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	Après une longue phase de déni, la place des techniques dans l’Antiquité fait l’objet de réévaluations portant aussi bien sur leurs avancées que sur leur diffusion et leur impact sur la société. Il n’est pas donc pas surprenant que le premier colloque scientifique organisé par l’établissement public de coopération culturelle du Pont du Gard ait été consacré aux machines hydrauliques dans le monde romain. En effet, cette manifestation internationale qui a réuni plus de 80 personnes, les 20-22 septembre 2006 s’est déroulée à l’ombre d’un monument emblématique du génie romain dans le domaine de la grande hydraulique.

        
	Avec ces étranges machines, on touche à un aspect méconnu de cette civilisation, mais dont l’importance est loin d’être négligeable tant du point de vue de l’histoire des techniques que pour la connaissance de l’économie antique. Se posent, en effet, des questions sur la diffusion de la connaissance technique dans le monde gréco-romain et sur leur adaptation aux différents besoins et milieux puisque ces machines se rencontrent aussi bien à la ville qu’à la campagne, dans les mines ou les carrières, et jusque sur les bateaux.
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          Des machines et de l’eau

        

        Jean-Pierre Brun et Jean-Luc Fiches

      

      
        
          1Après une longue phase de déni, la place des techniques dans l’Antiquité fait l’objet de réévaluations portant aussi bien sur leurs avancées que sur leur diffusion et leur impact sur la société. Les recherches récentes remettent en cause le corpus conceptuel élaboré par Moses I. Finley dans son article fameux “Technical innovation and economic progress” qui, paru en 1965, a eu un large écho par la suite. Selon Finley, les progrès techniques accomplis dans l’Antiquité, quelle que soit leur importance intrinsèque, n’auraient pas fait l’objet d’application généralisée et n’auraient pas provoqué de croissance économique car l’existence de l’esclavage offrant une main d’oeuvre presque gratuite et la mentalité des élites dépourvues d’esprit d’entreprise auraient ôté tout intérêt à leur diffusion.

          2Ces conceptions ont été attaquées sur bien des points durant le dernier quart de siècle, depuis les améliorations apportées au transport jusqu’aux méthodes standardisées de construction, mais c’est la question de l’utilisation de l’énergie hydraulique qui a fait l’objet des débats les plus vifs car elle constitue une pierre angulaire de la construction de Finley s’appuyant elle-même sur les études de médiévistes, au premier rang desquels Marc Bloch. En effet comme l’utilisation de l’énergie hydraulique libère une partie de l’énergie humaine ou animale pour d’autres labeurs que les tâches mécaniques comme broyer les céréales ou scier le marbre, la question de sa diffusion réelle est fondamentale. A-t-elle été suffisamment large pour que son impact sur l’économie soit sensible ? Non moins importante est la question de l’élévation de l’eau car de la connaissance et de l’emploi plus ou moins répandus de ces techniques dépendent d’une part l’extension des terres irrigables et la hausse de rendements agricoles et d’autre part une amélioration considérable du bien-être quotidien et de l’état sanitaire de la population.

          3Il n’est pas donc pas surprenant que le premier colloque scientifique organisé par l’établissement public de coopération culturelle du Pont du Gard ait été consacré aux machines hydrauliques dans le monde romain. En effet, cette manifestation internationale qui a réuni plus de 80 personnes, les 20-22 septembre 2006 s’est déroulée à l’ombre d’un monument emblématique du génie romain dans le domaine de la grande hydraulique.

          4Avec ces étranges machines, on touche à un aspect méconnu de cette civilisation, mais dont l’importance est loin d’être négligeable tant du point de vue de l’histoire des techniques que pour la connaissance de l’économie antique. Se posent, en effet, des questions sur la diffusion de la connaissance technique dans le monde gréco-romain et sur leur adaptation aux différents besoins et milieux puisque ces machines se rencontrent aussi bien à la ville qu’à la campagne, dans les mines ou les carrières, et jusque sur les bateaux.

