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Preface

Cameron Tropea

John Foss

Alexander Yarin

The purpose of this Springer Handbook is to provide comprehensive support to the
experimental fluid mechanics community, for planning, executing, and interpreting
experiments. This purpose is addressed by organizing the handbook into four parts:
Part A (Chaps. 1 and 2) addresses the motivation for experiments and the equations
that build the foundations for experimental work; Part B (Chaps. 3–8) examines the
measurement of, and measurement techniques used for, all primary quantities appearing
explicitly in the governing equations; Part C (Chaps. 9–21) presents topics related to
a specific application area or technique and; Part D (Chaps. 22–25) is meant to serve
as a reference in questions regarding signal and data acquisition and processing.

Experimental fluid mechanics comprises a very large number of topics and special
application areas and in undertaking such a handbook project a selection must necessar-
ily be made. In making this selection the editors have attempted to cover as completely
as possible the most fundamental concepts and most frequently employed measure-
ment techniques and fluid behaviors. Those topics that have not been included in this
first edition will perhaps find a place in a future edition.

The editors of this Springer Handbook would like to heartily thank the contributing
authors, who have all captured the spirit of this handbook and made significant improve-
ments to our original concept. Furthermore, a special thanks goes to Dr. Werner Skolaut
at Springer for his untiring efforts in assembling the final version of all the manuscripts
and coordinating the production process. And finally, thanks go to Ms. Claudia Rau
and her team at LE-TeX Jelonek, Schmidt & Vöckler GbR for their skillful preparation
of manuscripts into final production form.

Inevitably there will be misprints in this handbook and readers are invited to bring
these to the attention of the Editors via e-mail. Similarly, suggestions for improvements
in a second edition are also very welcome.

July 2007 Cam Tropea
John Foss

Alex Yarin
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DNS direct numerical simulation
DOE diffractive optical element
DPIV digital PIV
DPV Doppler picture velocimetry
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DSPIV dual-plane particle image velocimetry
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T
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TDLAS tunable diode laser absorption

TEM transmission electron microscopy
THF tetrahydrofuran
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TOPEX topography experiment
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TR time resolution
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Nomenclature

Experimental fluid mechanics draws on numerous dis-
ciplines in addition to fluid mechanics itself: rheology,
physics, electromagnetic theory, optics, electronics, sig-
nal processing, data processing, etc. Each discipline
and community has developed its own nomenclature
and conventions and inevitably there exist many con-
flicting designations when one attempts to assemble
all of these conventions into one handbook. There-
fore, we have instructed authors to adhere as closely
as possible to the skeleton nomenclature given below
and to note explicitly in their respective articles any

deviations or extensions thereof. Authors of articles
dealing with constitutive equations, material proper-
ties and non-Newtonian flows were asked to follow, as
far as possible, the nomenclature given in J.M. Dealy:
Official nomenclature for material functions describ-
ing the response of a viscoelastic fluid to various
shearing and extensional deformations, J. Rheol. 39(1),
253–265 (1995). Furthermore, all authors were asked
to prepare their manuscripts using SI units, a review
of which is provided below, following the nomencla-
ture.

List of Symbols

Vectors and tensors are written bold
Complex quantities carry an underscore

f Frequency (Hertz)

m Mass

ṁ Mass flux

n Outer unit normal vector

p Pressure

t Time

T Temperature

u or v Velocity vector

x1 or x Cartesian position coordinate

x2 or y Cartesian position coordinate

x3 or z Cartesian position coordinate

γ Ratio of specific heats (CP/CV)

δ Boundary-layer thickness

μ Dynamic viscosity

ν Kinematic viscosity

ρ Density

σ Surface tension

σ or σij Stress tensor

τ Deviatoric stress

τw Wall shear stress

ω Circular frequency (rad/s)

ω Vorticity vector

Λ Circulation

Ψ Stream function

Operators

Average of ensembles, time average

〈 〉 Spatial average

Im {} Imaginary part

Re {} Real part

�{} Fourier transform

ˆ Estimator

E[] Expectation

b2[] Bias

var[] Variance

∇ Nabla

grad Gradient of scalar: ∇
div Divergence of vector; ∇·
curl or rot Rotation vector: ∇×

