Forces on a Siphon

Kirk T. McDonald

Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (October 21, 2024; updated October 29, 2024)

1 Problem

Discuss the forces on the fluid in a siphon, a version of which is sketched below. The reservoir that holds the fluid supply, and the siphon tube, are held at rest.

2 Solution

We restrict our analysis to the fluid in the reservoir and in the tube.^1

The action of a siphon is driven by the force of gravity. Other forces on the fluid include air pressure, the normal force of the reservoir and tube on the water, and the tensile strength of water (acting at the surface of the outlet of the tube). We ignore viscosity and surface tension (capillary forces).

Already by 1881, classroom demonstrations of the operation of a siphon in vacuum were available (see pp. 166-167 of [1]). It was inferred from such demonstrations (see p. 211 of the 1905 edition of [1], quoted in English in [2]) that air pressure does not drive a siphon, but rather it is driven by gravity (particularly the force of gravity on the fluid in the siphon tube below the upper surface level of the fluid in the reservoir).^2

Thus, a siphon has much in common with a “chain fountain” in which a chain/rope/cable can rise off a coil/pile on some surface and move in an arc to a location below that surface given appropriate initial conditions. See, for example, [5, 6]. As discussed in Sec. 2.2.3 of

1This fluid constitutes the “control volume” in the language of fluid engineering. 2A siphon can be operated with a constant level of the fluid in the reservoir, such that air pressure cannot do any work on the fluid [3]. Siphons operated at altitudes between 0 and 40,000^′ above sea level have the same flow rate [4], which reinforces that air pressure is not the driving force in a siphon.

[6], the arc of the chain reaches a maximum height H above the coil/pile of chain related to the speed V of the arc of the chain by V^2 ≈ 7gH/6.

In contrast, the speed V of the fluid in the tube (and at the outlet) of a siphon is reasonably well approximated by assuming conservation of energy in the motion of the fluid in the siphon, which implies that

V^2 ≈ 2gh_O, (1)

where h_O is the difference between the heights of the top surface of the fluid in the reservoir and the outlet O of the siphon tube. This argument is often stated as an application of Bernoulli’s law to the (quasisteady) flow of liquid in the siphon.

Turning to some details of the motion of the fluid in the siphon, we first note that for an incompressible fluid,

V a = v(A − a) ≈ vA, (2)

where a ≪ A is the cross sectional area of the siphon tube (assumed here to be uniform along the tube, although this need not be so), A is the area of the bottom surface of the reservoir, v is the downward velocity of the top surface of the fluid in the reservoir,

v = − dH dt = −Ḣ ≈ V a A , (3)

and H is the height of the fluid in the reservoir.

We now consider the force F on the fluid inside the reservoir and siphon tube, ignoring the tiny forces due to atmospheric pressure on the top of, and on the hole in the bottom of, the fluid in the system, as well as effects of friction/viscosity and surface tension, and write

F = mg + N + F_{tensile} = dp dt , (4)

where m is the mass and p is the momentum of the fluid in the reservoir plus siphon tube (i.e., the control volume), and g is the acceleration due to gravity.

We evaluate the total force F = dp/dt (according to Newton’s 2^{nd} law) in the approximation that the fluid in the reservoir, excluding that inside the siphon tube, has the same (downward) velocity v given by eq. (3), and that momentum, velocity and forces F, mg and F_{tensile} are positive when downward, while the normal force N is positive when upwards. Then, the vector equation (4) can be written as the scalar equation,

F = mg − N + F_{tensile} = dp dt . (5)

The mass of the fluid in the reservoir plus siphon tube is

m = ρ[AH + a(l − h_I )], (6)

where ρ is the mass density of the fluid, l is the length of the siphon tube, and h_I is the height of the upper surface of the fluid in the reservoir above the inlet to the siphon tube.

The water pressure P at the bottom of the reservoir is approximately uniform, with value P ≈ ρg(H + h_T ), where h_T is the height of the top of the siphon above the upper surface of the fluid in the reservoir. Then, for a first approximation, the upward normal force is N ≈ P A ≈ ρg (H + h_T )A. (7) In this first approximation, the momentum of the fluid in the reservoir (outside the siphon tube) is vertical and downward, with p_{reservoir} ≈ ρAHv − ρah_I V = ρaHV − ρah_I V = ρaV (H − h_I ), (8) recalling eq. (2). The momentum of the fluid in the siphon tube is p_{tube} ≈ ρa(h_O − h_I )V, (9) so the momentum of the fluid in the reservoir plus siphon tube is

p = p_{reservoir} + p_{tube} ≈ ρa(H + h_O − 2h_I )V ≈ ρa(H + h_O − 2h_I ) √ 2gh_O, (10) recalling eq. (1).