          5L’organisation scientifique de ce colloque a reposé sur deux unités de recherche du Centre National de la Recherche Scientifique : le Centre Jean Bérard de Naples (Italie) et le laboratoire “Archéologie des sociétés méditerranéennes” (UMR 5140, Montpellier-Lattes) qui regroupent essentiellement des archéologues. Il est vrai que l’archéologie a beaucoup apporté, dans la période récente, à la connaissance des machines hydrauliques antiques et à la remise en cause des modèles d’explication de l’histoire jusqu’alors prévalents. Mais, sur un tel sujet, la pluridisciplinarité s’imposait et c’est dans cette perspective que les différents intervenants ont été sollicités.

          
            

          Carte des moulins et des scies hydrauliques antiques connus par les textes ou par l’archéologie

          6Ce colloque venait à point. En effet, depuis 1998, on dispose de l’ouvrage de J. W. Humphrey, J. P. Oleson et A. N. Sherwood qui réunit les traductions des sources gréco-romaines relatives à la sphère technique et, en particulier, aux machines hydrauliques connues surtout par les mécaniciens hellénistiques alors que les vestiges de ces machines appartiennent, pour l’essentiel, au monde romain. Deux ans après, en 2000, la somme réunie par Ö. Wikander, Handbook of ancient water technology, a offert une synthèse des connaissances sur un sujet dont l’actualité s’est en outre manifesté par deux tables rondes réunies en 2003. L’une, organisée non loin du Pont du Gard, à Pézenas (Hérault), à l’initiative de Stéphane Mauné, concernait la petite hydraulique d’époque romaine dans les établissements ruraux. L’autre, réunie à Bordeaux, a été provoquée par la découverte d’une noria alimentant en eau les thermes de Barzan (Charente-Maritime). Consacrée aux machines élévatrices, elle a donné lieu à une publication éditée par A. Bouet en 2005.

          7Le colloque du Pont du Gard a permis de réunir plusieurs des intervenants de ces tables rondes et d’autres encore. Il a surtout été l’occasion d’élargir le sujet en traitant à la fois des machines élévatrices simples (roues à godets, chaînes à godets et pompes) et des machines entraînées par l’eau (norias automotrices et moulins) ; il a permis de découvrir des machines encore inédites et de mettre en valeur des usages méconnus, comme le sciage des marbres ou l’extraordinaire usage de la pression hydraulique pour abattre des montagnes et des laves torrentielles pour transporter les déblais dans certaines mines d’or de la péninsule Ibérique. Certes, ce type de découverte, s’il se multiplie depuis 20 ans, n’est pas nouveau. Les mines de Cabeza del Agua ou de Sotiel Coronada ont livré dès le XIXe siècle des systèmes d’exhaure très performants. Mais il est absolument nécessaire de multiplier les études de cas à la fois pour rendre compte de la diversité des solutions techniques et des usages, de manière à pouvoir réviser efficacement des synthèses qui véhiculent, encore aujourd’hui, l’image d’un monde antique peu réceptif aux progrès techniques.

          8Même après la découverte du moulin d’Avenches et les mises au point de Marie-Claire Amouretti, d’Örjan Wikander et récemment d’Andrew Wilson, l’opinion de Marc Bloch selon laquelle le moulin hydraulique est une invention antique, vulgarisée seulement au Moyen Âge est encore largement répandue en dehors des cercles de spécialistes. Il est temps, grâce à l’apport des recherches archéologiques, de renverser les perspectives et de montrer que la maîtrise de l’eau et de son énergie était parvenue à un haut niveau technique et qu’elle faisait sentir son action en profondeur dans divers secteurs économiques.

        

        
          Bibliographie

          Bibliographie

          Amouretti 1986 : AMOURETTI M.-C., Le pain et l’huile dans la Grèce antique, Evolution des techniques agraires d’Hésiode à Théophraste, Centre de Rech. d’Hist. Anc. de Besançon, vol. 67, 1986.

