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THE NO-SLIP CONDITION OF FLUID DYNAMICS 

ABSTRACT. In many applications of physics, boundary conditions have an essential 
role. The purpose of this paper is to examine from both a historical and philosophical 
perspective one such boundary condition, namely, the no-slip condition of fluid dynamics. 
The historical perspective is based on the works of George Stokes and serves as the 
foundation for the philosophical perspective. It is seen that historically the acceptance of 
the no-slip condition was problematic. Philosophically, the no-slip condition is interesting 
since the use of the no-slip condition illustrates nicely the use of scientific models. But 
more importantly, both the use and justification of the no-slip condition illustrate clearly 
how theories can holistically approach the world through model construction. Further, 
since much of the debate over scientific realism occurs in the realm of models, a case is 
made that an understanding of the role of the no-slip condition has something to offer 
to this debate. 

1. INTRODUCTION 

In many applications of physics, boundary conditions have an essential 
role. Hence issues concerning the nature, origins, and justifications of 
boundary conditions are of interest to philosophers of science. The 
purpose of this paper is to examine from both a historical perspective 
and a philosophical perspective one such boundary condition, namely, 
the no-slip condition of fluid dynamics. The historical perspective is 
based mainly on the works of George Stokes (1819-1903) and serves 
as the foundation for the philosophical perspective. It will be seen that 
historically the acceptance of the no-slip condition was problematic. 

Philosophically, the no-slip condition is interesting for several rea- 
sons. For one, the use of the no-slip condition illustrates nicely the use 
of scientific models and idealizations. But more importantly, both the 
use and justification of the no-slip condition illustrate clearly how theo- 
ries can holistically approach the world through model construction. 
Further, since much of the recent debate over scientific realism occurs 
in the realm of models, an understanding of the role of the no-slip 
condition might have something to offer to the logic of this debate since 
the models of fluid dynamics are macroscopic. It is better to test modes 
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of argumentation used in supporting realistic or antirealistic interpreta- 
tions on macroscopic models (where our ontological senses are more 
at home) not microscopic. 

Before beginning the historical perspective, a few comments about 
my use of the term ‘model’. By ‘model’, I mean a structuring of the 
situation (actual or hypothetical) so that a theory can be applied. One 
might specify a model by setting forth entities with various properties, 
boundary conditions, and initial conditions. This use of the term ‘model’ 
can be formalized in a set-theoretical way as has been done by such 
‘structuralistic’ philosophers of science as Sneed (1971), Stegmtiller 
(1976), Leinfellner (1974), and Moulines (1975). Other senses of the 
term ‘model’ are also found in the literature (see Hesse 1967); for 
example, models are sometimes taken as physical replicas, interpreta- 
tions of formal systems, or useful but incorrect theories. However, 
taking a model as a structuring of the situation for theory application 
is a traditional sense which is current in philosophical discussions. 

2. HISTORICAL PERSPECTIVE 

In fluid dynamics, the Navier-Stokes equation along with the continuity 
equation are the fundamental or governing equations of motion for 
viscous fluids.’ For an incompressible fluid of constant viscosity, the 
Navier-Stokes equation is 

(1) p E+(VV)V 1 = -VP+pV’V+B, 

and the continuity equation is 

(2) v*v=o. 

Here p is the density and p is the viscosity of the fluid. B is the body 
force (e.g., gravity) per unit volume acting on the fluid. P and V are 
the pressure and velocity of the fluid, respectively, and are functions 
of position and time r. Equations (1) and (2) form a complete set of four 
equations in four unknown: the pressure P and the three components of 
the velocity V. 

However, one can not immediately apply these equations to a parti- 
cular situation. The situation must be structured in various ways, i.e., 
a model must be constructed. Typically boundary conditions, among 
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other things, are set forth. In setting forth a boundary condition, one 
specifies both the boundary and the condition that holds at the boun- 
dary. For example, treating a drumhead as rigidly fixed to a perfectly 
circular rim is a boundary condition found among the applications of 
the theory of two-dimensional waves. Idealizations can occur in both 
the specification of the boundary (e.g. perfectly circular rim) and the 
condition (e.g., rigidly fixed). 

