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Particularities of navigation on inland waterways

by Branislav ZIGIC, VBD

Introduction

Inland navigation is different from other modes of transportation because of the natural characteristics of its main infrastructure, the river network. The dynamic nature of rivers (in terms of changing draught, varying waterway widths, etcetera) requires constant monitoring and operational flexibility from operators in the inland waterway sector. The recent historic low water period on the Rhine and Danube clearly showed the interdependency between inland navigation and its infrastructure: due to the limited draughts, the economic performance of inland navigation is directly affected. At other more strategic occasions the relation between vessel and waterway is also of critical importance; for instance in new waterway projects, questions whether the waterway should be adapted to the available vessels or the other way around are sometimes even dominating the discussion. 

The SPIN consortium presents in a series of two SPINletter issues the backgrounds of the basic dependency between waterway and inland vessel. The first part deals with the physical particularities of inland navigation and is written by the European Development Centre for Inland and Coastal Navigation VBD from Duisburg. The second part – which will be published by via donau in the next SPINletter – discusses the economic implications of these physical particularities.  

Particularities of navigation on inland waterways

In comparison with the navigation in spacious and deep sea stretches the ship running on inland waterways meets certain specific restrictions. These restrictions characterised by shallow water or a narrow waterway or - simultaneously and in most usual case – both have a large impact on technical performances and consequently on economic effects of inland vessels. Hence the most direct, at the same time the cheapest and most probably the only feasible way to optimise the economy of inland navigation leads over the thorough and comprehensive investigations of ship-waterway interactions. The knowledge gained from such investigations is needed for instance for the determination of:

· Guidelines for the construction of navigable canals considering e.g. size, geometry, materials of bottom and side walls, effects of waves generated by moving vessels, jet streams and vortices caused by propulsion devices;

· Nautically permissible and practically feasible speeds of ships;

· Power requirements and propulsion characteristics;

· Manoeuvring particulars in restricted fairways;

· Behaviour of ships and pushed trains during passing by and overtaking  in straight stretches and canal bends;

· Minimum space requirements for passing through, passing by and overtaking other floating objects in canal bends, etc. etc.

The first part of the following article aims at the presentation of facts, processes and behaviour of vessels operating on inland waterways. Taking into account that a concerned reader might not be fully familiar with shallow water hydrodynamics, respective physical lows and mathematical tools an attempt was made to explain all relevant issues by applying the simplest descriptive approach. This basic technical knowledge will facilitate an easier understanding of practical restrictions and relations applied when considering the economic effects of inland navigation as transport mode what is exactly the primary goal of this review.  The second article to be published in this series deals with the 

1. Types of vessels on European waterways and their size

There are principally three different means of transportation on inland waterways: by self-propelled ship, by barges pushed by a self-propelled vessel (pushboat or pushing cargo ship) and by barges towed by river tugs. The last method is nowadays almost completely abandoned on European waterways and might not be considered as typical any more.

Inland vessels are classified according to their size and purpose. The target group here are cargo vessels and these can be further distinguished by the kind of commodity, most generally into dry-cargo ships and tankers. As far as the main intention is to show processes and relations between ship and waterway the kind of commodity on board has no relevance for this particular topic. What is important is the size of a ship. For self-propelled cargo ships it varies from a small 38-40 m long “peniche” having a cargo capacity of only about 300 t at 2.5 m draught to a large 110 m long river ship with on average about 1900 t capacity at the same draught. In recent times even considerably larger vessels have become usual on the Rhine river having a length of up to 135 m, a beam of up to 17 m (with allowance and trends to be further increased!) and a capacity of about 3500 t at only 2.5 m draught. 