          Bouet 2005 : BOUET A. (éd.), Aquam in altum exprimere. Les machines élévatrices d’eau dans l’Antiquité. Actes de la journée d’études du 13 mars 2003, Bordeaux. Bordeaux, Ausonius, 2005 (Scripta Antiqua 12).

          Bloch 1935 : BLOCH M., Avènement et conquête du moulin à eau, Annales d’histoire économique et sociale, 36, 1935, p. 538-563. (rééd. Mélanges Historiques. Paris, EHESS, 1983, p. 800-821).

          Castella 1994 : CASTELLA D. et al., Le moulin hydraulique gallo-romain d’Avenches « en Chaplix ». Fouilles 1990-1991. Lausanne, 1994, 155 p. (Aventicum; VI-Cahiers d’archéologie romande, 62).

          Finley 1965 : FINLEY M. I., Technical innovation and economic progress, Economic historic journal, XVIII, 1965, p. 29-45.

          Humphrey, Oleson, Sherwood 1998 : HUMPHREY J. W., OLESON J. P., SHERWOOD A. N., Greek and Roman Technology: A Sourcebook. Annotated Translations of Greek and Latin Texts and Documents. London, Routledge, 1998.

          Lewis 1997 : LEWIS M. J. T., Millstone and hammer : the origins of water power. Hull, 1997.

          Pleket 1988 : PLEKET, H. W., Greek epigraphy and comparative ancient history : two cases studies, Epigraphica Anatolica, 12, 1988, p. 25-37.

          Wikander 2000 : WIKANDER O. (dir.), Handbook of ancient water technology. Leyden / Boston/Köln, Brill 2000.

          Wilson 2002 : WILSON Α., Machines, power and ancient economy, Journal of Roman Studies, 92, 2002, p. 1-32.

        

        
          Auteurs

          
            Jean-Pierre Brun

            Centre National de la Recherche Scientifique

          

          
            Jean-Luc Fiches

            Centre National de la Recherche Scientifique

          

        

      

    

  
    
      
        
          Pompes et machines élévatrices d'eau

        

      

    

  
    
      
        
          Roman Wooden Force Pumps

          Use and Performance

        

        Richard J.B Stein

      

      
        
          1The purpose of this brief paper is to give an overview of the use and performance of Roman wooden force pumps. Much more information on them, and on metal pumps, can be found in the texts noted in the short bibliography1. In this paper «pump» means the wooden two-cylinder force pump, unless the context indicates otherwise. The French equivalents of some of the technical terms are given in the notes.

          Concept

          2As with many very original ideas, the basic concept of the force pump2 appears simple: a cylinder is filled with water; a piston is then forced into it, displacing the water to a higher level through a pipe, or as a jet. The cylinder requires two non-return valves; one at the inlet, and one at the outlet. The concept is attributed to Ctesibius of Alexandria (ca. 270 B. C.)

          3Three ancient authors - Philo, Vitruvius, and Hero-describe the force pump. They say that it is made from separate pieces of metal joined together, and two say that it is made of bronze. They do not mention a design in wood, nor does any other ancient author.

          4Thirteen pumps made of metal, or parts of them, are now known. The latest appears to date from the 3rd c. A. D. The bronze pump is made by soldering together many separate parts. For example, the pump from the Antiquario comunale in Rome has more than 30 parts (fig. 1). Using bronze has a number of disadvantages; bronze is expensive; a skilled bronze worker is needed; the parts have to be made and assembled with care to withstand high water pressure; it is complicated to take the pump apart to maintain or repair it; and it is difficult to fix the pump in position by attaching it to anything else.

          
            

          Fig. 1. The bronze pump from the Antiquario comunale, Rome
Restoration by T. Schiøler-view from outside (left), and exploded view (right).
This is a double acting pump; the piston moves to and fro in a single cylinder. The exploded view shows that the pump is made from more than 30 individual metal parts; these are fabricated separately in bronze and then assembled by soldering.
After Schiøler 1989, fig. 10b-1 1.