Δ Laplace: ∇2
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International System of Units (SI)

Base and Supplementary SI Units

Quantity Name of Unit Symbol

Length meter m

Mass kilogram kg

Time second s

Electric current ampere A

Thermodynamic temperature kelvin K

Luminous intensity candela cd

Amount of substance mole mol

Supplementary units

Plane angle radian rad

Solid angle steradian sr

Derived SI Units

Quantity Name(s) of unit Unit symbol or abbreviation
where differing from basic
form

Unit expressed in terms of
basic or supplementary units

Area square meter m2

Volume cubic meter m3

Frequency hertz, cycle per second Hz s−1

Density, concentration kilogram per cubic meter kg/m3

Velocity meter per second m/s

Angular velocity radian per second rad/s

Acceleration meter per second squared m/s2

Angular acceleration radian per second squared rad/s2

Volumetric flow rate cubic meter per second m3/s

Force newton N kg m/s2

Surface tension newton per meter, joule per
square meter

N/m, J/m2 kg/s2

Pressure newton per square meter,
pascal

N/m2, Pa kg/ms2

Viscosity, dynamic newton-second per square
meter

N s/m2, PI kg/ms

Viscosity, kinematic poisseuil m2/s

Thermal and mass diffusivity meter square per second m2/s

Work, torque, energy, quantity
of heat

joule, newton-meter, watt-
second

J, N m, W s kg m2/s2

Power, heat flux watt, joule per second W, J/s kg m2/s3

Heat flux density watt per square meter W/m2 kg/s3

Volumetric heat release rate watt per cubic meter W/m2 kg/ms−3

Multiplying Factors

Multiple and submultiple Prefix Symbol

1018 exa E
1015 peta P
1012 tera T
109 giga G
106 mega M
103 kilo k
102 hecto h
10 deka da
10−1 deci d
10−2 centi c
10−3 milli m
10−6 micro μ

10−9 nano n
10−12 pico p
10−15 femto f
10−18 atto a
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Quantity Name(s) of unit Unit symbol or abbreviation
where differing from basic
form

Unit expressed in terms of
basic or supplementary units

Heat transfer coefficient watt per square meter degree W/m2deg kg/s2deg

Latent heat, enthalpy (specific) joule per kilogram J/kg m2/s2

Capacity rate watt per degree W/deg kg m2/s3deg

Thermal conductivity watter per meter degree, W/m deg
J m/s m2 deg

kg m/s3 deg

Mass flux, mass flow rate kilogram per second kg/s

Mass flux density, mass flow
rate per unit area

kilogram per square meter
second

kg/m2s

Mass-transfer coefficient meter per second m/s

Quantity of electricity coulomb C A s

Electromotive force volt V, W/A kg m2/A s3

Electric resistance ohm Ω, V/A kg m2/A2 s3

Electric conductivity ampere per volt meter A/V m A2 s3/kg m3

Electric capacitance farad F, A s/V A3 s4/kg m2

Magnetic flux weber Wb, V s kg m2/A s2

Inductance henry H, V s/A kg m3/A2 s2

Magnetic permeability henry per meter H/m kg m/A2 s2

Magnetic flux density tesla, weber per square meter T, Wb/m2 kg/A s2

Magnetic field strength ampere per meter A/m

Manetomotive force ampere A

Luminous flux lumen lm cd sr

Luminance candela per square meter cd/m2

Illuination lux, lumen per square meter lx, lm/m2 cd sr/m2

Non-Dimensional Numbers

Re Reynolds number

Ma Mach number

Pr Prandtl number

St Strouhal number

Fr Froude number

Nu Nusselt number

Subscripts

max maximum

min minimum

x or 1 Cartesian coordinates

y or 2 Cartesian coordinates

z or 3 Cartesian coordinates

⊥ Perpendicularly polarized

‖ Parallel polarized

Superscripts

′ Fluctuating quantity in time
∗ Complex conjugate
T Transpose
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Physical and Mathematical Constants

c Speed of light

e 2.718281828 . . .

h Planck’s constant

g Gravity

i Imaginary unit

π 3.141592653 . . .