A common type of idealized boundary found in the applications of 
fluid dynamics is the impermeable wall. The overall boundary condition 
for viscous fluids at such a wall is that there be no relative motion 
between the wall and the fluid immediately in contact with the wall. 
Conceptually, this condition can be analyzed into two conditions: there 
is to be no perpendicular motion nor tangential motion of the fluid 
relative to the wall. The condition requiring no perpendicular motion 
is often called the impermeability condition. The condition requiring 
no tangential motion is called the no-slip condition. 

In order to develop a historical perspective to the formulation and 
acceptance of the no-slip condition, consider possible ways of justifying 
the no-slip condition. At least four come to mind: (1) experiments 
involving the direct variation of the physical surface, (2) comparisons 
between experiments and theoretical solutions to simple fluid flow prob- 
lems that use the no-slip condition in conjunction with the Navier- 
Stokes and continuity equations, (3) observations of fluids near solid 
surfaces, and (4) arguments appealing to the interactions, possibly 
microscopic, between fluids and solids.* Note that justifications of the 
first, third, and fourth types do not depend on the acceptance of a 
theory of fluid flow, whereas justifications of the second type do. 

Historically, all four types have been used to justify, at least partially, 
the no-slip condition. An example of the first type is given by Stokes 
(1880, pp. 157-87) in his 1846 paper ‘Report on Recent Researches 
in Hydrodynamics’. While reviewing various positions taken on the 
condition which is to exist between a fluid and solid surface, Stokes 
refers to an experiment by Coulomb. 

Coulomb found that when a metallic disc was made to oscillate very slowly in water 
about an axis passing through its centre and perpendicular to its plane. the resistance 
was not altered when the disc was smeared with grease; and even when the grease was 
covered with powdered sandstone the resistance was hardly increased. This is just what 

one would expect on the supposition that the water close to the disc is carried along with 
it, since in that case the resistance must depend on the internal friction of the fluid; but 
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the result appears very extraordinary on the supposition that the fluid in contact with the 

disc flows past it with a finite velocity. It should be observed, however, that this result 
is compatible with the supposition that a thin film of fluid remains adhering to the disc. 
(Stokes, 1880, p. 185) 

Clearly this experiment partially justifies the no-slip condition. 
The other three types of justification are used by Stokes (1901, pp. 

1-147) in his 1850 paper ‘On the Effect of the Internal Friction of 
Fluids on the Motion of Pendulums’. Here Stokes uses the no-slip 
condition in conjunction with the Navier-Stokes and continuity equa- 
tions to obtain theoretical results concerning the motion of pendulums 
through viscous fluids. He compares the theoretical results with experi- 
mental results for pendulums of differing size, shape (e.g., spherical or 
cylindrical), and composition (e.g., brass or copper) moving through 
different fluids (generally air or water). His overall justification for 
the no-slip condition appears to be the ‘highly satisfactory’ agreement 
between theoretical results and experimental results. 

I shall assume, therefore, as the conditions to be satisfied at the boundaries of the fluid, 
that the velocity of a fluid particle shall be the same, both in magnitude and direction, 

as that of the solid particle with which it is in contact. The agreement of the results thus 
obtained with observation will presently appear to be highly satisfactory. (Stokes 1901, 

P.15) 

This overall justification illustrates the second type of justification of 
the no-slip condition. 

Stokes also uses at least implicitly a justification of the third type 
when he refers to “a remarkable experiment of Sir James South’s”. 

When a pendulum is in motion, one would naturally have supposed that the air near the 

moving body glided past the surface, or the surface past it, which comes to the same 
thing if the relative motion only be considered, with a velocity comparable with the 

absolute velocity of the surface itself. But on attaching a piece of gold leaf to the bottom 
of a pendulum, so as to stick out in a direction perpendicular to the surface, and then 
setting the pendulum in motion. Sir James South found that the gold leaf retained its 

perpendicular position just as if the pendulum had been at rest; and it was not till the 
gold leaf carried by the pendulum had been removed to some distance from the surface 
that it began to lag behind. This experiment shews clearly the existence of a tangential 
action between the pendulum and the air, and between one layer of air and another. 