The rate of change of the momentum p of water inside the tank is the sum of ∂p/∂t and the rate dp_{leaving}/dt of momentum of water leaving the tank, dp dt = ∂p ∂t + dp_{leaving} dt . (11)

For the latter, we note that the mass of the fluid leaving the siphon tube (with velocity V through the hole of area a) during time dt is dm = ρ aV dt, so the momentum that leaves the tank during time dt is,

dp_{leaving} = dm V = ρ aV^2 dt, dp_{leaving} dt = ρ aV^2 ≈ 2ρagh_0, (12)

recalling eq. (1).

From eq. (10), noting that Ḣ = ḣ_I = ḣ_0, ∂p ∂t = ρa(H + h_O − 2h_I ) dV dt . (13)

For a tube of small area a ≪ A, the time rate of change dV/dt, of order a. Then, ∂p/∂t is of order a^2, so we can neglect this term in the first approximation, and we have that dp dt ≈ dp_{leaving} dt ≈ 2ρagh_0 = F = mg − N + F_{tensile} ≈ ρg[AH + a(l − h_I )] − ρgA(H + h_T ) + F_{tensile}. (14) and hence, F_{tensile} ≈ ρg[2ah_0 + Ah_T − a(l − h_I )] ≈ ρgAh_T , (15) where F_{tensile} acts at (or near) the (imaginary) surface of the outlet of the siphon tube. For large enough h_T , the tensile strength of the fluid will not be sufficient to prevent a bubble forming at the top of the siphon tube, after which the siphon action will cease.

It is sometimes claimed that the limiting h_T is related by atmospheric pressure, ρgh_{T,max}^?= P_{atmosphere}. However, with care, siphons can operate with tube height larger than this supposed limit. This was demonstrated by Duane already in 1902 [7]. See also [8, 9].^3 Other papers on the physics of siphons include [19]-[37].

2.1 Can a Siphon Operate with its Outlet above the Fluid Level in the Reservoir? (Oct. 29, 2024)

We have argued that the column of fluid below the outlet of the siphon pulls downward on the fluid in the siphon. This suggests that it might be possible for a siphon to operate with its outlet above the level of the fluid in the reservoir, as sketched below.

In contrast, the usual argument the the flow velocity a the outlet is V = √ 2gh_O for h_O positive as in the figure on p. 1, suggests that there will be no flow for h_O as in the figure below.

In a simple experiment with a siphon from whose outlet a vertical stream of water could flow undisturbed downward for about 75 cm, the siphon ceased to flow when the outlet was raised to the level of the water in the reservoir.^4 The uncertainty in the crude height measurement was about 1 mm, so the tensile force on the water just outside the outlet due to the falling water below must be very small when h_O ≈ 0.

The water below the outlet of the siphon is approximately in “free fall”, where it is not plausible that a large internal tensile force exists. It seems that the tensile force in the water must drop from a significant nonzero value in the siphon tube near the outlet to near zero at a height of order √ a (i.e., of the radius of the outlet) below the outlet.

3A closely related phenomenon is that a column of liquid in a tube sealed at its upper end (barometer) can have height h, above a reservoir of the fluid, with ρgh > P_{atmosphere}, as perhaps first demonstrated by Donny in 1846 [10], who claimed that this was anticipated by Laplace. See also [11]-[18].

4The siphon flow did continue when the outlet was above the inlet, but below the upper surface of the water in the reservoir.

References

[1] A.F. Weinhold, Phyiskalische Demonstrationen (Quandt & Händel, Leipzig, 1881, 1905),

http://kirkmcd.princeton.edu/examples/mechanics/weinhold_81.pdf
http://kirkmcd.princeton.edu/examples/mechanics/weinhold_05.pdf

[2] R.S. Minor, Would a Siphon Flow in Vacuum? Experimental Answers, School. Sci.

