is known that slender
bodies, immersed in a fluid and moving at a non-zero angle of attack,
experience a destabilizing moment known as Munk moment, which
tends to rotate them broadside to the flow, due to asymmetry in the
pressure distribution along their surface. "The presence of the Munk
moment is the principal reason for the necessity of stabilizing fins on
submarine and torpedo hulls" (Lewandowski 2004, p. 39).

Destabilization occurs as soon as the smallest drift angle � is intro-
duced; once it is present, it is increasingly reinforced by the Munk
moment, as expressed by Equation 1, as in Kornev (2013, p. 35).
The net yaw moment M

z

is zero when destabilizing moment is ade-
quately countered by the action of the vessel’s control surfaces.

�M

z

⇡ m

22

�u

2 cos 2� > 0 (1)
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In Equation 1, � is the drift angle, �M
z

is additional yaw moment
arising from the presence of �, m

22

is added mass for yaw, and u is
the vessel’s forward speed.

�.� Center of hydrodynamic effort in hydrodynamic theory

The forces acting on the towed submarine, schematically represented
in Figure 3.3, are the towline tension S and the total hydrodynamic
force F

T

, composed of lift and drag forces, which are in turn com-
posed of their respective components. Thus, the contribution to the
center of hydrodynamic effort of each of the components of lift and
drag is highly relevant.

Figure 3.3: The towed submarine with forces F

T

and S and velocity u.

As explained by Renilson (2015, p. 42), a submarine’s fixed ap-
pendages such as the sail, rudders and stern planes can be treated as
lifting surfaces with the lift L and drag D obtained from Equations 2
and 3. The combined force on each appendage is brought about by
the fluid flowing over them at a local angle of attack.

L = 0.5⇢u2

S

a

↵C

L

(2)

D = 0.5⇢u2

S

a

↵C

D

(3)

where C

L

is the non-dimensional slope of lift as a function of angle
of attack, C

D

is the non-dimensional slope of drag as a function of
angle of attack, ↵ is the angle of attack, u is the fluid velocity and S

a

is the plan form area of the lifting surface.
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The moment M

z

on the submarine generated by the tailplanes is
given by Equation 4, and in the case presented in Figure 3.3, is a
stabilizing moment. If center of effort were forward of LCG (that is,
if c

g

> c

e

in Figure 3.3), M
z

would be a destabilizing moment.

M

z

⇡ (c
g

- c

e

) · L cos� (4)

The total hydrodynamic force F

T

is the summation of the lift and
drag forces on each lifting surface, proportional to its local angle of at-
tack ↵, including the lift and drag on the submarine hull itself, which
functions as a lifting surface when moving at a drift angle �. The
point at which the total hydrodynamic force F

T

acts is known as the
center of hydrodynamic effort. The location of the center of hydrody-
namic effort is decisive for the stability properties of the towed sub-
marine, since it determines the magnitude of the righting moment
created by the force pair F

T

and S, see Figure 3.3.

Also according to Renilson (2015) the drag D experienced during sub-
marine towing is composed of the following elements:

1. Wave-making resistance: Like all surface craft, a submarine
towed on the surface will generate waves, and the energy dissi-
pated in doing so will cause an added component of resistance.

2. Skin friction: The frictional resistance of the towed objects, based
on their wetted surface and length, is calculated as if they were
a single flat plate aligned with the flow.

3. Frictional-form resistance: A small percentage of the total re-
sistance, this component takes into account the effect of the
submarine’s shape on the skin friction (corrects the previous
component, which was based on the flat plate assumption).

4. Pressure drag or form drag: This is due to the viscous pres-
sure resistance that is caused by the shape that the submarine
presents to the flow: a blunt shape will cause more pressure
drag and a streamlined one will cause less.

5. Induced drag: When parts of the submarine generate lift, they
also produce drag; lift-generating parts of the submarine are
typically its planes (when at an angle to the flow), rudder and
elevators (when turned) and the hull itself (due to asymmetry
in its geometry or when it is not aligned with the flow).