Functions

arg Argument

cos Cosine function

cosh Hyperbolic cosine function

exp Exponential function

int Integer

ln Logarithmis function, base e

log Logarithmic function, base 10

max Maximum

min Minimum

sin Sine function

sinh Hyperbolic sine function

sgn Signum function

tan Tangent function

tanh Hyperbolic tangent function
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The objective of Part A is to establish the fundamental
concepts and equations that underlie experimental fluid
mechanics. The first chapter, Sects. 1.1 through 1.8,
addresses both the governing equations and the con-
stitutive equations for Newtonian and non-Newtonian
fluids. Chapter 2 provides the systematic bases for
model testing and the scaling of experimental results.
Sections 2.1.1 through 2.1.6 derive similarity param-
eters (Reynolds number, Froude number, etc.) from
the governing equations and the boundary conditions.

Dimensional analysis (Sect. 2.2) provides a rational
approach for the organization and interpretation of ex-
perimental data. Section 2.3, covering self-similarity,
documents known flow fields that exhibit this con-
dition (for example, an axisymmetric jet in which
ū/uc = f (r/r1/2) and ucrc = constant) and provides
guidance on what other flows may exhibit this be-
havior. The encyclopedic presentation of examples
will allow the reader to comprehend the universal
features of both complete and incomplete self-similarity.
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Experiment a1. Experiment
as a Boundary-Value Problem

A fluid flow experiment is an attempt to iso-
late a part of the world and measure flow and
thermodynamic properties. A fluid is defined as
a material that deforms continuously if a shear
stress is applied. An internal flow situation has
walls bounding the flow, but an inflow and out-
flow position must be controlled. An external flow
problem has a uniform flow far from the body of
interest. In both situations the state of flow at the
boundary is controlled. In the mathematical rep-
resentation of the flow, the flow conditions on
the boundary are specified. This is the nature of
the governing physics. If the boundary conditions
depend on time the flow situation in the entire
region must be specified at the initial time.

In what follows the major physical laws are
outlined. In most cases tensor calculus in sym-
bolic form is employed. Scalars are lightface type,
vectors are boldface type, and tensors are bold-
face capitals. However, in cases where confusion
is possible with tensor multiplications, index no-
tation is employed. Scalars are then without an
index, vectors have one index and tensors have
two or more indices.

1.1 Thermodynamic Equations .................... 3
1.1.1 Thermodynamics .......................... 4

1.2 Kinematic Equations ............................. 5

1.3 Balance Laws
and Local Governing Equations .............. 6
1.3.1 Continuity ................................... 6

1.3.2 Linear Momentum
and Related Equations.................. 6

1.3.3 Angular Momentum...................... 7
1.3.4 Energy ........................................ 7
1.3.5 Entropy ....................................... 7

1.4 Balance Laws
and Global Governing Equations ............ 8
1.4.1 Regions....................................... 8
1.4.2 Leibnitz and Gauss Theorems......... 8
1.4.3 Volume ....................................... 8
1.4.4 Mass ........................................... 8
1.4.5 Linear Momentum ........................ 8
1.4.6 Total Energy ................................ 9
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1.7 Discontinuities in Density ...................... 11
1.7.1 Normal Surface Discontinuity ......... 11
1.7.2 Fluid–Solid Boundary ................... 12
1.7.3 Interfaces with Surface Tension...... 12

1.8 Constitutive Equations
and Nonlinear Rheology
of Polymer Melts .................................. 13
1.8.1 Classical Theories ......................... 13
1.8.2 Convected Derivatives

and Differential Equations ............ 16
1.8.3 Microstructural Theories ................ 17
1.8.4 Conclusions ................................. 29

References .................................................. 30

1.1 Thermodynamic Equations

The properties of a continuum are defined by an imag-
inary experiment where a region of volume V with
characteristic length L is imagined to contain molecules.
At a given position the volume is reduced around that
position as indicated by the limit process L→ 0. A typ-
ical molecule, denoted by the subscript i, has a mass mi
and an instantaneous velocity vi . The density is the sum
of mass over all molecules in the region divided by the

volume as the limit is taken. Although L→ 0 is indi-
cated, it cannot become so small that fluctuations occur
because only a few molecules are present.