Math. 14, 152 (1914), http://kirkmcd.princeton.edu/examples/fluids/minor_ssm_14_152_14.pdf

[3] S.W. Hughes, The Secret Siphon, Phys. Ed. 46, 298 (2011),

http://kirkmcd.princeton.edu/examples/fluids/hughes_pe_46_298_11.pdf

[4] S.W. Hughes and S. Gurung, Exploring the boundary between a siphon and barometer in a hypobaric chamber, Sci. Rep. 4, 4741 (2014),

http://kirkmcd.princeton.edu/examples/fluids/hughes_sr_4_4741_14.pdf

[5] S.W. Hughes, A practical example of a siphon at work, Phys. Ed. 45, 162 (2010),

http://kirkmcd.princeton.edu/examples/fluids/hughes_pe_45_162_10.pdf

[6] K.T. McDonald, “Hidden” Momentum in a Leaping Beaded Chain? (Aug. 19, 2013),

http://kirkmcd.princeton.edu/examples/chain.pdf

[7] W. Duane, On the Siphon, Science 15, 152 (1902). The experiment was done in Boulder, CO with a 70-cm siphon height of mercury, when the atmospheric pressure was 61 cm Hg. http://kirkmcd.princeton.edu/examples/fluids/duane_science_15_152_02.pdf

[8] A. Boatwright, S. Hughes and J. Barry, The height limit of a siphon, Sci. Rep. 5, 16790 (2015), http://kirkmcd.princeton.edu/examples/fluids/boatwright_sr_5_16790_15.pdf

[9] F. Vera et al., Negative Pressures and the First Water Siphon Taller than 10.33 Meters, PLOS One 11, e0153055 (2016),

http://kirkmcd.princeton.edu/examples/fluids/vera_plos1_11_e0153055_16.pdf

[10] F. Donny, Sur la cohésion des liquides, et sur leur adhérence aux corps solides, Ann.

Chim. Phys. 7, 167 (1846), http://kirkmcd.princeton.edu/examples/fluids/donny_acp_7_167_46.pdf

[11] M. Berthelot, Sur quelques phénomènes de dilatation forcée des liquides, Ann. Chim.

Phys. 30, 232 (1850), http://kirkmcd.princeton.edu/examples/fluids/berthelet_acp_30_232_50.pdf

[12] O. Reynolds, On the Internal Cohesion of Liquids and the Suspension of a Column of Mercury to a height more than double that of the Barometer, Mem. Manchester Lit. Phil. Soc. 7, 1 (1882), http://kirkmcd.princeton.edu/examples/fluids/reynolds_mlpsm_7_1_82.pdf

[13] A.M. Worthington, On the Mechanical Stretching of Liquids: an Experimental Determination of the Volume-Extensibility Ethyl-Alcohol, Phil. Trans. Roy. Soc. London A 183, 355 (1892), http://kirkmcd.princeton.edu/examples/fluids/worthington_ptrlsa_183_355_92.pdf

[14] H.H. Dixon, Note on the Tensile Strength of Water, Sci. Proc. Roy. Dublin Soc. 123, 60 (1909), http://kirkmcd.princeton.edu/examples/fluids/dixon_sprds_12_60_09.pdf

[15] R.S. Vincent and G.H. Simmonds, Examination of the Berthelot Method of Measuring Tension in Liquids, Proc. Phys. Soc. 55, 376 (1943),

http://kirkmcd.princeton.edu/examples/fluids/vincent_pps_55_376_43.pdf

[16] H.N.V. Temperley and L.G. Chambers, The Behaviour of Water under Hydrostatic Tension: I, Proc. Phys. Soc. 58, 420 (1946),

http://kirkmcd.princeton.edu/examples/fluids/temperley_pps_58_420_46.pdf

[17] L.J. Briggs, Limiting Negative Pressure of Water, J. Appl. Phys. 21, 721 (1950),

http://kirkmcd.princeton.edu/examples/fluids/briggs_jap_21_721_50.pdf

[18] D.H. Trevena, Marcelin Berthelot’s First Publication in 1850, on the Subjection of Liquids to Tension, Ann. Sci. 35, 45 (1978),