(Stokes 1901, p.7) 

As an example of the fourth type of justification of the no-slip con- 
dition, Stokes (1901, pp. 14-15) sets forth a plausibility argument 
against the position that a fluid in contact with a solid surface can flow 
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past it with a finite velocity. He argues that such a position implies that 
the solid is “infinitely smoother with respect to its action on the fluid 
than the fluid with respect to its action on itself”. Stokes finds such an 
implication exceedingly improbable. 

The boundary condition which exists between a fluid and solid is 
required for most applications of viscous fluid flow. However, the above 
should not be taken as implying that it is easy to determine what this 
condition should be. For example, in 1845 Stokes (1880, pp. 92-99) 
formulates the fundamental equations of motion for viscous fluids (i.e., 
the Navier-Stokes and continuity equations), and considers the no-slip 
condition. But he rejects the condition except possibly for small fluid 
velocities, on the basis of the lack of agreement between calculated 
results and experiments performed by Bossut and Dubuat. Stokes even 
sets forth a relationship between the tangential force of a fluid on a 
solid surface and the supposed velocity of the fluid relative to the 
surface. 

I have said that when the velocity is not very small the tangential force called into action 

by the sliding of water over the inner surface of a pipe varies nearly as the square of the 
velocity. (Stokes 1880, p.98) 

However by the time of his 1850 paper, Stokes appears to have accepted 
the general validity of the no-slip condition at least for small and 
intermediate fluid velocities. 

Even if Stokes accepted a more general no-slip condition by 1850, 
others did not. For example, in 1879 Horace Lamb (1879, p. 222) in 
his first edition of his classic treatise on hydrodynamics rejects the no- 
slip condition for many ordinary cases of fluid flow. Lamb supports this 
position by appealing to experiments performed by Helmholtz and 
Piotrowski. Lamb takes the work of Stokes as showing that the no-slip 
condition holds for slowly vibrating bodies in air. But in his second 
edition of 1895, Lamb (1895, p. 514, pp. 521-522) accepts the no-slip 
condition as probable in all ordinary cases of fluid flow. 

A more difficult question arises as to the state of things at the surface of contact with a 

solid. It appears plausible that in all ordinary cases there is no motion, relative to the 

solid, of the fluid immediately in contact with it. (Lamb 1895, p. 514) 

In support of this new position, he refers to the recent experiments 
given by Whetham (1890) in his 1890 paper, ‘On the Alleged Slipping 
at the Boundary of a Liquid in Motion’. Whetham and Lamb took 
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these experiments as confirming a more general no-slip condition and 
as invalidating the experiments of Helmholtz and Piotrowski at least 
with respect to the no-slip condition. 

3. PHILOSOPHICAL PERSPECTIVE 

With this historical perspective in mind, one may feel content that 
even though the boundary condition between a fluid and solid is not 
easy to determine, one at least knows what to do - specify what is 
going on at the boundary. There is some truth here but it is not the 
full story. For example, if an actual fluid is represented as an ideal fluid 
( i.e., having no viscosity), then the no-slip condition is in general 
rejected (see Landau and Lifshitz 1959, p. 50). This is because for an 
ideal fluid, Euler’s equation replaces the Navier-Stokes equation in the 
fundamental or governing equations of motion. Euler’s equation is 
Equation (1) with the viscosity equal to zero. In general, the no- 
slip condition over-determines a fluid flow problem which uses Euler’s 
equation so that no solution to the problem exists. Hence, the no-slip 
condition normally holds for the theory of viscous fluids (see Note 2 
for some exceptions), but not for the theory of ideal fluids. This point 
should not be taken as supporting antirealism in any strong sense, but 
only as showing that a simple realism with respect to model construction 
is untenable. Constructing a model (i.e., a structuring of a situation for 
theory application) can be intimately related to the level of representa- 
tion of the associated theory. 