Pushed trains usually consist of 2, 4 or 6 barges operated by a pushboat of appropriate power. Standard European barges in common use in large number on the entire Rhine-Main-Danube corridor have a length of 76.5 m, a beam of 11.0 or 11.4 m and a carrying capacity of about 1650 t at 2.5 m draught. The large 6-barges train has a length of up to about 250 m (pushboat and three barges in length, two side-by-side). When running down the river stream barges are usually arranged two in length, three abreast and in this case the train has an overall breadth of up to 34.2 m (Fig. 1).
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Fig. 1: Typical large pushed trains on major European waterways

2. Cross sections of rivers and canals

Depth, width, cross sectional area and shape of the waterway are decisive factors for navigation and manoeuvring of ships and especially for their speed. On natural waterways – free-flowing and regulated rivers – only a part of the waterway cross section is used for the navigation – the so-called “fairway” (Fig. 2). 
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Fig. 2:
Cross section of the navigable canal (waterway) of a river

Fairway width and depth characterise the navigability of rivers. Thereby the actual water level has a decisive influence on fairway depth and thus on navigability. 

In general, free-flowing rivers have considerable water level fluctuations with amplitudes between seasonal lowest and highest level of 5, 8 or sometimes even more meters. It is obvious that a low level sets up draught restrictions and hence hinders navigation. But besides the risk of flooding an extremely high level has also negative impacts on navigation. This is reflected first of all in diminished bridge clearances above the water surface which affect transport of light-weight commodities like e.g. containers. And secondly, the river stream flow rate increases with raising the water level resulting in higher power requirements of ship running upstream and certain steering problems for ship running downstream. 

On the other side regulated rivers or river sections with dams and locks ensure a relatively stable water level, low slope and low stream flow rate creating favourable nautical conditions except for the fact that too many locks under way can considerably decelerate navigation.     

Navigable canals have usually a constant and regular cross-sectional geometry. Their shapes are trapezoidal, rectangular or in a form of a rectified arch.     

3. Propulsion and steering devices

The ship’s motion through the water is enabled by propulsion and steering devices. The first mechanically, steam engine driven propulsion devices were side and stern paddle wheels which were in recent half century fully replaced by diesel powered propellers. The propulsion thrust generated by a rotating propeller brings the ship to move. Principally the propeller is a pump which accelerates a water jet in a certain direction. The thrust is generated opposite to this direction and is proportional to the quantity of water accelerated through the propeller within a certain time span.

Among numerous propeller types the conventional fixed pitch propeller (FPP) is the most common on river cargo ships.

The speed of the ship is determined by the size of thrust. Generally, the propeller efficiency grows with an increased propeller diameter. However, the propeller must also be well immersed within the water and arranged that way that no air will be sucked during the motion because otherwise the generated thrust would be considerably reduced. These prerequisites are in the conflict with shallow water conditions on inland waterways and the need to construct vessels with restricted draught. To make matters even worse it is quite reasonable to expect that vessels are not fully loaded, either due to a seasonal low water level or due to lightweight cargo (e.g. empty containers) or simply due to the shipment size being considerably lower than the carriage capacity of the involved ship. In order to match all these complex requirements the arrangement of after body form with tunnel is almost the rule on inland vessels. Such design enables the accommodation of propeller having larger diameter than the minimal draught abaft (Fig. 3). 
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Fig. 3:
Typical stern arrangement of an inland cargo ship  /1/

Also ducted propellers (in nozzle) are pretty usual on inland cargo ships. Ducted propellers may produce about 20% more thrust than standard free propellers of the same size, but the problem is that the installation of nozzle additionally reduces the maximal allowable propeller diameter at the same draught and hence diminishes the gain in thrust. Special executions of propellers like a controllable pitch propeller (CPP), rudder propeller (RP, also known as “Schottel”) or cycloid propeller (VSP, “Voith-Schneider”) have certain advantages over the conventional FPP but due to their considerably higher price, sensitivity and vulnerability of mechanisms their application is not common on river vessels (except on e.g. some river passenger ships).   

Steering a ship means having control over her direction of motion. The most usual and simplest steering device is the rudder. The flow of water around the rudder blade in inclined position generates transversal force tending to move the stern opposite to the rudder inclination (Fig. 4). 