http://kirkmcd.princeton.edu/examples/fluids/trevena_as_35_45_78.pdf

[19] M.C. Nokes, The Siphon, School. Sci. Math. 29, 233 (1948),

http://kirkmcd.princeton.edu/examples/fluids/nokes_ssr_29_233_48.pdf

[20] E.C. Watson, The Invention of the Siphon, Am. J. Phys. 22, 390 (1954),

http://kirkmcd.princeton.edu/examples/fluids/watson_ajp_22_390_54.pdf

[21] A. Potter and F.H. Barnes, The siphon, Phys. Ed. 6, 362 (1971),

http://kirkmcd.princeton.edu/examples/fluids/potter_pe_6_362_71.pdf

[22] T.B. Greenslade Jr, A potpourri of siphons, Phys. Teach. 15, 777 (1977),

http://kirkmcd.princeton.edu/examples/fluids/greenslade_pt_15_425_77.pdf

[23] E.J. Ansaldo, On Bernoulli, Torricelli and the syphon, Phys. Teach. 20, 243 (1982),

http://kirkmcd.princeton.edu/examples/fluids/ansaldo_pt_20_243_82.pdf

[24] R.D. Edge, A Siphon Demonstration, Phys. Teach. 26, 114 (198).

http://kirkmcd.princeton.edu/examples/fluids/edge_pt_26_114_88.pdf

[25] H.S. Badeer and J.W. Hicks, Role of Viscous Resistance in Siphon Flow, Phys. Teach.

28, 558 (1990). Claims ρgh_{T,max} = p_{atmospheric}.

http://kirkmcd.princeton.edu/examples/fluids/badeer_pt_28_558_90.pdf

[26] R.E. Benenson, The Hyphenated Siphon, Phys. Teach. 29, 188 (1990),

http://kirkmcd.princeton.edu/examples/fluids/benenson_pt_29_188_91.pdf

[27] M. Gardner, Mysterious Siphon, Phys. Teach. 39, 561 (2001),

http://kirkmcd.princeton.edu/examples/fluids/gardner_pt_39_561_01.pdf

[28] S Ganci and V. Yegorenkov, Historical and pedagogical aspects of a humble instrument, Eur. J. Phys. 29, 421 (2008),

http://kirkmcd.princeton.edu/examples/fluids/ganci_ejp_29_421_08.pdf

[29] A. Boatwright, S. Puttick and P. Licence, Can a Siphon Work In Vacuo? J. Chem. Ed.

88, 1547 (2011), http://kirkmcd.princeton.edu/examples/fluids/boatwright_jce_88_1547_11.pdf

[30] T. Feder, Physicist uncovers dictionary error, Phys. Today 63(8), 28 (2010),

http://kirkmcd.princeton.edu/examples/fluids/feder_pt_63-8_28_10.pdf

[31] G. Planinšič and J. Sliško, The pulley analogy does not work for every siphon, Phys.

Ed. 45, 356 (2010), http://kirkmcd.princeton.edu/examples/fluids/planinsic_pe_45_356_10.pdf

[32] J.J. Ramette and R.W. Ramette,, Siphonic concepts examined: a carbon dioxide gas siphon and siphons in vacuum, Phys. Ed. 46, 412 (2011),

http://kirkmcd.princeton.edu/examples/fluids/ramette_pe_46_412_11.pdf

[33] A.C. Schmidt, Siphon uses atmospheric pressure, Phys. Today 64(4), 11 (2011),

http://kirkmcd.princeton.edu/examples/fluids/schmidt_pt_64-4_11_11.pdf

[34] J.W. Dooley; J. McNeill, Siphoning — a weighty topic, Phys. Today 64(8), 10 (2011),

http://kirkmcd.princeton.edu/examples/fluids/dooley_pt_64-8_10_11.pdf

[35] G. Davidson, Siphoning Off the Last Word, Phys. Today 64(11), 10 (2011),

http://kirkmcd.princeton.edu/examples/fluids/davidson_pt_64-11_10_11.pdf

[36] A. Richert and P.-M. Binder, Siphons, Revisited, Phys. Teach. 49, 78 (2011),

http://kirkmcd.princeton.edu/examples/fluids/binder_pt_49_78_11.pdf

[37] W.D. Jumper and B. Stanchev, Towards Explaining the Water Siphon, Phys. Teach.

52, 474 (2014), http://kirkmcd.princeton.edu/examples/fluids/jumper_pt_52_474_14.pdf