ρ = lim
L→0

∑
mi

V
. (1.1)

The mass-averaged velocity is a vector average of
the molecular velocities and mass. This is appropriate to

Part
A

1
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measure the momentum:

v= lim
L→0

∑
mivi

∑
mi

. (1.2)

If the substance has several chemical species, n(k)

moles in the region, a molar averaged velocity for each
species k is

V (k) = lim
L→0

∑
v

(k)
i

n(k)
. (1.3)

Such a velocity is useful in diffusion problems. The
internal energy (per unit mass) due to random transla-
tional motions of the molecules is

e= lim
L→0

∑ 1
2 mi (vi −v) · (vi −v)

∑
mi

. (1.4)

The total internal energy includes other molecular
motions such as vibrations, and configuration energies.
The properties above are well defined whether or not the
substance is in thermodynamic equilibrium.

1.1.1 Thermodynamics

It is assumed that the bulk motion of the substance
does not affect the thermodynamic state. All thermo-
dynamic variables of a simple compressible substance
are described by a fundamental law that gives the en-
tropy s = s(ρ, e) or in another form e= e(s, ρ). Each
substance has its own entropy function, however, all
functions obey the fundamental differential equation of
thermodynamics.

e= e(s, ρ) (1.5)

de= T ds− pd(ρ−1) , (1.6)

the thermodynamic pressure is defined by

p(s, ρ)≡ ∂e

∂(ρ−1)

∣
∣
∣
∣
s
, (1.7)

and the temperature is given by

T (s, ρ)≡ ∂e

∂s

∣
∣
∣
∣
ρ

. (1.8)

Other thermodynamic properties follow from their
definitions, for example the enthalpy h = e+ p/ρ.

Two equations of state are equivalent to the funda-
mental law of a substance. The first equation of state is
of the form

p= p(ρ, T ) (1.9)

or

ρ = ρ(p, T ) . (1.10)

It is equivalent to specify the compressibility coefficient
functions:

α(p, T )≡ 1

ρ

∂ρ

∂p

∣
∣
∣
∣
T
, (1.11)

β(p, T )≡ − 1

ρ

∂ρ

∂T

∣
∣
∣
∣

p
. (1.12)

Integration of these functions will reproduce ρ =
ρ(p, T ).

The second equation of state is that for energy:

e= e(ρ, T ) . (1.13)

The important derivative function here is the specific
heat (per unit mass) at constant volume:

cv(ρ, T )≡ ∂e

∂T

∣
∣
∣
∣
ρ

. (1.14)

The other function ∂e/∂ρ|T is related to the state
equation ρ = ρ(p, T ) by thermodynamic theory. In
summary, the functions p= p(ρ, T ) and cv = cv(ρ, T )
describe the thermodynamics of a substance.

Often the enthalpy h = e+ p/ρ is used in preference
to the internal energy. The important derivative func-
tion here is the specific heat (per unit mass) at constant
pressure:

cp(p, T )≡ ∂h

∂T

∣
∣
∣
∣

p
. (1.15)

The other function ∂h/∂p|T is related to the state
equation ρ = ρ(p, T ) by thermodynamic theory. Alter-
natively, the functions p= p(ρ, T ) and cp = cp(p, T )
describe the thermodynamics of a substance.

There are special approximations of importance: the
perfect gas, ideal gas, and incompressible fluid. For
a perfect gas the state equations are:

p= ρRT , (1.16)

e= cv(ρ, T )T . (1.17)

Alternatively, h = cp(ρ, T )T . A further restriction to
an ideal gas gives simpler forms,

e= cv(T )T (1.18)

h = cv(T )T + p/ρ (1.19)

cp(T )= cv(T )+ R (1.20)

where R is the specific gas constant.
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