But not all the components of lift and drag influence the center
of hydrodynamic effort equally when the variables affecting stability
are changed. For example, the first of the drag components, the wave-
making resistance, is sensitive to a submarine’s draught: a fully sub-
merged submarine makes no waves, while in surface position it does.
But if the submarine has only the sail and a very small fraction of the
hull above water, the wave-making resistance will have virtually no
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effect on the location of the center of hydrodynamic effort when the
trim is varied slightly. Similarly, the friction-based components (skin
friction and frictional-form resistance) are critical when towing speed
is varied, but have an insignificant effect on the center of hydrody-
namic effort when the vertical center of gravity KG is varied, since
the wetted surface area remains approximately constant.

�.� Trim in relation to center of hydrodynamic effort

The effect of trim on the location of the center of hydrodynamic effort,
and therefore on stability, is of central interest in the current study. A
closer look at the components of drag that are sensitive to variations
of trim angle follows. These are pressure drag and induced drag.

The point at which the sum total of the pressure field over the subma-
rine surface acts (the center of pressure, see Equation 5) is the point at
which the form drag force acts; thus, the center of pressure is closely
related to the center of hydrodynamic effort.

cp =

R
xp(x)dxR
p(x)dx

(5)

Since the pressure distribution over a body moving through a medium
varies with its angle of attack, it is clear that the center of pressure
(and with it, the center of pressure drag force) shifts along the sub-
marine’s longitudinal axis as its trim angle is changed.

Lift-induced drag is created as control surfaces (in the case of a sub-
marine, the sail, tailplanes and rudders) generate lift, and is propor-
tional to the angle of attack ↵. It is caused principally by vortices
around the tip of the tailplane, which redirects the flow of water as it
passes the tailplane.

Figure 3.4 shows the vorticity generated by the tips of a submarine’s
sail, from a CFD analysis of a generic B11 submarine hull. The sub-
marine in Figure 3.4 is moving at a drift angle � = 8deg, and the flow
around the sail is primarily free stream, hence in this case ↵ = �.
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Figure 3.4: A CFD analysis of the flow around a submarine hull. Note. Fig-
ure from ’Hydrodynamic Improvements of a Generic Submarine
Using Viscous Flow Calculations’ (Kuin 2013, p. 102)

The lift-induced drag of the rear appendages depends on the local
characteristics of the flow, mentioned in Section 2.2. For example, the
horizontal tailplanes’ angle of attack ↵ will differ slightly from the
submarine’s trim angle ✓ because the fluid speed and direction of
the local flow is influenced by the submarine’s afterbody geometry.
However, in the case of the horizontal tailplanes, ↵ ⇡ ✓, and thus for
✓ 6= 0, the lift-induced drag of these appendages will affect the center
of hydrodynamic effort.

�.� Methods of favourably affecting the stability of a towed subma-

rine

Eliminating disturbances

Certain disturbances can be avoided or eliminated. A tugboat towing
a submarine can, for example, reduce the effect of wind by adjusting
her course, and the susceptibility of the towline-submarine system
to parametric phenomena can be influenced by changing the towline
length.

However, avoiding all the disturbances described in Section 3.1 is
patently futile; additionally, in the case of a towed system susceptible
to parametric resonance, eliminating the initiating causes is impossi-
ble, since even unnoticeable forcing frequencies fall within the insta-
bility regions and can cause the oscillation response to grow out of
control.

Accessories and modifications to the submarine

Modifying or adding accessories to the submarine may not be afford-
able or even feasible. A drift anchor, for example, is impractical as it
makes the transport phase longer and more complex (especially dur-
ing the commencement of diving operations, shown in Figure 3.5);
extending the area of the aft control surfaces is a very costly process,
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and changing the tow point location may not be possible for reasons
of structural integrity.

Figure 3.5: Launch and retrieval is time-critical. Photo: Försvarsmakten.

Replacing the tow-rope is an avenue of interest, since "the length
and material of the tow-rope are also key factors affecting the dy-
namic stability of the ... system" (Lee 1989).