          
            

          Fig. 2. The Bertrange pump in its operating position in the well
The front of the block is against the wall of the well. One of the two legs supporting the block can be seen at the left of the picture. The two pistons run vertically inside the lead liners of the cylinders; the flanges of the liners are visible. Between the pistons, towards the front of the block, lies the square section delivery pipe. The rear support for the pipe, dovetailed to the block, is visible. The bottom of the right pipe support (to the left of the image) is not nailed into its sloping mortise, but rests on the block, placed there by the excavators. The block is 490 mm high, 405 mm wide, and 280 mm deep.
Photo Musée National d’Histoire et d’Art, Luxembourg.

          5Much later - perhaps in the1st c. A. D. -a pump was designed that works on the same principle but is made in a completely different way (fig. 2). The spaces for the cylinders, valve chamber3, and connecting passages4, are made by cutting holes into a single large block of wood (usually oak). Internal spaces are then made safe against high water pressure by tight plugs and planks of wood (fig. 3). The flaps of the valves are made of leather (fig. 4). The plates of the valves5 (fig. 4) and the liners6 of the cylinders (fig. 5) are made of metal-usually lead.

          
            

          Fig. 3. The block of the Wederath pump
The valve chamber and the horizontal passages are visible; these would be closed by a sealing plate and plugs respectively. The block is 540 mm high, 320 mm wide, and 230 mm deep.
Photo A. M. Stein.

          6Wooden pumps use cheaper materials than metal pumps, and they are probably easier to manufacture, to assemble, to take apart for maintenance or repair, and to fix in position; and their valves are probably more flexible and effective. In many respects wooden pumps are an improvement over their bronze predecessors.

          
            

          Fig. 4. A valve from the Bertrange pump.
The lead valve plate and the leather flap of the valve can be seen. The flap retains the holes of the two nails which fixed it to its seat: one can be seen in the bottom right corner of the flap; the other now lies above it and is hidden by the turned over edge of the flap. Photo Musée National d’Histoire et d’Art, Luxembourg.

          7Eighteen wooden pumps have been found7, and remains of thirteen survive. This paper is based on detailed examination of the remains8, and on the reports of all eighteen made when they were found. As shown in the map (fig. 6), ten come from the area of the Rhine and Moselle, centered around Trier, a major Roman city. Only one is known from Rome, but three have been found in Milan. Two come from southern England, and two from southern France-from Lyon and Périgueux. But none are known from Spain, Africa, or the East.

          Use

          8The pump has three great advantages:

          
            	It can raise water from a shaft that is both deep, and narrow.

            	It can evacuate water in a pipeline along an uneven, twisting, incline-for example, from a mine.

            	It can produce a strong jet in any direction-for example, to fight fires.

          

          9Pumps could therefore be used in fixed installations, positioned at the bottom of a well, cistern, or sump; or as portable pumps, placed in a portable tank which is filled with buckets from the nearest available source. Ancient texts contain a number of references to using pumps, and to their operators. Ten mention pumps used to fight fires, and three mention the vigiles who operated them. Many mention the high jet they produce. Discussions with Fire Officers confirm that these pumps would be very useful in fighting a fire, and much more useful than throwing buckets of water at it. Perfume was sprayed to sweeten the air in crowded places, and perhaps pumps were commonly used for this purpose. Only one ancient text mentions using a pump to raise water from a well, and none mentions using a pump to dewater a mine.

          
            

          Fig. 5. The block of the Benfeld pump
The lead liners are in position; their flanges are evident. Between them lies the outlet passage (much decayed), and below is the rectangular outline of the valve chamber. The block is 500 mm high, 400 mm wide, and 250 mm deep.
Photo Musée des Antiquités Nationales. St. Germain-en-Laye.

          
            

          Fig. 6. The map shows where the 18 known wooden two-cylinder pumps, and the two St. Malo pumps, were found.
Drawn by S. Lamb.

