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The somewhat remote origin of this paper is a short article by Eugene Ferguson
1
in Technology and Culture in 1971, in which he called for an annotated translation of
Jacob Leupold’s Theatrum Machinarum, a 10-volume encyclopedia of technology
2
published in Leipzig in 1724-39. A facsimile of this series was issued by the University of Hannover in 1982. I subsequently learned that a translation had already been
made in the mid-18th century and the unpublished and anonymous English manu-
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Eugene S. Ferguson, “Leupold’s Theatrum Machinarum: A Need and an Opportunity,”
Technology and Culture 12 (1971): pp.64-68.
Jacob Leupold,
Theatrum machinarum generale, Leipzig, 1724.
Theatrum machinarum hydrotechnicarum. Leipzig, 1724.
Theatri machinarum hydraulicarum:
Tomus I, Leipzig, 1724.
Tomus II, Leipzig, 1725.
Theatrum machinarum oder Schauplatz der Hebzeuge, Leipzig, 1725.
Theatrum staticum universale, Leipzig, 1725.
Theatrum pontificiale, Leipzig, 1726.
Posthumous:
Theatrum arithmetico geometricum, Leipzig, 1727.
Theatrum machinarum molarium, Leipzig, 1735.
Theatrum machinarum supplementum, Leipzig, 1739.
N.B. The text in each of the volumes of the Theatrum Machinarum is divided into
chapters, with a parallel subdivision into paragraphs which are usually numbered (e.g.
§415) continuously from the start of each volume. References in the text of this paper
will be by paragraph number, except as noted from Volume 1.
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script is in the Huntington collection. And I have to thank the Huntington Library
for preparing and making available to me a microfilm of the whole manuscript.
Leupold was an instrument maker and (in modern terms) an engineer who was
concerned with introducing his understanding of the fundamental principles of mechanics to the broad class of “practical artisans”, whose work by and large was still
based on tradition and outmoded rules of thumb -and who, moreover, probably did
not know Latin and thus could not read the scientific publications which were currently available.
Leupold was particularly interested in what we would term “energy conversion”.
Having considered animal power, wind, and fire as energy sources he introduces water as follows (§404):
Daß das Wasser die allerbeste Krafft unter allen Krafften sei,
Machinen mit grosser Gewalt, Beständigkeit und Gleichheit zu
treiben, wird Niemand in Zweiffel ziehen. (No one would doubt
that water is the best and most excellent power of all to drive
machines with great force, durability and evenness.)
Thus it transpires that this paper is about some of the ways in which the flow of
water was measured in the early 18th century. Please understand that my original
script has had to be ruthlessly curtailed for the purpose of this presentation.
Leupold first describes in meticulous detail the units employed to denote volume,
the crucial feature of which is the difference between “cubic” measure and “cylindrical” measure, thus:
A cubic inch is the volume contained in a cube the side of
which measures 1 inch.
A cylindrical inch is the volume contained in a cylinder 1 inch
in diameter and 1 inch high.
A similar distinction is made in the case of areas — square inch versus circular
inch — and since the contemporary practice was to use the unit “inch” often without
further qualification, it is essential for the reader of the Theatrum and other contemporary works to determine from the context which measure is actually being used.
It goes without saying that a further complication arises from the fact that there
was no standard measure in Europe before the gradual adoption of the metric system
first introduced in revolutionary France in 1799. Linear measure was commonly in
feet, inches and lines (1/12 inch), weight in pounds, and there was also a liquid capac-
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ity measure (gallon in Britain, pinte in France and Maas or Kanne in Germany). All
these measures tended to vary not only between countries but also from town to
town (in Leupold’s own state of Saxony there were significant differences between
4
the Pfund (weight) and Maas (capacity) respectively of Leipzig and Dresden).
Subsequently Leupold raises the question “How can one know how much water
flows through or out of a pipe?”. He points out that it is necessary to know the size of
the conduit itself as well as the velocity of flow, and notes that the latter depends on
the pressure difference between the ends of a pipe and the slope of an open channel.
He describes various meters for measuring flow, citing as his prime source the work
of Edmé Mariotte. Mariotte (1620-1684), was prior of a monastery near Dijon, and
is described by Rouse and Ince in their History of Hydraulics as the father of the exper5
imental method in France. The particular investigations referred by Leupold are reported in Mariotte’s treatise on water flow, and all my quotes are taken from
6
Desaguliers’s translation of 1718.