Besides the simple streamlined single blade rudder there are numerous appendages and alternatives which to a certain extent improve the steering performances. These are for instance section endplates, fish-tails, flap-rudders, twin- or triple-rudder arrangements, flanking and bow rudders. 
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Fig. 4:
Principle of the rudder blade action /1/

The common characteristic of all rudders is that the generated steering force depends on the speed of the ship. The higher the speed the effect of rudder becomes better. So-called active rudders enabling maximal steering forces at low speeds, being very useful for a manoeuvre in confined spaces (harbours, locks), are in fact water pumps accelerating a water jet in the selected direction. These pumps are usually arranged at bows and called “bow thrusters” (Fig. 5).     
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Fig. 5:
Bow thruster arrangements on an inland cargo ship  /1/

4. Navigation

Navigation means the motion of a ship through the water. With increasing speed grows the resistance of the ship to her motion through the water. Thereby the conditions within the navigation area have a decisive influence on the size of resistance and behaviour of the ship. Theoretically, four different situations might appear: 

· Unrestricted waterway, i.e. a very wide and relatively deep waterway. Thereby “deep” means in some practical scaling the water depth which is at least about six times deeper than the draught of the respective vessel.  Simultaneously “very wide” means that each of the two waterway boundaries (river or canal banks) are at least on a half length distance of the running ship (Fig. 6). 


[image: image3.wmf]
Fig. 6:
Definition of a relatively wide waterway

Such conditions are ideal for navigation. Considering the standard size of a large river ship with 110 m in length, 11.4 m in breadth and a usual draught of 2.5 m the “unrestricted” waterway section should be at least about 120 m wide and 15 m deep. And 120 m is “wide enough” only if there are no other vessels to pass by. If two 110 m long vessels pass by or overtake each other then the waterway width will have to be about 200 m to avoid mutual influences of one running ship to another. Unfortunately, with certain minor exceptions such generous nautical conditions cannot be found anywhere on the European waterways. The mentioned exceptions relate only to the about 200 km long Danube stretch in front of the Iron Gate I lock and several large water reservoirs on the Volga and Dnepr in Russia and Ukraine, respectively. However, smaller vessels set up lower requirements, especially regarding the waterway width. But considering the fact that they also may have a draught of 2.5 m the above assessed water depth of about 15 m represents more or less general the requirement for a waterway to be classified as “unrestricted in depth”.    

· Narrow but deep waterway can eventually be found in certain gorges but on major European waterways such cases are very unusual. Rare examples are the Danube stretch between river km 974.0 and 965.4, so-called “Upper and Lower Cauldron” with a water depth of more than 36 m and waterway width of no more than about 120 m at sporadic spots, or for instance the middle Rhine section nearby the Loreley cliff (Rhine km 554). In such situations the wave systems generated by a moving vessel strike with full energy against the nearby river banks. Besides the risk of eroding the banks and damaging the built-up structures the reflected waves can also have impacts on the passing ship herself. 

· Shallow and wide waterways can generally be identified on all major rivers within the European network. The attainable speed depends almost exclusively on the water depth. To emphasise how serious the impact of shallow water is it has to be mentioned that a conventional river cargo ship having 80 m in length, 9.5 m beam and 2.5 m draught and being able to achieve about 20 km/h through the deep water cannot reach even 16 km/h at a water depth of 4.0 m! Thereby it has to be mentioned too that due to the dynamic immersion and trim by the stern as the consequence of running in shallow water the maximal dynamic draught of the ship will increase from 2.5 m to about 3.2 m! (Fig. 7). On the other side the water depth of 4.0 m can be considered as almost “excellent condition” having in mind the share of the European waterways which have tremendous problems with much lower depths. However, it is quite possible to run the ship with 2.5 m draught in a considerably shallower water, for instance at a depth of only 2.8 m but then at a drastically reduced speed in order to prevent grounding. The impact of shallow water on the ship’s speed and power requirements can be presented the best way by a speed vs. power diagram (Fig. 7). 

