Use of a Mariotte bottle for the experimental study of the transition
from laminar to turbulent flow
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A Mariotte bottle is a device that provides a constant effusion velocity for liquids. We discuss a
Mariotte bottle that has been designed to study the flow regime and the transition from laminar to
turbulent flow. Several straight, smooth, circular glass tubes with different lengths and sections were
inserted into the lower part of the bottle so that the rate of flow could be measured in very different
experimental conditions by using a precision balance. Reynolds numbers in the intervalR014
<6098 were obtained, showing that the flow regime is laminaiRfer3000. There is a transition

in the flow regime forR in the interval 3000—4000 and a turbulent flow regime for higRer
Because the device is very simple and the results obtained are very clear and exemplary, we
recommend using this device as a laboratory experiment for physics or engineering students who
require a knowledge of fluid mechanics. @02 American Association of Physics Teachers.
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[. INTRODUCTION were then determined and compared with the theoretical val-
ues calculated by means of the formulas for laminar and

Although the theory of laminar flow is well developed and turbulent flows. . o
many solutions are knowt? there is no theoretical analysis _ The use of glass tubes of different but similar lengths and
or computer solution that can simulate the small scale randiameters allowed us to check that the transition from lami-
dom fluctuations of turbulent flow. Thus, the theory for tur- Nar to turbulent flow is independent of these parameters, and
bulent flow is semiempirical and is based on dimensionafepends, for a given materiglasg and liquid(wate, only
analysis and physical reasoning that permits us only to evalln the Reynolds number.
ate the average properties and the variance of the fluctua-
tions. Nevertheless, the theory of turbulent flow is surpris-

|ng|y effective. Il. THEORY
It is of much practical interest for engineers and physicists
to have prior knowledge of the flow reginiaminar or tur- Bernoulli's law for the viscous flow of a liquid between

buleny that will govern the movement of a fluid. In 1883, two pointsi andj of a tube takes the following form:
Osborne Reynolds demonstrated that the nature of the flow ) )
Pi Ui

regime depends on the value of a certain dimensionless pa- Pi % v ﬂ+ U_JJr _
rameter that represents the ratio between the inertial force \p 2 9Yi p 2 9]
and the viscosity.This parameteR, known as the Reynolds

number, has been widely used. It has been experimentall
demonstrated that for the flow of fluids through circular

tubes, there is a critical value & of approximately 2300 i
that marks the transition from one flow regime to another. head along the current tube, that is, the energy loss due to the

To analyze the transition regime from laminar to turbulentincrease of the specific internal energy of the liquid and the

flow, we have used a Mariotte bottle that we designed an@efétdfg'g%tsg' Eq.(1) to the configuration schematically
constructed. A Manotte_ bottle_ IS a de_vlce_ that prowdes_ %hown in Fig. 1, where, besides the characteristic dimensions
constant effusion velocity for liquids. Historically, the Mari-

otte bottle was frequently used in the 19th century in oiIOf the containe, the length and the diameteD of the
quently us . y horizontal tube are shown, as well as the distambetween
lamps for domestic illuminatiofi.It consists of a closed

bottle whose cover is crossed by a vertical tube. To achieve the lower end of the vertical tube and the horizontal tube and

: . fhe three characteristic points 0, 1, and 2. Bernoulli’'s law for
constant effusion velocity, the lower end of the bottle mustpoints 1 and 2 of Fig. 1 has the following forfwith v
be constantly submerged in the liquid that fills the bottle. 0 agdp —p (atmospheri% pressuie 1

27 Ma

In this work we have inserted several straight, smooth, Y2~ Y Yi=ya=
circular glass tubes with different lengths and diametersina p;—p,
hole in the lower part of the bottle’s wall, and have investi-
gated the flow regime of water by means of simple flow rate
measurements. The velocity of the liquid that pours out ofwhereH, is the loss of head for the liquid flow from point 1
the tube versus the distance between the lower end of the 2, andH, is the loss of head for the liquid intake and the
vertical tube and the level of the horizontal tube was deterfiquid outlet in the horizontal tubépoints 1 and 2, respec-
mined for each tube. The experimental Reynolds numbertvely).

=H, @

here p is the pressurey is the velocity of the flowing
quid, y is the height with respect to an arbitrary reference
level, g is the acceleration of gravity, arid is the loss of

=H_.+H,, @)
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» following relation can be found:
43 (2.7&)1/4D5/4)09/4+ (0.316’]1/4L)02_ (Zghpl/4D5/4)vll4: 0.
(8)
ﬁ 5 Both Egs.(6) and(8) can be expressed in the form:

|

|

|

|

|

|

f—— 27.4cm —,

E 1 By carrying out the same steps as in the previous case, the

F(p,n,L,D,v,h)=0. (9

6 Given thatp and » depend only on the liquidwaten and the
laboratory temperaturé20 °C), we takep= 10> kg m~3 and
7=1.002x10 % kgm *s ! Once a particular tube is in-
serted in the hole of the Mariotte bottle, the values of the

57.5 cm —t U E

length L and the diameteD are fixed, and Eq(9) can be
H written as:

|

|

|

|

T i F(v,h)=0. (10)

] Equation(10) shows that for each value bf there is a value
of the effusion velocity that satisfied==0.