Mariotte prefaces his description of his experiments as follows.
The Fountain, or Conduit-Makers, measure the Quantity of
Water that Springs give, by the Circular Inches and Lines which
are contained superficially in the Area of the Holes which the
Water fills in gently running thro’ them; but they have not
determined what Quantity of Water those Circular Inches and
Lines give in a certain Time, nor what ought to be the Elevation of
7
Water above those holes, to supply their running with a full bore.
Mariotte is saying here that the contemporary artisans concerned with water supply were still using a concept which clearly derived from the classical notion that the
discharge of a stream can be measured by the cross-sectional area of flow, without regard to velocity. For example, the Romans measured their water supply in quinaria,
defined by the use of supposedly standardized adjutages – short lengths of pipe
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The Parisian pinte = 1.6 English pints. To avoid confusion I use the French spelling
(thus modifying Desaguliers’s translation of Mariotte’s Mouvement des eaux – see note
6 below).
For a comprehensive exposition of measurement standards see H. Doursther,
Dictionnaire Universel des poids et Mèsures (Brussels: Hayez, 1840).
Hunter Rouse and Simon Ince, History of Hydraulics (Iowa City: State University of
Iowa, 1957), p.63.
Edmè Mariotte, Traite de mouvement des eaux et des autres corps fluides, (Paris: 1686).
See also translation by J.T. Desaguliers, The Motion of Water and other Fluids, (London: Senex, 1718).
Mariotte, Motion of Water, p.150.
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Figure 1. From Marriotte, The Motion of Water and other Fluids, (ed. of 1718) Plate
III, opposite page 172.
8

through which the water was discharged from an aqueduct. And the expression of
discharge in terms of area — whether by a nominal quinaria or by the square or circular inch persisted down through the ages. Mariotte perceived the need to establish a
clear definition or standard for the commonly used “inch of water” and conducted experiments which achieved just this purpose. His apparatus is shown in Figure 1. It
comprised a rectangular box 2 feet long by 10 inches wide (Paris measure), divided
into two compartments by a baffle. Turbulence caused by water entering the upstream section was eliminated as the flow passed through perforations in the baffle.
In the end wall of the downstream compartment was an accurately-machined orifice
one inch in diameter. A horizontal slot was located in the side wall of this section in
order to spill off surplus inflow; this slot was provided with an adjustable sill so that
8

A comprehensive discussion of Roman flow measurement and a definition of the
quinaria is given by Clemens Herschel, The two books on the water supply of ancient
Rome of Sextus Julius Frontinus, (Boston, New England Waterworks Association,
1973).
We should note here that Hero of Alexandria (a contemporary of Frontinus), anticipated Mariotte, when he proposed a method of measuring flow by directing the discharge of a stream into a pool of known dimensions and using a sundial as a timing
device. See M. R. Cohen and I. E. Drabkin, A Source Book in Greek Science, (Cambridge, Harvard U. P., 1958) p.241.
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Figure 2. Drawn by the author.

the water level in the compartment could be accurately controlled. A flow of water,
somewhat in excess of requirements, was admitted to the box upstream of the baffle
and the spillway was adjusted until the level remained steady at a fixed head over the
orifice. The device was calibrated by timing the volume discharged from the orifice
into a container of known dimensions. Mariotte summarizes his results in the follow9
ing “Practical Rules for Jets of Water”:
An Inch of Water is the Quantity of Water which runs thro’ a
circular Hole of an Inch Diameter, vertically made in one of the
sides of a vessel, Surface of the Water which supplies the running
out, always remains at the Height of one Line above the Hole, that
is, 7 Lines above the Center of it, without rising or sinking. In one
Minute 28 Pounds of Water, or 14 [pintes], of two Pounds each,
will run thro’ such a Hole. The Water’s Surface does indeed, stand
something lower, just at the Hole immediately above it, than it
does in the rest of the Vessel, where it must be one Line higher;
for if it was only a Line higher than the Top of the Hole in the
other Parts of the Vessel, it would sink just at the Hole, not touch
9
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Mariotte, Motion of Water, p. 263-264.