[image: image7.wmf]Suction

Pressure

Transverse rudder force


Fig. 7:
Power diagram for different water depths  /1/

The power requirements of one conventional river cargo ship to achieve corresponding speeds are presented in a parametric form as the function of water depth. Each curve represents one water depth. It is to be noted that after achieving certain speed at extremely shallow water even considerable increase of power has no influence on the ship’s speed.

· Shallow and simultaneously narrow waterways are human-built canals. The maximal attainable ship’s speed depends on the speed of propagation of waves, on the shape of the canal (trapezoidal, rectangular, arch-form) and the ratio between the cross sectional area of canal and the midship section. Due to the considerable dynamic immersion and trim under the influence of shallow water in a canal as well as in order to prevent an erosion of canal banks by generated waves this theoretically maximal speed is reduced by about 10% in practice. Some characteristic examples of existing canals with typical ships and their behaviour at different speeds are presented below (Tab. 1).
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	Rhine-Main-Danube
	Trapezoidal
	172
	4.0
	9.50
	2.50
	7.2
	10.9
	72
	9.8
	31

	
	
	
	
	11.40
	2.80
	5.4
	9.5
	77
	8.5
	35

	Mittelland Canal
	Trapezoidal
	164
	4.0
	9.50
	2.50
	6.9
	10.6
	73
	9.6
	31

	
	
	
	
	11.40
	2.80
	5.2
	9.2
	77
	8.3
	35

	Numerous EU canals
	Rectangular
	168
	4.0
	9.50
	2.50
	7.1
	12.0
	86
	10.8
	38

	
	
	
	
	11.40
	2.80
	5.3
	10.4
	92
	9.4
	42

	Old German canals
	Rectangular
	152
	4.0
	9.50
	2.50
	6.4
	11.5
	88
	10.4
	39

	
	
	
	
	11.40
	2.80
	4.8
	9.9
	93
	8.9
	43

	Elbe-Havel Canal
	Rectified arch
	85
	3.5
	9.00
	2.00
	4.7
	8.0
	63
	7.2
	29


Tab. 1: Critical speeds for some canal cross sections  /1/

Finally, in flowing rivers the ship is additionally affected by the stream flow rate. At low and normal water levels the stream flow rate of most navigable rivers in Europe is between 3 and 4 km/h. If assuming a standard running speed through the water of 13 km/h then the average ship’s speed over ground would be 9-10 km/h upstream and 16-17 km/h downstream. In case of extremely high water the stream flow rate on certain river sections can arise to 10 km/h or even more. In such circumstances the ship would be able to move upstream just very slowly and that is an additional reason in addition to the danger of flooding and wave erosion why the navigation might be banned when the water level exceeds a certain marking.     

5. Manoeuvre

A ship operating in confined waterways, in relatively dense traffic, with sharp and narrow bends, numerous locks and bridges must match extraordinary high standards with regard to manoeuvring requirements such as course-keeping ability, turning, stopping, flanking, running astern etc. These abilities are important due to the very specific conditions of the navigation on inland waterways. For instance, when running straight ahead alone on a canal the ship will sporadically and non-intentionally come closer to one or to the other bank. Then the symmetry of flow will be deranged and the unsymmetrical pressure distribution around the hull will push the ship towards the nearer bank. In order to prevent collision the skipper would incline the rudder to bring his vessel back to the centreline of the canal. That means that during her “straight” run the ship will indeed make a “zig-zag” path consisting of permanent slight corrections of course heading. This path is evidently wider than the vessel’s breadth. In general, slender ships have a better course-keeping characteristic than short and broad ones. As a rough estimate it can be said that for a 100 m long ship at least 5% of length or 5 m have to be added to her breadth as safety margin when running straight ahead in still water. This value might even considerably increase when running downstream. According to the full scale measurements being performed downstream and upstream in flowing water (water flow velocity of 6.0 km/h) it was found out that the path width is 9-10 m wider than the ship’s breadth in upstream navigation and even 12-13m wider when heading downstream /3/. Thus, the minimal two-way waterway width can be determined as the sum of the paths of the vessels heading upstream and downstream, a mutual safety distance between them and safety distances between each path and the adjacent river bank. Assuming very tight standards for safety distances the minimal width of a straight line two-way navigable waterway of international importance would be at least about 64 m (Fig.8). 