At this point, it should be apparent that the use of the no-slip 
condition illustrates how theories can holistically approach the world 
through model construction. To determine the condition that is to hold 
between a fluid and solid boundary, one can not simply look at the 
boundary. The boundary condition and the theory of fluid flow are 
joined together. Further, the justification of the no-slip illustrates an- 
other way theories can holistically approach the world through model 
construction. Even given that the no-slip condition receives partial 
justification from other sources, say experiments involving the direct 
variation of the physical surface, the successful application of the no- 
slip condition (i.e., justifications of the second type) appears essential 
for a satisfactory justification. The justification for using the no-slip 
condition in model construction is holistically connected with the theory 
for which models are being constructed. Looking back, it appears that 
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the acceptance of a more general no-slip condition was prolonged be- 
cause of experimental shortcomings, not because of a lack of the ‘appro- 
priate’ theoretical solutions to fluid flow problems. 

At this point, I would like to consider some of the issues involved in 
the current debates over scientific realism. In particular, it will prove 
instructive to consider the views on the construction of models set forth 
by Nancy Cartwright (1983) in her book, HOW the Laws of Physics Lie. 
This is because it is in the realm of model construction that she attempts 
to make a strong case for her antirealism about the theoretical laws of 
physics. Consider the following two passages from her book. 

explanations in physics generally begin with a model. Which model is the right one? 
Each has certain advantages and disadvantages. For different purposes, different 

models with different incompatible laws are best, and there is no single model which just 
suits the circumstances. The facts of the situation do not pick out one right model to use. 

(Cartwright 1983, pp. 103-104.) 

At the first stage of theory entry we prepare the description: we present the phenomenon 
in a way that will bring it into the theory. This first stage of theory entry is informal. 

There may be better and worse attempts, and a good deal of practical wisdom helps, but 
no principles of the theory tell us how we are to prepare the description. . The check 

on correctness at this stage is not how well we have represented in the theory the facts 
we know outside the theory. but only how successful the ultimate mathematical treatment 

will be. (Cartwright 1983, pp. 133-134) 

Clearly the use and justification of the no-slip condition support what 
Cartwright says here. In structuring a typical situation for an application 
of the theory of viscous fluids (i.e., constructing a model) one uses the 
no-slip condition at solid boundaries. Whereas in structuring the same 
situation for an application of the theory of ideal fluids, one rejects the 
no-slip condition. It appears that “the facts of the situation do not pick 
out one right model to use”. Furthermore, a case has been made for 
the position that the justification for using or not using the no-slip 
condition in model construction is based largely on “how successful the 
ultimate mathematical treatment will be”. 

However, the example of the no-slip condition need not be taken as 
supporting a strong antirealism with respect to either model construc- 
tion or theoretical laws. As a matter of fact, the example might be 
taken as supporting a moderate version of scientific realism of the type 
defended by Ernan McMullin (1985) in his paper ‘Galilean Idealiza- 
tion’. A realist might argue that on a reasonable construal of ‘the facts 
of the situation’, the no-slip condition is picked out as the largely 
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correct (and largely representational) boundary condition for fluid dy- 
namics since the no-slip condition is the boundary condition which is 
successfully used in applying the theory which is representationally 
more complete (i.e., the theory of viscous fluids). 

But how do we know that the theory of viscous fluids is representa- 
tionally more complete than the theory of ideal fluids? Just showing 
that the governing equation of ideal fluids (i.e., Euler’s equation) can 
be obtained as a special case from the governing equation of viscous 
fluids (i.e., Navier-Stokes equation) by setting the viscosity equal to 
zero will not do. This shows at most that the theory of viscous fluids is 
mathematically more complete, not representationally more complete. 