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Figure 3. Leupold, Theatrum Machinarum Generale, Tabula LVII, opposite page
184.
the upper end in running out, and only give about 13 [pintes] 1/8
in a minute.
Mariotte’s 14 Parisian pintes are equivalent to 13.04 litres. In the last sentence of
the above quote Mariotte is referring to the local drawdown which he observed immediately above the orifice, as shown diagrammatically on Figure 2. To satisfy his
concept of “an inch of water” he evidently considered that the orifice should flow no
more than just full. It is evident from the above quotation that in trying to achieve
this he discovered that if the upstream “stillwater” surface was only one line above the
level of the top of the hole (i.e. 7 lines above the centre) the latter would still not run
full, due to the local drawdown.
He therefore had to raise the water level an additional line, making it 8 lines
above the centre, which resulted in the hole running full. If you think this is confusing it is worth noting that Mariotte himself confessed that
it is very hard to make Experiments which will exactly
determine how much Water runs out; for one may err in the
Bigness of the Hole, the Height of the water in the Vessel, and the
Time of the running out.

6
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And, I may add at this point, no wonder. For the laws determining the flow
change more or less abruptly exactly at the point of Mariotte’s “just full” condition.
This factor, combined with the non-uniform distribution of velocity and the marked
effects of surface tension, means we are dealing with a highly complex hydrodynamic condition which Mariotte was not equipped to address.
So far Mariotte’s investigations have been designed to answer the question “what
is the outflow from the 1-inch orifice when it is running just full?” He now goes on
to devise a method of determining an unknown flow in terms of his now standardized “inch”. He does this by introducing holes of fractional size, which are aligned so
that their centres are at the same level.
Jacob Leupold’s own meter, shown on Figure 3, is similar to Mariotte’s except for
one important feature. Instead of a series of graduated orifices he uses a long rectangular slot, which is closed by a slide. The position of the slide – and thus the size of
the opening – is indicated by scales, which Leupold mentions can be graduated to
read in both “square inches” and “circular inches”, although he only shows one scale
in his diagram. Leupold is justified in claiming his device is superior if only because,
within its modest range, it is infinitely adjustable, while Mariotte’s gauge is limited
by the number of holes that can be brought into play.
Mariotte describes a second method of measuring small flows. This involves the
use of a high tank, from the bottom of which the water discharges through a small orifice. He found that with an orifice ¼-inch in diameter and a head of 13 feet the discharge amounted to 14 pintes per minute – equivalent to his standard “inch”.
We might designate these two means of gauging small flows respectively the
“fixed head/adjustable orifice” method and the “fixed orifice/variable head” method.
In both cases the equipment would have required proper calibration prior to use.
The advantage of the first method, particularly using Leupold’s meter, would have
been its ready portability and relative ease of setting-up. Its main disadvantage
would have been that it had to be operated very delicately in order to maintain the
water level accurately while adjusting the orifice. The second method on the other
hand required no manual operation. The water in the vertical tank would rise automatically to the level required to discharge the flow through the orifice in the bottom, at which point the head would be recorded and the discharge obtained from a
table of calibrated values, interpolated by calculation as required. There is no question that the “fixed orifice/variable head” method would have been the more accurate of the two.
It must be remembered that we have so far been dealing with quite modest quantities of flowing water. For larger discharges Mariotte adopts what we may call the
“area ´ velocity” method. In his Discourse “Of the Measure of Water running in an
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Aqueduct, or in a River”, he describes how the surface velocity of a stream can be de10
termined by timing the passage of a wax float over a measured length.
We suppose that in an Aquæduct which has a Breadth of Two
Feet, and the Water in it One Foot high, the Wax has run 30 feet
in 20 seconds, which will be one Foot and a half in a Second: But
because the Water goes slower at Bottom than at Top, we must
take but 20 feet; and then we shall have 1 Foot in a Second.
Mariotte, clearly recognizing that the surface velocity of a stream is normally
greater than the average (he assumes it is 1½ times greater), then procedes to calculate the discharge in his supposed stream by multiplying the average velocity by the
cross-sectional area of flow.