          10Of the eighteen known wooden pumps, fifteen were found in wells, and two more may have come from wells. The wells are circular, and often narrow; their diameters range from 0.7 m to 1.7 m, and only two wells have diameters exceeding 1.2 m. In twelve cases the depths of the wells are known; half of them are over 7 m deep. The shallowest and the deepest are both in England; 2.7 m at Silchester, and 26.4 m at Tarrant Hinton. This means that the Tarrant Hinton pump could withstand a water pressure of at least 2.5 Bar.

          11Various features of a wooden pump indicate that it was used in a fixed installation, and was not portable. For example:

          
            	Two pumps were found in their operating positions in wells.

            	In one case guides for the driving linkage9 found in the well show that the pump was used there.

            	Four pumps have an extra valve to guard against high static pressure. This only arises in fixed installations.

            	In five cases a long wooden delivery pipe found in the well, or the attachment for one, indicates that the pump was used there.

            	At least thirteen pumps were found near the bottom of a well with their metal liners intact. If a pump is found in a well and the metal has not been removed for recycling, we may reasonably conclude that it was used in that well, if there is no evidence to the contrary.

          

          12The evidence suggests that the eighteen pumps were used as follows:

          13It appears that sixteen pumps were used to raise water from wells; in ten cases the nature of the surrounding area suggests a particular use for the water, but for the other six there is no indication of the use to which the water was put.

          
            

          14The use of one pump is not certain; no remains survive and the drawing is unreliable, but it was probably used in the well in which it was found.

          15The pump found in 1908 in the cellar of the Amphitheatre at Trier is particularly interesting. Unfortunately there is very little information about it; no remains or drawings exist, and the only mention of it is very brief. It may perhaps have been used for a number of purposes: to dewater the cellar by pumping infiltrated water into the drain; to fight fires; and to spray perfume into the arena. If this is correct, then this pump is portable, and it is the only clear example of a portable wooden pump.

          
            

          Fig. 7. The generic design of a wooden force pump In this three dimensional view the pump is seen from the back.
1. Block; 2. Cylinder; 3. Liner; 4. Piston; 5. Piston seals; 6. Inlet valve seat; 7a. Right inlet valve; 7b. Left inlet valve; 8. Exit port from cylinder; 9. Horizontal connecting passage; 10. Vertical connecting passage; 11. Valve chamber; 12a. Right outlet valve; 12b. Left outlet valve; 13. Outlet passage; 14. Delivery pipe; 15. Connecting tube; 16. Plugs. R. Stein, drawn by R. Spain.

          Dating

          16All eighteen pumps come from a Roman context. Dates which are more or less reliable are available for eleven of them10 ; they lie in the range1st to 4th century A. D. Of these eleven pumps, two are dated by dendrochronology to the 3rd century A. D. ; the other nine are dated by context. There is nothing to indicate that the remaining seven pumps are not also of the 1st-4th century11.

          
            

          Fig. 8. The Périgueux pump
The delivery pipe is in place; the block is standing on a mirror. The pipe and block are held to each other by the connecting plate (now fractured); this also stops the sealing plate of the valve chamber from blowing outwards, and forms a foot for the pump. The bottom of the block is cut back and hollowed out to form a filter chamber; filter plates at front and bottom enclosed the open space. The pipe is 2. 7 m long, but only part of it is seen. The surviving part of one piston is seen emerging from the top of the left cylinder. The block is about 820 mm high, 390-400 mm wide, and 290-320 mm deep.
Photo B. Dupuy, Vesunna, Musée gallo-romain de Périgueux.

          Design

          17All the pumps follow the same overall generic design (fig. 7), but there are nevertheless many differences between them. Some of the more important are as follows:

          
            	In twelve pumps the liners are made of lead, but at Lyon they are of bronze12. If bronze liners can be made more circular, or smoother inside, this might reduce the wear in the piston seals, and the leakage past them.

            	In most pumps the outlet valves are horizontal, but in two they are vertical. This may make it easier for them to shed grit.

            	Four pumps have an extra valve to combat the effects of high static pressure.