Fig. 1. Experimental assembly, characteristic dimensions of the container, For laminar flow, Eq(lO) takes the foIIowmg form:

and details of the lid, where each of the polypropylene tubes can be screwed g2+ by +ch= 0, (11
and unscrewed.

wherea, b, andc are constants. Therefore, the evaluation is
reduced to the solution of a quadratic equation.

AlthoughH, depends on the flow regimé&minar or tur- For turbulent flow, Eq(10) has the form:

bulend, a variety of experimental data suggest tit is a'v¥+b'v2-c'hv=0, (12)
independent of the flow regime. Most authors use the follow
ing law for both points Xintake and 2(outley:

2

‘wherea’, b’, andc’ are constants. In this case the evalua-
tion is more complex and requires, in general, the use of

v numerical methods to determine the valuevahat satisfies
Hi=K PR ©) Eq. (12) for a particular value oh.
whereK is a constant known as the friction coefficient. We
have used the commonly accepted value& ef0.78 in the IIl. DESIGN OF THE MARIOTTE BOTTLE AND
intake andk =1 in the outle™’ SELECTION OF TUBES

On the other hand, Bernoulli's law for points 0 and 1 of a 1 gesign and construct a useful Mariotte bottle, a con-

streamline, taking into account th%—y1.=h, Po=Pas H  tainer of large dimensions (lengtb4.3 cm,diameter
=0, and thaw ~0, can be expressed as: =26.2 cm) was chosen and a hole was opened in the lower

Pa—P; 02 part of the wall(see Fig. 1 Several straight, smooth, and
- 7+gh=0. (4) circular tubes of glass were inserted in the hole in order to
empty it.
A. Laminar flow The container lid was perforated and two tightening joints

. (named 2 and 3 in Fig.)lwere pasted on it, carefully cen-
We next evaluate the terid of Eq. (2), which depends  tering them in the hole. A wide nut was inserted in the lower
on the flow regime. For laminar flow{, is easily obtained joint (named 4 and to attach it to the lid, a spigttamed 1

from the Hagen—Poisseuille law: was screwed on it. The spigot is hollow so that it permits air
64\ L v2 intake and outlet. Finally, a long polypropylene tube was cut
H. = (5)5 - (5)  in sections of lengths of 5-40 cm in order to insert the tubes

in different spigots(see 5 and 6 in Fig.)1 This assembly

whereR=pDuv/ 7 is the Reynolds number, anglis the lig-  Permitted us to select the desired distahdey screwing the

uid viscosity. suitable polypropylene section onto the nut. Moreover, this
By substituting Egs(5) and (3) in Eq. (2) and combining assembly allowed the hermetic sealing of the container and

Egs.(2) and(4) to eliminate the common ternp{—p.)/p, the correct functioning of the Mariotte bottle.
wg o(bt)ain: @ (= Pa)/p Three glass tubes were selected with different and similar

lengths and diametefsee Table)lto investigate if the. and

2.7D2%pv?+64L nu —2ghD?p=0. (6)

B. Turbulent flow Table I. Lengths and diameters of the three glass tubes used to empty the
container.
In this case the loss of he&t] can be evaluated by means .
of the empirical formula of Blasiu%,which is valid for Tube Length(cm) Diameter(mm)
smooth tubes and Reynolds numbers up t& 10 1 29.3+ 0.1 2 42-0.05
0.158_U2 2 56.7-0.1 3.96+-0.03
HL:WT- 7) 3 50.5-0.1 5.36-0.03
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Fig. 2. Volume poured out vs the time for tube 2 and the following distance

h: () 20 cm,(A) 15 cm,(®) 10 cm,(H) 5 cm.
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Fig. 4. Tube 2: experimental data for the effusion veloeitys the distance
h () and theoretical data for the lamin@olid line) and turbulen{dotted

Sline) flows.

Equationg11) and(12) were used to obtain the theoretical

D values of each tube influenced the transition from Iaminar;:urves for the effusion velocity versus the distanck for

to turbulent flow.