A realist can make various moves at this point. He may appeal to 
microscopic theories. For example, a fluid might be treated as consisting 
of interacting particles governed by the laws of classical mechanics. 
Macroscopic concepts (e.g., pressure, fluid velocity, viscosity) are as- 
sociated/identified with concepts in the microscopic theory, and the laws 
governing viscous fluids and ideal fluids are shown to be consequences in 
some sense of the microscopic theory. In other words, the theories of 
viscous fluids and ideal fluids are reduced to the microscopic theory. 
Now within the context of this reduction, the realist would then argue 
that the theory of viscous fluids is representationally more complete 
than the theory of ideal fluids. Such an approach is attractive. It not 
only attributes an underlying causal mechanism used in other areas of 
physical investigation, but it provides a means of accounting for the 
instrumental success and failure of the macroscopic theories. Further- 
more, the behavior of fluid particles near solid boundaries can be 
theoretically investigated, and domains of validity and limitations to 
the no-slip condition can be found (see Note 2). However, this approach 
is unattractive since it immediately raises the issue of the representa- 
tional completeness of the microscopic theory, and hence whether this 
approach begs the question. 

However, the realist can make a case for his position without an 
appeal to microscopic theories. For one, the theory of viscous fluids 
along with the no-slip condition can account for the instrumental success 
and failure of the theory of ideal fluids along with its rejection of the 
no-slip condition. Crucial to this account is an understanding of boun- 
dary layers (see Landau and Lifshitz 1959, Chap. 4). Secondly, in many 
applications the theory of viscous fluids is used in conjunction with the 
theory of ideal fluids. Here the theory of viscous fluids is used near 



THE NO-SLIP CONDITION OF FLUID DYNAMICS 293 

solid boundaries and the theory of ideal fluids is used elsewhere. 
Thirdly, when the idealization of zero viscosity is removed from the 
theory of ideal fluids not only is there a change in a governing equation 
of fluid flow but there is also a drastic change in the boundary condition 
used for model construction. However, this change from the rejection 
of the no-slip condition to its acceptance in typical situations is a natural 
extension of the total boundary condition associated with solid bound- 
aries. But more importantly the no-slip condition (a tangential con- 
dition), which proves instrumentally successfully, is also suggested by 
the introduction of the viscosity into the analysis of fluid flow since 
viscosity is related to shearing or tangential forces which arise from 
velocity gradients. As a matter of fact, in 1845 Stokes (1880, p. 96) 
says that the no-slip condition ‘first occurred’ to him because of such 
considerations (suggestions). How is one to explain these things? A 
natural explanation for a realist is that the theory of viscous fluids is 
representationally more complete than the theory of ideal fluids. 

Such modes of argumentation are common among scientific realists.3 
Consider the following passage by McMullin concerning the realistic 
explanation of the fertility (suggestivity) of theoretical models. 

When hydrogen is subjected to a strong magnetic field, the spectral lines tend to split, 
an effect discovered in 1897 by Zeeman. For more than ten years attempts were made 

to explain this effect by means of the Bohr model. Finally, in 1926 the metaphor of 

electron spin suggested a way out of the difficulty. The model operated here not as a 
starting-point for strict inference but as a source of suggestion. 

This kind of metaphoric extension of features left originally unspecified or only partially 
specified seems to operate within almost every successful theoretical research program. 
What makes it heuristically sensible to proceed in this way is the belief that the original 

model does give a relatively good fit to the real structure of the explanandum object. 
Without such a fit, there would be no reason for the model to exhibit this sort of fertility. 

This gives perhaps the strongest grounds for the thesis of scientific realism. (McMulhn 
1985, p. 264) 

Now I want to ask the question what does an understanding of the role 
of the no-slip condition in fluid dynamics (as well as the relations 
between the theory of viscous fluids and theory of ideal fluids) have to 
offer to the current debate over scientific realism. A possible answer is 
that it has little, if any, since fluid dynamics and its associated models 
are macroscopic not microscopic. The debate over scientific realism is 
a debate about the ontological status of entities, states, and processes 
described by ‘correct’ microtheories (e.g., electrons). But this answer, 
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I believe, is too hasty since the macroscopic domain of fluid mechanics 
(where our ontological senses are more at home) can serve as a testing 
ground for modes of argumentation used in supporting realistic or 
antirealistic interpretations of microscopic domains. Surely the entities, 
states, and processes of fluid dynamics exist in much the same sense as 
persons and their states and processes. Surely the theory of viscous 
fluids is representationally more complete than the theory of ideal 
fluids. 