Fig.8:
Minimal waterway width for two way navigation of a standard inland vessels /2/, /3/

There is another, more practical aspect for the width requirements of the waterway. First of all, it is desirable that a two way traffic of vessels is allowed along the whole waterway. That means that besides the sum of breadths of two ships or convoys whose dimensions do not exceed the allowed vessel dimensions on the considered waterway stretch a certain allowance must be added for the distance between two by-passing ships as well as between the ship and the edge of the waterway. Especially, a safety distance between two by-passing ships is very important and it is not only a matter of precision of the manoeuvre when by-passing. Due to pressure distribution influenced by the ship motion and the suction of propellers the whole ship and especially her after part tends to move transversally and also to shift towards the vessel coming from the opposite direction (Fig. 9). 




Fig.9: By-passing of two ships heading in opposite directions on the waterway with a restricted width

This shifting force increases with the speed of motion through the water, respectively, with the sum of velocities of both passing-by ships. Thus the virtual breadths of vessels heading in opposite directions considerably rise during the passing-by manoeuvre. Even though the overtaking manoeuvre in narrow canals also requires utmost precision in steering the hydrodynamic conditions are not as unfavourable as during the by-passing.

One of the numerous very demanding conditions for inland vessel is the safe operation when passing through the sharp river bends. As a consequence of the common acting of various forces like resistance, centrifugal and steering forces induced by rudder blades, a torque appears that turns the vessel relative to the direction of its motion for so-called drift angle. In case of very long vessels like large pushed trains (Fig. 10) the free width of the path through the curve might be considerably bigger than the total breadth of the vessel. Obviously, if two long ships or pushed trains have to pass by each other in the river bend the fairway width requirements will be especially large. In a lot of cases such manoeuvre is even impossible, or, if theoretically possible then very risky and skippers rather chose to wait for the ship coming from opposite direction at the spot where passing-by is less dangerous, e.g. on straight stretches. Due to more favourable hydrodynamic conditions it is the rule that vessels running upstream usually give precedence to those running downstream.  
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Figure 10:  Position of a pushed convoy during navigation through the river bends /2/

Additional very important manoeuvres for inland ships are “crash-stop”, turning, flanking (moving sideward) and running astern. For example all ships operating on the river Rhine are requested to fulfil very tight and precisely defined requirements for stopping. These requirements set up the maximum distances after which the ship has to stop after previously running at a certain speed. Stopping in case of running downstream means not to stop move through the water but relative to the ground. Accounting high stream flow rates at high water levels propellers must then bring the ship in running astern with a speed equal to the actual river flow rate. The importance of this ability in inland navigation is also evident from the fact that only river vessels are additionally and mandatory equipped with a stern anchor which might assist to a crash stop manoeuvre in case of emergency, to avoid collision or other accident. 

6. Relevant and decisive technical aspects and relations

The above facts indicate the hydrodynamic complexity of inland navigation and very tight relations between the running ship and the restricted waterway. In some cases there are certain physical barriers which cannot be excelled. These barriers are expressed through relations among the size of the ship, cross section of the waterway, the speed of the ship and power requirements to enable that speed under given conditions. It is quite clear that the optimisation of the ship’s operation in inland waterways – and that means that the target function is the economy of operation - can be done only for a concrete case and with a number of assumptions. 

