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Summary

This document addresses problems encountered when establishing the very low air-flow speeds re-

quired for experimental investigations of the mechanisms of low-Reynolds-number boundary-layer

turbulence. Small-scale motions in the near-wall region are important features of turbulent boundary-

layer dynamics, and, if these features are to be resolved by measurements in air with conventionally-

sized hot-wire probes, a well-behaved canonical turbulent boundary layer must be developed at free

stream flow speeds no higher than 4 m/s. However, at such low speeds, the turbulent boundary layers

developed on the walls of a wind tunnel are very susceptible to perturbation by non-turbulent time-

dependent flow structures which originate upstream from the test section in the laminar flow at the

inlet and in the contraction.

Four different non-turbulent flow structures have been identified. The first is a result of quasi-two-

dimensional separation of the laminar boundary-layer from the surfaces of the wind-tunnel contraction.

Potential flow simulations show that susceptibility to this form of separation is reduced by increasing

the degree of axisymmetry in the cross-section geometry and by decreasing the streamwise curvature

of the concave surfaces. The second source of time-dependence in the laminar boundary-layer flow is

an array of weak streamwise vortices produced by Görtler instability. The Görtler vortices can be re-

moved by boundary-layer suction at the contraction exit. The third form of flow perturbation, revealed

by visualisation experiments with streamers, is a weak large-scale forced-vortex swirl produced by

random spatial fluctuations of temperature at the wind-tunnel inlet. This can be prevented by thorough

mixing of the inlet flow; for example, a centrifugal blower installed at the inlet reduces the amplitude

of temperature nonuniformity by a factor of about forty and so prevents buoyancy-driven swirl. When

subjected to weak pressure gradients near the start of a wind-tunnel contraction, Görtler vortices in

laminar wall layers can develop into three-dimensional separations with strong counter-rotating trail-

ing vortices. These trailing vortices are the fourth source of unsteady flow in the test-section. They

can be suppressed by a series of appropriately located screens which remove the low-speed-streak pre-

cursors of the three-dimensional separations. Elimination of the above four contaminating secondary

flows permits the development of a steady uniform downstream flow and well-behaved turbulent wall

layers.

Measurements of velocity in the turbulent boundary layer of the test-section have been obtained by

hot-wire anemometry. When a hot-wire probe is located within the viscous sublayer, heat transfer

from the hot-wire filament to the wall produces significant errors in the measurements of both the

mean and the fluctuating velocity components. This error is known as wall-proximity effect and two

successful methods are developed for removing it from the hot-wire signal. The first method is based

on the observation that, if all experimental parameters except flow speed and distance from the wall
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are fixed, the velocity error may be expressed nondimensionally as a function of only one parameter,

in the form ∆U
� �

f
�
y
� � . The second method, which also accommodates the effect of changing the

hot-wire overheat ratio, is based on a dimensional analyis of heat transfer to the wall.

Velocity measurements in the turbulent boundary layer at the mid-plane of a nearly square test-section

duct have established that, when the boundary-layer thickness is less than one quarter of the duct height,

mean-velocity characteristics are indistinguishable from those of a two-dimensional flat-plate boundary

layer. In thicker mid-plane boundary layers, the mean-velocity characteristics are affected by stress-

induced secondary flow and by lateral constriction of the boundary-layer wake region. A significant

difference between flat-plate and duct boundary layers is also observed in momentum-balance calcula-

tions. The momentum-integral equation for a duct requires definitions of momentum and displacement

thickness which are different from those given for flat-plate boundary layers. Momentum-thickness

growth rates predicted by the momentum-integral equation for a duct agree closely with measurements

of the newly defined duct momentum thickness. Such agreement cannot be obtained in terms of stan-

dard flat-plate momentum thickness.

In duct boundary layers with Reynolds numbers (Reθ2) between 400 and 2600, similarity in the wake-

region distributions of streamwise turbulence statistics has been obtained by normalising distance from

the wall with the flat-plate momentum thickness, θ2. This result indicates that, in contrast with the mean

velocity characteristics, the structure of mid-plane turbulence does not depend on the proportion of duct

cross-section occupied by boundary layers and is essentially the same as in a flat-plate boundary layer.

For Reynolds numbers less than 400, both wall-region and wake-region similarity fail because near-

wall turbulence events interact strongly with the free stream flow and because large scale turbulence

motions are directly influenced by the wall. In these conditions, which exist in both duct and flat-

plate turbulent boundary layers, there is no distinct near-wall or wake region, and the behaviour of

turbulence throughout the boundary layer depends on both wall variables and on outer region variables

simultaneously.
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