V. RESULTS AND DISCUSSION

laminar and turbulent flows, respectively. As was discussed
in Sec. lll, the determination af for laminar flow involves

the solution of a second-order equation. For turbulent flow,
we used a graphical method and plotted the left-hand side of

Some experiments were carried out to evaluate the effuEq. (12) versusv. Given a particular value di, the desired

sion velocityv versus the distande The liquid of the con-

velocity v is the one that crosses the abscissa. The use of a

tainer was poured out by means of one of the three glassommercial progranpeRIVE, facilitated this solution.

tubes into a precipitate glass with a capacity of 600 ml,

which was placed on an electronic balarisee Fig. 1. The

Figures 3, 4, and 5 show the experimental and theoretical
data for the effusion velocity versus the distanch for

balance had a precision of 0.1 g. The volume poured oufubes 1, 2, and 3, respectively. Figure 3 shows effusion ve-
versus the time was evaluated by using a chronometer and lyycities from 0.42 to 1.23 m/s an® values from 1014 to

knowing the water density at 20 °C to be 1 g¢iFigure 2
shows the volumé&/ poured out versus the tirmtefor tube 2
and different distancels. The linear dependence dfvst is

2970. We see that there is excellent agreement between the
theoretical data for laminar flow and the experimental data.
Figure 4 shows effusion velocities from 0.28 to 1.02 m/s

a result of the constant effusion velocity and is a demonstraand R values from 1098 to 4031. We found a reasonable fit
tion of the correct functioning of the Mariotte bottle. Similar between the theoretical data for laminar flow and the experi-

curves were obtained for tubes 1 and 3.

mental data foR values up to 3000. For the larger values of

Next, the rate of flow], , was evaluated for each tube and R, neither the laminar nor turbulent theories are in agreement

distanceh from the slope of thé/(t) curve. The linear de-
pendence of the experimentd(t) curves made the evalua-

with the experimental data.
Finally, Fig. 5 shows effusion velocities from 0.41 to 1.14

tion method easy and unambiguous. Finally, by using thaf/S @ndR values from 2193 to 6098. We found that the
|, =Av, whereA is the tube cross section, the experimentaltheoret'cal data for laminar flow provided a reasonable fit

values for the effusion velocity were obtained.
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Fig. 3. Tube 1: experimental data for the effusion veloeitys the distance
h (M) and theoretical data for the laminar flasolid line).
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with the two lower experimental values of that is, forR up
to 3263. There also is an intermediate value)dD.74 m/s
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Fig. 5. Tube 3: experimental data for the effusion veloeitys the distance
h (@) theoretical data for the laminar and turbulent flows.
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that is not in agreement with both theories. IR 4407, we  the design of a useful laboratory experiment that provides
found that the theoretical data for the turbulent flow are inexperimental evidence of the transition from laminar to tur-
agreement with the experimental data. bulent flow.

We conclude that the flow regime for the flow of a liquid Because the device is very simple and the results obtained
(watep through straight, smooth, and circular glass tubesare clear and unambiguous, we recommend this device for

with different but similar lengths and diameters is laminaryse as a laboratory experiment for students of fluid mechan-
for R values up to approximately 3000 and turbulent for jes.

above approximately 4400; there is an intermediate and

broad interval ofR values (from 3000 to approximately

4400 in which a transition of the flow regime takes place. agjectronic mail: jamaroto@ujaen.es

To evaluate the validity of our results, we note that the bpresent address: APCAR, Avda de Barcelona s/n, 23200 La Carolina,
commonly accepte® value of 2300 marks the change of Jjam, Spain.
regime for the flow of fluids through circular tubes, but also 'H. Schlichting, Boundary Layer Theory6th ed. (McGraw—Hill, New
that this critical value increases for smooth tubés. York, 1968. _ _

Finally, let us make it clear that the change of regime does " M- White, Viscous Fluid Flow(McGraw—Hill, New York, 1974. _
not depend on the effusion velociw but on the Reynolds O. Rey_nolds, An experlmental investigation of thg cwcums_tances which
numberR. For example for tube 1 the flow is laminar for an determine Whe_ther the_ motion of water sha"II be_ direct or sinuous and of

. . ’ . the law of resistance in parallel channels,” Philos. Trans. R. 384,
effusion velocity of 1.2 m/s, and for tube 2 the flow is not 935-982(1883.

laminar for an effusion velocity of 0.77 m(see Figs. 4 and 4y Fernmdez de fgares,Manual de Fsica y Nociones de Omica

5)- (Liberia de la Séora Viuda e Hijos de Zamora, Granada, 1873
5R. W. Fox and A. T. McDonaldlntroduction to Fluid MechanicgWiley,
V. SUMMARY New York, 1973.

) ) F. M. White, Fluid Mechanics(McGraw—Hill, New York, 1979.
The use of a Mariotte bottle to empty a container by ?v. L. Streeter and E. B. WylieFluid Mechanics(McGraw—Hill, New
means of straight, smooth, circular glass tubes has permittedvrork, 1986.
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Manometric Flame Apparatus. Gas flows into the manometric capsule at the top left and burns in a small flame. The supply of gas to the flame is modulated
by acoustic signals impinging on the membrane in the middle of the capsule, causing the height of the flame to oscillate up and down. The osdiltations of t
flame are observed in the rotating mirror. This apparatus, invented by Rudolph Koenig of Paris in 1862, allowed the wave shape of a musical sound to be
observed, and was the nineteenth century equivalent of a microphone-oscilloscope combination. This illustration is frorRi@aitst'sa. 1875(Notes by
Thomas B. Greenslade, Jr., Kenyon College
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