Nevertheless, the following two examples illustrate the influence of the vessel’s size on the specific energy requirements as one of the main components of each economic analysis and the influence of hydrodynamic improvements on design of one large inland ship. 

The table below shows principal particulars of some typical inland ships starting from relatively small “G. Koenigs” class-size up to the latest trends to develop maximal size single vessels for the river Rhine. The given propulsion power enables the speed of 13 km/h at a 5.0 m water depth.

Specific power requirements of nowadays “standard large river ship” (GMS) is evidently the lowest and further increase in ship size leads again to higher power needs. But this can obviously be compensated by lower specific personnel cost of very large vessels. However, extremely large vessels come closer to the physical barriers for their operation on inland waterways, mostly as regards the draught restrictions. This emphasises the need to apply a complex approach to the ship-waterway interaction in the future developments. 

	Ship’s

type
	Length

[m]
	Beam

[m]
	Draught

[m]
	Deadweight

[t]
	PD
[kW]
	PD/dW [kW/t]

	“G. Koenigs”
	67.0
	8.2
	2.5
	962
	177
	0.184

	“J. Welker”
	80.0
	9.5
	2.5
	1293
	160
	0.124

	“GMS”
	110.0
	11.4
	2.5
	1952
	195
	0.100

	“Jowi”
	135.0
	17.0
	2.5
	3345
	447
	0.134

	“Rhein-Max”*
	135.0
	20.0
	2.5

2.8

2.8
	3667

4411

4411
	625

700

   650**
	0.170

0.159

0.147


*)   initial design, investigated in model scale at VBD – Duisburg but not realised yet in the full scale

**) after hydrodynamic improvements  

Tab.2:
Power requirements for different ship sizes (13 km/h at 5 m water depth) /4/

Following this approach considerable improvements in the ship’s design were made in recent times. For instance, improvements of the stern tunnel geometry enable the installation of larger propellers and accordingly more power leading to higher speeds of the ship. Tests show that at a 5 m water depth an increase of speed of some 15-20%, dependent on the ship’s type, could be achieved. Also the installation of propellers with optimised blade geometry shows a considerable gain in efficiency ranging from moderate 6 to even more than 20% in comparison to conventional propellers. 

Finally, the optimisation of particular designs shows clearly how much energy savings might be achieved by the proper implementation of the best know-how. The power vs. speed diagram (Fig. 11) of a large container ship with a draught 2.8 m in extremely shallow water of only 3.5 m depth displays 4 different curves. 
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Figure 11:  Propulsion improvements of a very large river ship /4/

Curve 1 relates to the initial design while curves 2, 3 and 4 correspond to various stages of improvements. It is to be noted that for instance at the speed of 11 km/h (achieving higher speeds in such extremely shallow water conditions is not likely) the initially designed hull form needs about twice more power than the last and best modification.   

A more detailed exploration of the economic impacts of different waterway regimes will be given in the next issue of the SPINletter. 

References:

1. „Fahrdynamik von Binnenschiffen – Allgemeine Einführung und Folgerungen aus Schiffahrtsversuchen“, Verein für Binnenschiffahrt und Wasserstraßen e.V., Duisburg-Ruhrort, 1992

2. „EUDET – Evaluation of the Danube Waterway as the Key European Transport Resource”, Consortium of Partners, Vienna-Duisburg-Athens, 1996-98

3. „Guterachtehrliche Stellungnahme zu Nautischen Aspekten des Donauausbaus Straubing - Vilshofen am Beispiel des Rheins und seinen Nebenwasserstraßen“, VBD Bericht Nr.1369, Duisburg, 1995

4. Zöllner, J.: „Vortriebstechnische Entwicklungen in der Binnenschiffahrt“, Paper presented by the author on the 24th Duisburger Kolloquium, Duisburg, 2003

_1121088146.dwg

_1121089240.dwg

_940068695

_1121060713.dwg

_1120908668

_940067842