Active control by the submarine during towing

A submarine can use its control surfaces (or, in the case of URF, its
thrusters) for active control during towing. Although this option is
thinkable for most submarines in a variety of towing situations, it
is not always a solution to be desired. Submarines are often towed
because they are disabled or otherwise unable to manoeuvre them-
selves. In other situations, the active control option is unattractive
from the logistical point of view, as rescue submarines need to have
their batteries fully charged when they arrive at the scene of a sub-
marine accident.

Varying parameters

A final approach is to vary the more flexible of the parameters listed
in Table 8.3, for example the towline length l, the towline angle �, the
towing speed u, the vertical center of gravity KG, or the longitudinal
center of gravity LCG (and thereby the trim angle ✓).

� ��� ������ �� ��� ����������

The current stability analysis focuses on the approach by which tow-
ing stability parameters listed in Table 8.3 are varied. Two of the
parameters, the towing speed u and the trim angle ✓, are chosen as
test variables for a series of towing test with a 1:19 scale model.

u and ✓ are of particular interest, since they influence the placement



��� ������ �� ��� ���������� 16

of the center of hydrodynamic effort on the submarine. This is be-
cause varying u and ✓ directly affects both lift and drag on the hull
and tailplanes; the mechanism by which they do this is more thor-
oughly described in Section 3.3. Among the design principles pre-
sented in Section 2.1, is the criterion that stability is favoured when
the combined center of mass (system mass plus added mass) is be-
tween the tow-point and the center of hydrodynamic effort. Thus,
varying parameters that affect the location of the center of hydrody-
namic effort is an effective means of influencing the stability of a
towed submarine, in agreement with Triantafyllou (2003, p. 73).

Fellman’s criteria for defining a stable tow (1993, p. 3), presented
in Figure 2.2 in Section 2.2, are used to decide whether or not the test
results are classified as stable or unstable, and thus determine the
applicability of the test results.

�.� Model description

A simplified, but exact geometry of the full-scale URF was used to
create a 3D model on a scale of 1:19. The model included the light
hull, the exposed portions of the pressure hull, the windows, tower,
hatches, fins and skirt. Figure 4.1, center image, shows the geometry
as modelled.
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Figure 4.1: Three stages of modelling: (1) the general arrangement drawing,
(2) the final CAD model, and (3) the model manufactured and
ready for testing.

As indicated by Figure 4.1, the model is a simplification of the full-
scale URF, and did not include the following appendages: thrusters,
navigation and communication devices, titanium grate over the com-
mand module windows, inflatable freeboard extension systems over
the upper hatches, lift points. These are visible in the rendering of
the complete submarine shown in Figure 4.2.

Figure 4.2: Rendering of URF, with complete full geometry and ap-
pendages. Courtesy of FMV.

The CAD model was then used to create a physical model of URF,
shown in Figure 4.1, image (3). The 1:19 scale model was manufac-
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tured in PLA by 3-D printer, using 2 mm thick shell elements. The
hull of the model was flooded (as is URF itself, between the light hull
and the pressure hull). Buoyancy in the model was provided by two
1.25 l float blocks, one in the nose and one in the tail, with a single
ballast block in between. The model achieved different waterlines by
adjusting its LCG, changing the position of the ballast block, which
is mounted on a rail inside the midsection of the model.

Particular Notation Dimensions
Design draught T 168.4 mm

Depth D 308 mm
Mass of model, dry m

dry

1.9 kg
Mass of ballast m

bal

4.1 kg
Total mass, flooded m

tot

11.5 kg
Length over all L

oa

697 mm
Beam at waterline B

wl

170 mm
Longitudinal centre of gravity LCG 315.8 mm

Table 4.1: Main particulars of the model

The location of the tow point on the model corresponds to that of
URF’s real tow point. In all towing tests, � (the angle between the
towline and the horizontal plane) is near zero. This is in order to be
as faithful as possible to the VOO towing scenario, in which a tugboat
(fairlead height ⇡ 1 m) pulls URF with a 25 m or 50 m tow-line.

