Glossary for Chapter 8
boundary layer: At high Reynolds numbers relatively thin “boundary layers” exist in the flow adjacent to surfaces where the flow is brought to rest (see no-slip condition). Boundary layers are characterized by high shear with the highest velocities away from the surface. Frictional force, viscous stress, and vorticity are significant in boundary layers. The approximate form of the two components of the Navier–Stokes equation, simplified by neglecting the terms that are small within the boundary layer, are called the boundary layer equations. The associated approximation based on the existence of thin boundary layers surrounded by irrotational inviscid flow is called the boundary layer approximation.
buffer layer: The part of a turbulent boundary layer, close to the wall, lying between the viscous and inertial sublayers. This thin layer is a transition from the friction-dominated layer adjacent to the wall where viscous stresses are large, to the inertial layer where turbulent stresses are large compared to viscous stresses.
entry length: The entry flow region in a pipe or duct flow where the wall boundary layers are thickening toward the center with axial distance x of the duct, so that axial derivatives are nonzero. As with the fully developed region, the hydrodynamic entry length involves growth of a velocity boundary layer, and the thermal entry length involves growth of a temperature boundary layer.
friction factor: It can be shown from dimensional analysis and conservation of momentum applied to a steady fully developed pipe flow that the frictional contribution to the pressure drop along the pipe, nondimensionalized by flow dynamic pressure (1/2ρV2), is proportional to the length-to-diameter ratio (L/D) of the pipe. The proportionality factor f is called the friction factor. The friction factor is quantified from experiment (turbulent flow) and theory (laminar flow) in empirical relationships, and in the Moody chart, as a function of the Reynolds number and nondimensional roughness. Conservation of momentum shows that the friction factor is proportional to the nondimensional wall shear stress (i.e., the skin friction).
fully developed: Used by itself, the term is generally understood to imply hydrodynamically fully developed, a flow region where the velocity field is constant along a specified direction in the flow. In the fully developed region of pipe or duct flow, the velocity field is constant in the axial direction, x (i.e., it is independent of x), so that x-derivatives of velocity are zero in the fully developed region. There also exists the concept of “thermally fully developed” for the temperature field; however, unlike hydrodynamically fully developed regions where both the magnitude and shape of the velocity profile are constant in x, in thermally fully developed regions only the shape of the temperature profile is constant in x. See also entry length.
head loss: The term in the head form of conservation of energy (see head) that contains frictional losses and other irreversibilities. Without this term, the energy equation for streamlines becomes the Bernoulli equation in head form.
hot-film anemometer: Similar to a hot-wire anemometer except using a metallic film rather than a wire; used primarily for liquid flows. The measurement portion of a hot-film probe is generally larger and more rugged than that of a hot-wire probe.

hot-wire anemometer: A device used to measure a velocity component locally in a gas flow based on the relationship between the flow around a thin heated wire (the hot wire), temperature of the wire, and heating of the wire resulting from a current. See also hot-film anemometer.
inertial sublayer: A highly turbulent part of a turbulent boundary layer, close to the wall but just outside the viscous sublayer and buffer layer, where turbulent stresses are large compared to viscous stresses.
inviscid (region of) flow: Region of a fluid flow where viscous forces are sufficiently small relative to other forces (typically, pressure force) on fluid particles in that region of the flow to be neglected in Newton’s second law of motion to a good level of approximation (compare with viscous flow). See also frictionless flow.
laminar flow: A stable well-ordered state of fluid flow in which all pairs of adjacent fluid particles move alongside one another forming laminates. A flow that is not laminar is either turbulent or transitional to turbulence, which occurs above a critical Reynolds number.
laser Doppler velocimetry (LDV): Also called laser Doppler anemometry (LDA). A technique for measuring a velocity component locally in a flow based on the Doppler shift associated with the passage of small particles in the flow through the small target volume formed by the crossing of two laser beams. Unlike hot-wire and hot-film anemometry and like particle image velocimetry, there is no interference to the flow.
losses: Frictional head losses in pipe flows are separated into those losses in the fully developed pipe flow regions of a piping network, the major losses, plus head losses in other flow regions of the network, the minor losses. Minor loss regions include entry lengths, pipe couplings, bends, valves, etc. It is not unusual for minor losses to be larger than major losses.
Moody chart: A commonly used plot of the friction factor as a function of Reynolds number and roughness parameter for fully developed pipe flow. The chart is a combination of flow theory for laminar flow with a graphical representation of an empirical formula by Colebrook to a large set of experimental data for turbulent pipe flow of various values “sandpaper” roughness.
Pitot-static probe: A device used to measure fluid velocity through the application of the Bernoulli equation with simultaneous measurement of static and stagnation pressures.  Also called a Pitot-Darcy probe.
Poiseuille flow: Fully developed laminar flow in a pipe or duct. Also called Hagen–Poiseuille flow. The mathematical model relationships for Pouiseuille flow relating the flow rate and/or velocity profile to the pressure drop along the pipe/duct, fluid viscosity and geometry are sometimes referred to as Poiseuille’s law (although strictly not a “law” 
of mechanics). The velocity profile of all Poiseuille flows is parabolic, and the rate of axial pressure drop is constant.