In this example no mention is made of the corresponding variation of velocity in
the horizontal plane. However, a modification of the “area-velocity” method of
stream gauging is found in the ninth volume of Leupold’s Theatrum, from which Figure 4 shows how the irregular cross-section of a natural stream can be determined
with fair accuracy by a series of soundings. Interestingly, in this case no allowance
was made for the variation of velocity in either plane.
We may note that Mariotte uses the area-velocity method to calculate the flow in
no less a stream than the Seine, which he expresses (need we ask?) in Inches as
“500,000 which is the number of inches which the River Seine gives, when it is at a
moderate height”.
What accounts for this preoccupation with “inches of water” – a unit of measurement which Mariotte acknowledged to be unsatisfactory (and could so easily have
been superseded by the “pintes per minute” used in his experiments)? Furthermore
what induced Mariotte to measure his standard “inch” at the very point when the
flow in his apparatus changed abruptly from the free overfall weir mode to the submerged orifice mode – an inherently unstable condition in which, as we have seen,
he found accurate measurement very difficult? And yet this outdated unit nonetheless continued in use by his successors including Leupold. Perhaps Mariotte and
Leupold felt that “inches” would mean more to their lay readers than “pintes per minute” or “cubic feet per second”. But their reluctance to use such composite units to express a rate of flow could also be attributed to a fundamental aversion to the
nonhomogeneity involved. To the classically educated, while it was perfectly acceptable to calculate as ratios time/time, length/length, area/area, et cetera, to divide volume by time would have been inadmissible.
We might speculate that Mariotte’s original thinking went somewhat as follows:
10
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Mariotte, Motion of Water, p.190.
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Figure 4. Leupold, Theatrum Machinarum Molarium, Tabula III, opposite page 10.

Water issuing from a pipe, an orifice in the side of a tank, or the
nozzle of a fountain, is evidently being impelled by pressure, which
varies with the “head” of water over the pipe outlet, the orifice and
the nozzle. For the sake of the plumbers, fountain-makers, and
other artisans involved, I [Mariotte] will retain their
unidimensional way of expressing water flow and avoid the
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otherwise necessary qualifications such as “per minute”, “per hour”,
or “when the head is so many feet”. Instead I will use as my
standard the flow which a 1-inch orifice will discharge when the
pressure is reduced to the minimum required for it to flow just full.
I will devise an apparatus suitable for establishing this standard and
will relate all other methods of measurement to this standard.
How did the “inch of water” fare after Mariotte’s praiseworthy (though imperfect) attempt at rationalization and the publication of Leupold’s Theatrum? It is noteworthy that in England in 1729 it was a professional gardener (and therefore no
doubt a fountain-maker par excellence) who published a comprehensive treatise on
11
the practice of hydraulics. Stephen Switzer does not appear to have read Leupold,
but makes frequent references to Mariotte. He is at pains to translate Parisian pintes
and inches to English measure, but nonetheless repeats his predecessors’ expression
of flow in terms of “inches of water”. However, a generation later in England we find
12
John Smeaton reporting to the Royal Society his tests on waterwheels, in which he
records the flow of water in pounds per minute, with no mention whatever of
“inches”.
Even so, around the end of the eighteenth century Thomas Telford was copying
Mariotte’s definition of an inch of water into his notebook, and we may further note
that Molesworth’s pocket-book for engineers (first published in 1862) still included
in its 1940 edition the following:13
Miner’s inch = unit rate of discharge of water expressed in terms
of a standard vertical orifice of 1 in. square operating under a head
of 6 in. (P.23) [= approximately 44 1iters per minute]
A miner’s inch = 1/50 cubic feet per second. (P.322) [= 33.98
1iters per minute]
Colorado inch = 1 square inch orifice under a 5-inch pressure.
(p.322) [= approximately 40 1iters per minute]
Like many another outmoded custom, the “inch of water” died hard.
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Stephen Switzer, Introduction to a General System of Hydrostaticks and Hydraulicks,
(London: Astley, 1729).
John Smeaton, “An experimental Enquiry concerning the natural Powers of Water
and Wind to turn Mills, and other Machines, depending on circular Motion”, Phil.
Trans., 51, (for 1759, published 1760), pp.100-174.
G. L. Molesworth, (A. P. Thornton, Ed.), Pocket Book of Useful Formulae and Memoranda, (London: Spon, 1940).
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