�.� Testing procedures

According to Froude scaling methods, the scale factor � = 19 was
used to scale all lengths, while weight was scaled by �3 and speed by
�

0.5. Thus, 2-8 knots were modelled by 236-943 mm/s, according to
Equation 6:

v

v

scale

=
1p
�

(6)

During the first set of tests, the model was towed in 20 m runs in a
2 m deep basin, using a fixed-position towing rig located at one end
of the basin, as in Figure 4.3. The rig consisted of a servo-controlled
winch, load cell and an encoder for measuring speed. The maximum
angle  between the tow line and the long axis of the basin was
recorded during each run. In total, sixteen runs were made, combin-
ing four static trim angles (0, 5, 10 and 15 degrees) and four towing
speeds (2, 4, 6, and 8 kn).
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Figure 4.3: Towing the URF model with a fixed-position rig.

During the second set of tests, the model was towed by the same
rig, but outdoors in very deep open water (approximately 40 m).
Runs were 40 m long and weather conditions were mild (slight wind).
Again, sixteen runs were made, combining intermediate trim angles
(0, 2.5, 7.5 and 12.5 degrees) and four towing speeds (2, 4, 6, and 8
kn).

Figure 4.4: Towing the URF model behind a vessel.

During third set of tests, the model was again towed outdoors in
very deep open water, this time behind an autonomous vessel pro-
grammed to hold a straight course at 4 kn for approximately 30 m.
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See Figure 4.4. With an overall length of 1880 mm and twin propellers
with a 230 mm diameter, the autonomous vessel (see Figure 4.5) was
the scale equivalent of a medium sized tugboat or military support
vessel as far as length and displacement are concerned. The tow line,
a 2 m long, 0.8 mm diameter braided nylon cord, corresponded ap-
proximately to the average of the full scale lengths of URF’s two stan-
dard towlines (25 m and 50 m).

Figure 4.5: The autonomous vessel used for towing the model. Photo: J
Kuttenkeuler.

The purpose of the third set of tests was to validate and possibly
modify the results of the first two sets using a fixed-length tow and
a more true-to-life situation where the turbulent wake of the tugboat
is a factor. The model was towed at only one equivalent speed, 4 kn,
which was judged to be of critical interest and representative of the
unstable speed range. Trim angle was varied over the same range as
the other two sets of tests.

�.� Measurement techniques

In the first set of tests, the maximum angle of wandering or oscilla-
tion of the model was determined by visual inspection of the footage,
using known dimensions of the basin, see Figure 4.6.



��� ������ �� ��� ���������� 21

Figure 4.6: Measurements of the path of the model in basin.

In set two, post-processing of aerial photography was used to de-
termine the maximum angle of wandering or oscillation of the model.
Angles were measured using an angle finder superimposed on a se-
ries of still frames from the aerial footage of each run, see Figure 4.7.
The quadrotor helicopter filming the tests maintains a fixed position
at a sufficiently high altitude so that visual distortion is not present.
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Figure 4.7: Set 2, model towed by winch from shore, overlay of angle finder
on aerial photo.

The angles in set three were measured in a similar way to set two;
unlike set two, however, the quadrotor helicopter filmed from close
range and followed the tow. Figure 4.8 shows the filming process and
a still frame.

Figure 4.8: Set 3, model towed by surface vehicle, overlay on aerial photo.
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� ��� ������� �� ��� ����������

The maximum values of the tow angle  (expressed in degrees) as the
model wandered or oscillated are presented in Tables 5.1, 5.2 and 5.3.
Tow angle  is the angle in the horizontal plane between the tow-line
and the rig’s longitudinal axis (or the towing vessel’s course).

✓ = 15

�
✓ = 10

�
✓ = 5

�
✓ = 0

�

2 knots 1.4 8.3 28.2 12.3
4 knots 4.3 4.2 5.9 19.4
6 knots 2.7 3.6 5.7 3.7
8 knots 7.1 2.7 4.8 3.9

Table 5.1: Tow angle  [�]. Set 1, towing by winch, 20 m runs.

✓ = 12.5� ✓ = 7.5� ✓ = 2.5� ✓ = 0

�

2 knots 3.3 6.7 22.1 35.9
4 knots 2.4 2.8 14.3 18.0
6 knots 1.9 14.3 15.0 35.0
8 knots 2.8 5.3 16.4 8.3

Table 5.2: Tow angle  [�]. Set 2, towing by winch, 40 m runs.