Reynolds number: An order-of-magnitude estimate of the ratio of the following two terms in Newton’s second law of motion over a region of the flow: the inertial (or acceleration) term over the viscous force term. Most but not all Reynolds numbers can be written as an appropriate characteristic velocity V times a characteristic length scale L consistent with the velocity V, divided by the kinematic viscosity v of the fluid: Re = VL/v. The Reynolds number is arguably the most important nondimensional similarity parameter in fluid flow analysis since it gives a rough estimate of the importance of frictional force in the overall flow.

Reynolds stress: Velocity components (and other variables) in turbulent flows are separated into mean plus fluctuating components. When the equation for mean streamwise velocity component is derived from the Navier–Stokes equation, six new terms appear given by fluid density times the averaged product of two velocity components. Because these terms have the same units as stress (force/area), they are called turbulent stresses or Reynolds stresses (in memory of Osborne Reynolds who first quantified turbulent variables as mean + fluctuation). Just as viscous stresses can be written as a tensor (or matrix), we define a Reynolds stress tensor with Reynolds normal stress components and Reynolds shear stress components. Although Reynolds stresses are not true stresses, they have qualitatively similar effects as do viscous stresses, but as a result of the large chaotic vortical motions of turbulence rather than the microscopic molecular motions that underlie viscous stresses.
stream function: The two velocity components in a two-dimensional steady incompressible flow can be defined in terms of a single two-dimensional function ψ that automatically satisfies conservation of mass (the continuity equation), reducing the solution of the two-component velocity field to the solution of this single stream function. This is done by writing the two velocity components as spatial derivatives of the stream function. A wonderful property of the stream function is that (iso) contours of constant ψ define streamlines in the flow.
transitional flow: An unstable vortical fluid flow at a Reynolds number higher than a critical value that is large relative to 1, but is not sufficiently high that the flow has reached a fully turbulent flow state. Transitional flows often oscillate randomly between laminar and turbulent states.
turbulence models: Constitutive model relationships between Reynolds stresses and the mean velocity field in turbulent flows. Such model equations are necessary to solve the equation for mean velocity. A simple and widely used modeled form for the Reynolds stresses is to write them like the Newtonian relationship for viscous stresses, as proportional to the mean strain rate, with the proportionality being a turbulent viscosity or eddy viscosity. However, unlike Newtonian fluids, the eddy viscosity is a strong function of the flow itself, and the different ways in which eddy viscosity is modeled as a function of other calculated flow field variables constitute different eddy viscosity models. One traditional approach to modeling eddy viscosity is in terms of a mixing length, which is made proportional to a length set by the flow.
turbulent flow: An unstable disordered state of vortical fluid flow that is inherently unsteady and that contains eddying motions over a wide range of sizes (or scales). Turbulent flows are always at Reynolds numbers above a critical value that is large relative to 1. Mixing is hugely enhanced, surface shear stresses are much higher, and head loss is greatly increased in turbulent flows as compared to corresponding laminar flows.
viscous sublayer: The part of a turbulent boundary layer adjacent to the surface that contains the highest viscous stresses. The velocity gradient in this layer adjacent to the wall is exceptionally high. See also inertial layer and buffer layer.