            	In most pumps the two outlet valves are located in a single valve chamber, but in two pumps they are in two separate chambers. There is no reason to think that this gives any particular advantage.

            	Twenty-nine of the valve plates have a straight edge, to align with the hinge of the valve. Twenty-one of these are circular but have a straight edge on part of the circumference, and eight are square or hexagonal. The remaining thirteen are completely circular, and have no straight edge. Presumably their valves perform less well.

          

          18None of these features shows that a particular pump is clearly more advanced than others, but the Périgueux pump (fig. 8) has many improvements not known in other pumps. In particular:

          
            	In other pumps the plates of the valves are rivetted to the leather flaps, but at Périgueux two clenched nails13 are used14. This makes it easy to replace the leather flap of the valve, and it ensures that the straight edge of the plate remains parallel to the hinge line of the valve.

            	The connection between the block and the delivery pipe is made by forcing the pipe into a mortise in the top of the block. This produces a very robust joint.

            	The piston seals are attached to the pistons by a cylindrical iron rod. The rod is spring loaded by the seals15, and kept in place by a cotter pin16. This makes it easy to replace the seals when they become worn.

            	In other pumps four connecting passages are needed; two vertical, and two horizontal. In the Périgueux layout only three are needed-all bored horizontally. This also enables the outlet valves to be hung vertically.

            	The pump has a filter chamber17, constructed as part of the block itself.

            	The seats for the inlet valves are tapered18. This enables the tightness of fit between the seats and the cylinders to be adjusted.

            	In other pumps the core of the tree trunk lies near the back of the pump, but at Périgueux it lies near its front. It appears that a tree has been selected whose core lies far to one side. This enables the block to be rather large, and for the apertures to be placed in the strongest parts of the trunk.

          

          
            

          Fig. 9. Movement of the driving linkage during the cycle Schematic layout, not to scale. Left: Pump at mid-stroke. Right: Pump at end of stroke. For the sake of clarity the driving linkage is not shown at full length (the zig zag marks indicate discontinuity); its slope is exaggerated; and guides for it (if any) are omitted. R. Stein, drawn by S. Lamb.

          19These improvements are straightforward in concept and simple to implement. However the Périgueux pump appears to be one of the earlier pumps, and these improvements are not seen in later pumps. Therefore, if the dating is correct, it appears that the improvements do not come from a long process of gradual change, and that although the overall generic design was transmitted widely, important improvements were not transmitted in the same way.

          Operation

          20Wooden pumps are submerged in water, and force water upwards by pressurising it. They do not lift water by suction. The reasons for saying this are as follows:

          
            	At least two pumps were found in their operating position at the bottom of the well; if they could operate from a higher level, it would be attractive to install them there.

            	For technical reasons, water can only be raised about 7 m by suction. Half the wells are deeper than this.

            	To raise water by suction a pump must create a partial vacuum19. It is unlikely that a wooden force pump can create the vacuum required.

            	All wooden pumps are made from materials which include leather, wood, and iron. If they alternate between wet and dry, leather cracks, wood decays, and iron rusts. The crucial leather valves and seals would suffer particularly badly, and the pump would fail. Keeping the block submerged avoids this.

          

          21To operate smoothly, the motion of the pistons should be co-ordinated, so that one goes up as the other goes down. The easiest way to arrange this is for them to be driven by a rocker20, through connecting rods (or “con rods”)21. No complete driving mechanism has yet been found, but the iron fittings of a rocker were found at Bertrange. In addition, connecting rods were found at Sablon, and significant elements of the drive22 were found at Herrenbrünnchen. Analysis suggests that in pumps operating in wells the pistons are fixed rigidly to the con rods to form a rigid driving linkage23, as shown in figure 9; the pistons therefore follow the slope and movement of the con rods.