✓ = 12.5� ✓ = 7.5� ✓ = 2.5� ✓ = 0

�

4 knots 5.3 6.4 8.0 12.8

Table 5.3: Tow angle  [�]. Set 3, towing behind autonomous vessel.

Figure 5.1 presents a scatter chart of the data from all three sets
of tests. The positive influence of static trim angle on directional
stability, as measured by  , is evident.

Figure 5.1: Tow angle  as a function of trim and speed
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Figure 5.2 clarifies the scatter chart by fitting a surface to the data,
using a third degree polynomial fit. In the studied range, stability
varies proportionally with positive trim angle and inversely with the
speed.

Figure 5.2: Tow angle  as a function of trim and speed

In the introduction to his report on submarine surface towing tests,
Fellman (1993, p. 4) proposes criteria for the stability of a towed
submarine, presented in Figure 2.2 in Section 2.2. Accordingly,  =
15

� can be chosen as a reference amplitude for an acceptably stable
tow. The reference amplitude can be superimposed on the trim-speed
plot in Figure 5.2, intersecting the surface as in Figure 5.3.

Figure 5.3: Stability criterion  6 15
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The line of intersection divides the stable and unstable regions in
the trim-speed domain of the model tests. The contour plot in Figure
5.4 shows these regions.

Figure 5.4: Forward speed and trim bounded by stability criterion  = 15

�

A stricter definition of acceptable stability may be desired; the sta-
ble domain for stability criterion  6 10

� is presented in 5.5.

Figure 5.5: Forward speed and trim bounded by stability criterion  = 10

�

Of particular interest is the model’s tendency to dive. URF dives
to a depth of approximately 10 m and becomes directionally stable
when towed above the unstable range. The model, likewise, dove
to a depth of 0.5 m to 1 m in the cases referred to in Table 5.4, and
remained positionally and directionally stable, surfacing when the
tow line went slack.
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Trim: 15

�
12.5� 10

�
7.5� 5

�
2.5� 0

�

2 knots N N N N N N N
4 knots N N N N N N N
6 knots N N N Y N N Y
8 knots N N Y Y Y Y Y

Table 5.4: Test scenarios when diving occurred. Y = dive, N = no dive.

Also of interest is the behaviour of the submarine when the tow
rope is released. URF is fitted with a towrope release system that can
be activated from the control module. The purpose of this feature is
to save time when the tow is over and the crew must commence their
rescue operations, and in order to respond to emergencies during
towing. This information from the evaluations, where available, is
presented in Table 5.5.

Trim: 15

�
12.5� 10

�
7.5� 5

�
2.5� 0

�

2 knots Y - Y - - - N
4 knots Y - - Y - N N
6 knots - - - Y Y Y N
8 knots - - - Y Y Y -

Table 5.5: Stability upon release. Y = stable, N = unstable.

In Table 5.5, Y refers to stable behaviour, where the model continues
in a straight line course once the line went slack, and N refers to
unstable behaviour (for example, at zero trim and 4 kn, the model
turned 20

� starboard in 4 s after the line went slack).

� ����������

�.� Validity and limitations of the test results

The model is unstable in the Froude equivalent speed range of 3-6
knots while being towing at zero trim angle, and it tends to dive at
the equivalent of 6 knots, also at zero trim angle. This is the known
dynamic behaviour of the full-scale URF during towing, and thus
largely confirms the model’s dynamic similarity to the full scale sub-
marine.

The test results are approximate, given the measuring techniques
used. The accuracy of the maximum amplitudes of  depends on
the quality of the photography and filming, the steadiness of the
position of the camera, and the accuracy with which frames were
selected from the footage. The results are also limited by the discrep-
ancies between the model situation and the real towing scenario of
the full-scale URF; for example, in the third set, the propellers of the
autonomous vessel were not to scale, and thus the turbulent wake
behind the vessel was possibly disproportionately large.
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�.� Static trim and stability: the reason it works

It is known that URF transitions to directionally stable towing in the
range of 6- 8 knots. This transition from unstable to stable behaviour,
in the absence of any changes of parameter except forward speed, is
due to the location of the center of hydrodynamic effort shifting to a
position that favours directional stability; according to the second of
Triantafyllou’s stability recommendations, it is probable that in this
speed range, the center of hydrodynamic effort passes aft of the LCG.