With this in mind, we see that a mode of argumentation for a strong 
antirealism based solely on the use of incompatible models is unsound 
since such argumentation leads to incorrect conclusions when applied 
to fluid dynamics and its models. For example, such a mode of argumen- 
tation leads to the conclusion that the theory of viscous fluids should 
not be viewed as a theory representing actual entities, states, and 
processes. Modes of argumentation like McMullin’s for scientific real- 
ism receive support since they lead to correct conclusions. For example, 
they lead to the correct conclusion that the theory of viscous fluids is 
representationally more complete than the theory of ideal fluids. Also, 
one sees how to make a case against scientific realism in a microscopic 
domain. Simply show that incompatible, fertile theories and their as- 
sociated models are instrumentally successful but no one theory and its 
associated models can account for the instrumental successes and fail- 
ures of the others. Not surprisingly, arguments against scientific realism 
often appeal to quantum mechanics. 

In conclusion, I would like to make a few brief remarks concerning 
McMullin’s view that fertility (suggestivity that leads to instrumental 
success) of models gives “the strongest grounds for the thesis of scien- 
tific realism”. I believe that McMullin has something here. However in 
the case of the no-slip condition, it is not so much the model (i.e., a 
structuring of the situation for theory application) but the theory (i.e., 
the concept of viscosity and the dynamical laws) which exhibits the 
fertility by suggesting the instrumentally successful no-slip condition. 
Hence, even if Cartwright is correct in saying that “no principles of 
theory tell us how we are to prepare the description” for the first stage 
of theory entry (i.e., constructing a model), the theory can still suggest 
how to prepare the description. Also, with the distinction between 
theory realism and entity realism in mind, one might contend that a 
case for theory realism (successful representation) can be made by 
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showing that a theory exhibits fertility with respect to its model con- 
struction while accounting for the instrumental successes and failures 
of other theories.4 This mode of argumentation leads, at least, to a 
correct conclusion with respect to the macroscopic domain of fluid 
dynamics and the no-slip condition. The theory of viscous fluids is 
representationally more complete than the theory of ideal fluids. 

NOTES 

* For helpful comments and discussions, I thank Martin J. Klein, Robert J. Hardy, and 
John H. Heffner. I am indebted to the National Endowment for the Humanities for 

partial support. Much of the research for this paper was done during Klein’s NEH 
seminar ‘Physicists in Historical Context’, 1986. 
r See Batchelor (1967. pp. 147-149) for the Navier-Stokes equation as well as a discussion 

of the no-slip condition. Also when thermal effects are important, an additional equation 
must be added to the continuity equation and the Navier-Stokes equation. This equation 

accounts for energy transfers due to thermal gradients (i.e., heat). See Landau and 
Lifshitz (1959. pp. 183-188). 

’ Justifications, as well as limitations, of the no-slip condition involving kinetic theory (a 
microscopic approach) and more recently involving computerized, numerical simulations 

of atomic motions have been set forth. For example, see Khurana (1988) for simulations 

which showed that for Poiseuille flow “the no-slip boundary condition is a natural outcome 

of the interaction between the molecules of the solid and the fluid”. However, simulations 
for a two-fluid system showed that the no-slip condition breaks down at the contact 

line of the two fluids and the solid surface. Such simulated behavior is consistent with 
observations. Also for example, taking a kinetic theory approach, Kramers and Kiste- 
maker (1943) show that the no-slip condition breaks down for a gas mixture with a 

concentration gradient parallel to the solid surface. 

3 For other types of argumentation for and against scientific realism see Boyd (1983). 
’ For a discussion of theory realism and entity realism see Hacking (1983. pp. 27-31). 
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