          22It is vital to ensure that the pistons do not over-run, which would damage the pump, at either end of the stroke. As far as is known, no tests have ever been made, using a replica pump with long heavy con rods, to determine how fast a pump in a well can be driven. But in wells the driving linkage can be very heavy, and have high inertia24 and it must therefore be difficult to start the stroke, and to control the drive thereafter; as a result pumps in wells cannot be driven fast. On the other hand, portable pumps fighting fires are presumably driven as fast as possible, using many operators. The drive is not heavy, but the fast cycle must be controlled. It would be very difficult to use an animal to produce the controlled reciprocating motion needed; the evidence suggests that pumps in wells, and portable pumps, were driven by human operators.

          23Many commentators assume that the con rods must lie vertically over the pistons. If they do, the rocker can have only a small radius, and this in turn produces (in the known pumps) a stroke which is very much shorter than the height of the liners. But it is very unlikely that pumps would be made with long liners if the stroke uses only a fraction of their height. It is much more likely that the pistons travel the full distance available in the liners, and that the con rods slope to allow this, as shown in figure 9. Calculations show that in deep installations the slope is too small to create a problem. In portable pumps the slope is probably eliminated by joining the pistons to the con rods with hinged joints.

          24It must be very difficult to install a pump at the bottom of a deep well. The block is under water; the parts are heavy and unwieldy; and the wells are narrow and often deep. The block is subjected to strong oscillating forces. The block, the pipeline, and the driving linkage, must all be fixed very firmly. Portable pumps are presumably fixed firmly to their portable tank.

          Factors affecting performance25


          25The performance of a pump depends on a large number of factors. Some are specific to a particular installation-they include: the height through which water is to be raised (the lift26); the diameter of the liners; and the stroke27. Others apply more generally-they include: the power28 lost through friction; the volume lost through leakage; the force that the operators can exert; the power that they can produce; and the limitation on the cycle speed due to the inertia of the system.

          
            

          Fig. 10. Dimensions of pumps
The diagram shows the two crucial dimensions of a pump; its stroke and the cross sectional area of its liners. The figures for the representative pump of typical dimensions are included under the reference “RP”.
R. Stein, prepared by K. May.

          26The power required to drive a pump depends on the rate of output29, and on the lift. Doubling the rate of output, or raising the water twice as far, requires twice as much power (if all other parameters remain the same).

          27The volume expelled from the cylinders is determined by two things: the cross sectional area30 of the liners; and the length of the stroke.

          28In addition, the operators must be able to produce sufficient force to start the stroke; their ability to do this depends on the strength of their arms, and on their weight. The force required depends mainly on the cross sectional area of the liners, and on the lift.

          29The two crucial dimensions of the pump are therefore the cross sectional area of the liners, and the stroke; and the designer of a pump must strike a balance between them. If the force required to drive the pump is too great, it can be reduced by making the liners narrower. The output of the pump can be increased by making the stroke longer. We might therefore expect the liners of pumps in deep installations to be long and narrow.

          30In contrast, a portable pump probably has a short stroke, which reduces its output. The output can be increased by making the liners wider. The force required to move the pistons would increase, but if a portable pump is used to extinguish a fire, it would be driven by many operators, to produce greater force and power. We might therefore expect the liners of portable pumps to be short and wide.

          31It can be seen that the relationship between the various parameters of a pump installation is complex. It is not suggested that the Roman maker understood either how these parameters arise, or how to calculate their effects, but presumably rules of thumb31 emerged from practical experience, and were used to determine the dimensions that should be used in any particular case.

          Dimensions

          32The two crucial dimensions of the known pumps

          
            	the stroke, and the cross sectional area of the liners

            	are shown in figure 10. As can be seen, the pumps vary widely. The strokes range from 16 cm at Lyon to 41 cm at Silchester; and the cross sectional areas from 20 cm2 at Wederath to 53 cm2 at Lyon. But the diagram shows that the pumps are not of two separate classes, corresponding to “deep” and “portable” use. Unfortunately the pump from the Trier Amphitheatre, which may be portable, cannot be shown, as its dimensions are not known.

          

          33The Lyon pump has the shortest stroke, and the...
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