That the longitudinal position of the center of hydrodynamic effort
is far forward at lower speeds does not come as a surprise, consid-
ering the drag-producing features of the fore part of the submarine:
the heavy reinforcement outside the command module windows, the
open skirt and the multiple appendages on the nose of the vessel, vis-
ible in Figure 4.2.

Positive trim angle (✓ > 0) increases the righting moment on the
submarine hull, even at lower speeds, by shifting the center of hy-
drodynamic effort aft (increasing the lever arm) and increasing F

T

;
the submarine’s large tailplanes sit lower in the water, contributing
more effectively to course stability. The mechanics of lift and drag on
fixed appendages and control surfaces are discussed in Section 3.3. In
particular, however, stability is favoured when ✓ is increased because:

1. The horizontal tailplanes’ angle of attack increases, creating a
lift-induced drag which contributes to F

T

and thus to the right-
ing moment on the hull.

2. The vertical tailplane is fully submerged, increasing the area of
the lifting surface (part of this appendage is above the waterline
at zero trim) and thus its lift L (see Equation 2).

3. The vertical tailplane is deeper in the water, away from the tur-
bulence created by the hull (especially the gaping skirt that ex-
tends below the rescue sphere), increasing the lift efficiency of
the tailplane, as discussed by Mackay (2001, p. 2).

�.� Comparing the three tests sets

Finally, the results of set 3 are shown alongside comparable results
from the first two sets, in Figure 6.1. Here, all runs at 4 knots are
compared. This is of interest because the three sets use different ap-
proaches, and generalisations can be made about the methods used.
There is relatively little difference in the results from sets one and
three; the fact that they coincide supports the reliability of the results
from these sets.
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Figure 6.1: A comparison of results from three sets.

Furthermore, it is of interest that considerably lower amplitudes
(and therefore more stable tows) at 4 knots came from the first and
third test sets. This implies that the test scenario of the second set may
have exaggerated the instability of the model when towed by winch
in very long runs. The third set, in which a towing vessel was used,
most closely parallels the towing scenario of the full-scale submarine;
thus, if the fitted surface of Figure 5.2 is a conservative estimate, even
smaller trim angles that those indicated by Figures 5.4 and 5.5 may
make URF directionally stable in the whole speed range.

�.� Particular behaviours: stability after diving and stability upon

release

Standard practice is to tow URF underwater; towing is done with
closed hatches, regardless of whether URF is submerged or not; in
sufficiently deep water, the tow is stable, safe and less affected by
the sea state. As such, the fact that URF dives spontaneously around
6 kn and zero trim is not problematic. However, if submerged tow-
ing is not desired because of circumstances, Table 5.4 suggests that
the threshold for spontaneous diving can be raised by statically trim-
ming URF.

Although Table 5.5 is incomplete, stable and unstable zones can be
distinguished by interpolating the results, indicating at what speeds
and trim angles the model was directionally stable after release. Fig-
ure 6.2 puts Table 5.5 side-by-side with the stability analysis from
Figure 5.4; the fact that their stable and unstable results coincide indi-
cates that stable tows lead to stable trajectories after release, indepen-
dently of trim angle.
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Figure 6.2: Stable and unstable zones during tow and after release.

What happens when URF is suddenly released from its towline
during a tow is of interest from the perspective of both manoeuvra-
bility and safety. URF’s emergency release procedure is analogous to
the end-of-run situation of test sets one and two: the winch cuts out
and the line goes slack. It is an indication of what would happen if
the emergency release is performed with the full-scale URF at trim
angles other than zero.

� �����������

The study demonstrates the clear coupling of static trim angle and
tow stability. Figure 5.4 gives a prognosis for the towing stability of
URF, suggesting that a static trim of 8� may be sufficient to make the
tow stable for the whole speed range, and may enable the subma-
rine to be towed without spontaneous diving, up to and including
the speed of 6 knots. If a stricter definition of tow stability is chosen,
Figure 5.5 indicates that a 13� trim angle may be sufficient to make
the tow stable, with the additional effect of eliminating spontaneous
diving up to, and possibly beyond, the maximum tested speed (see
Table 5.4).

Figure 6.2 indicates that the full-scale URF, if statically trimmed to
8�, will most likely continue in a stable path when operators activate
the towline release mechanism, regardless of speed.

Further developments of the study are possible. The potential of the
model can be further exploited to better understand the behaviour
of URF during towing. Further parameters, treated as constants in
this study, can be varied and the effects studied. For example, the
full-scale URF can raise and lower its center of mass and change
it’s buoyancy significantly, and thus the model could be rebuilt to
have a variable mass and a center of mass that can be lowered and
raised. Then the effects of varying these parameters on towing sta-
bility can be explored. In this study, all tests were done at URF’s
standard displacement for surface position, and with a fixed vertical
center of gravity KG. Increasing or decreasing the displacement, and
thereby the model’s draught, may produce interesting results for URF,
as might lowering or raising the model’s KG.
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Furthermore, the results of the study could be refined by repeating
test sets one and two using a fixed-length towing line, as was done in
the third test set which represented a more accurate modelling of the
towing of URF.

Lastly, it can be concluded that trimming a towed submarine in-
creases the efficiency of its rudder and tailplanes by shifting them
downward, immersing more of the control surface in the free stream
and decreasing the amount of control surface in the turbulent bound-
ary. Thus, trimming the towed submarine is a worthwhile approach
to improving tow stability.
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The results of the towing tests are presented. The ’case’ of each run
describes the behaviour of the model, see Table 8.1.

Case Description
1 Model holds position, to port (P) or starboard (S).
2 Model oscillates across the main axis of the tow.
3 Model wanders irregularly

Table 8.1: Cases

In the results tables (Tables 8.2-8.10), deviation is expressed in de-
grees and refers to the maximum angle  between the towline and
the path of the tow. Speed is given in the full-scale equivalent. Table
8.2 shows the results from towing behind the autonomous vessel.

Trim [�] Case Tow angle  
max

[�] Dove
0 2 12.8� N

2.5 2 8.0� N
7.5 1 6.4� S N
12.5 1 5.3� P N

Table 8.2: Set 3 (speed 4 knots)
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Speed [kn] Case Tow angle  
max

[�] Dove
2 2 12.3� N
4 2 28.2� N
6 2 8.3� N
8 1 1.4� S Y

Table 8.3: Set 1, 20 m run, trim angle 0

�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 3 35.9� N
4 2 22.1� N
6 2 6.7� Y
8 - 3.3� Y

Table 8.4: Set 2, 40 m run, trim angle 0

�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 3 18.0� N
4 3 14.3� N
6 2 2.8� N
8 - 2.4� Y

Table 8.5: Set 2, 40 m run, trim angle 2.5�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 3 19.4� N
4 1 5.9� S N
6 1 4.2� S N
8 2 4.3� Y

Table 8.6: Set 1, 20 m run, trim angle 5

�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 3 20.0� N
4 3 20.7� N
6 - 14.3� N
8 - 1.9� Y

Table 8.7: Set 2, 40 m run, trim angle 7.5�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 1 3.7� P/S N
4 2 5.7� N
6 2/1 3.6� -/S N
8 1 2.7� Y

Table 8.8: Set 1, 20 m run, trim angle 10

�.
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Speed [kn] Case Tow angle  
max

[�] Dove
2 3 8.3� N
4 1 16.4� N
6 - 5.3� N
8 - 2.8� N

Table 8.9: Set 2, 40 m run, trim angle 12.5�.

Speed [kn] Case Tow angle  
max

[�] Dove
2 1 3.9� S/P N
4 1 4.8� S N
6 1 2.7� S N
8 3 7.1� N

Table 8.10: Set 1, 20 m run, trim angle 15

�.


