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ABSTRACT

Extensive single point turbulence and heat-transfer measurements have been made 

in the two-dimensional turbulent boundary layer of an aluminium plate, with the purpose 

of examining the relative response of the temperature and velocity fields to periodic 

changes in external conditions and of obtaining, in sufficient detail, mean-flow and 

turbulence data needed for further development of higher-order turbulence models. An 

open-circuit blower wind tunnel has been used in conjunction with a system of rotating 

blades, which introduced forced oscillations in the frequency range 5-115 Hz with 

corresponding amplitudes in the free-stream velocity of 16%-3%. For heat-transfer 

measurements the flat plate was heated to a nominally constant temperature of 12°C 

above the ambient.

The main body of the data consists of profiles of mean velocity and temperature 

and distributions of the Reynolds stresses, temperature variance and turbulent heat fluxes, 

acquired with hot wires and resistance thermometers operated as cold wires. Surface hot 

films were used to record time-dependent values of the wall shear stress, which were then 

related to results obtained by the Clauser technique. Mean surface heat-transfer rates were 

measured with multiple-thermocouple type meters let into the heated wall. An enhanced 

data acquisition and processing system has been developed based on a IBM AT 

compatible computer.

Results show that, with increasing frequency, the boundary-layer thickness 

decreases by about 25% for the frequency range. The time-averaged wall shear stress is 

unaffected by the oscillations. The ensemble-averaged wall shear stress, which the law of 

the wall was unable to describe, shows a phase lag o f 10 degrees over the free-stream 

velocity at the lowest frequency, increasing so that a lead of 20 degrees is established at 

the highest measured frequency. The amplitude of the wall shear stress oscillations is of 

the order of that of the free-stream velocity but it increases at high frequencies. Time-
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Measurements in the heated flow show that the fluctuating temperature field is 

more sensitive than the velocity field to shear-flow oscillations. Wall heat transfer is 

approximately 10% higher than in the steady flow. At low frequencies, time-averaged 

turbulent temperature fluxes and variance are about 30% to 40% higher than the steady- 

state results, but their values decrease with increasing frequency. Thermal turbulence 

quantities also oscillate at the same frequency as the free-stream velocity, but with phase 

and amplitude which depend on frequency and distance from the wall.

Some, but not all of these effects are reproduced by Reynolds-stress and scalar- 

flux models in a finite-difference boundary-layer computer code.

averaged velocity and stresses are affected especially at low frequencies, while ensemble-

averaged quantities are shown to oscillate at the forcing frequency.
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CHAPTER 1

INTRODUCTION

1.1 Background

Turbulence in thin shear layers is known to be sensitive to variations in mean 

velocity. Periodic flows of this type occur in important engineering applications, such as 

flows in fans, compressors and turbines, helicopter rotors, mixing machinery, internal 

combustion engines and blood flow. The behaviour of such flows has aroused interest, 

because the response of the turbulence is not fully understood and it tests to the limit the 

predictive power of current turbulence theories.

Heat transfer through boundary layers under velocity periodicity has received 

much less attention, from both the experimental and theoretical point of view, even 

though it is a topic of perhaps greater practical importance since, for example, it affects 

flows in internal combustion engines, turbomachinery and heat exchangers. For many 

practical purposes it may be assumed that heat transfer could be handled by simple 

extension of Reynolds analogy. There are fundamental objections to this approach : it is 

based on the unfounded assumption that heat and momentum transfer are affected in 

exactly the same way by the imposed periodicity and it also fails to realise the potential 

o f second-moment turbulence modelling in which differences in response may, in 

principle, be accounted for. Examination o f the transport equations for the Reynolds 

stresses and scalar fluxes shows that extra terms, resulting from the organised 

unsteadiness, appear with different weighting in the equations and therefore affect the 

dependent variables to different degrees. By rough analogy, in boundary layers on curved 

walls heat transfer has been shown to be altered (in relation to flat-wall flow) to a greater
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extent than momentum transfer, reflecting the weighting of additional terms in the 

conservation equations.

The importance of time-dependent flows was realised very early. Initial 

investigations into unsteady flows were made by Stokes (1851) and later Rayleigh 

(1911). It may be useful to show, in a simple way, that turbulent heat flux is actually 

affected. To do this, consider the flow near an oscillating flat plate. For laminar, 

unsteady, two-dimensional flows, the momentum equation is :

au TTau „au iap a2u
a t + u ax + v ay ‘ p a x + v ay2 ( - )

If the time-mean velocity is considered zero, then near the oscillating flat plate the 

motion can be described by :

y=0 : U(0,t) = Uq cos(cot)

For this case an exact solution was obtained for equation (1.1) by Stokes (1851), in the 

form :

with k= l/ls = (C0/2V)1/2. The parameter ls is called the Stokes thickness and was found to 

be the governing parameter for laminar oscillatory flows. The velocity profile has the 

foim of a damped harmonic oscillation with amplitude and phase lag, in respect to the 

motion of the wall, determined by the distance from the wall. Similarly, the behaviour of 

the time-dependent temperature field in the above laminar flow is described by :

U(y,t) = U q e*y cos(cot - ky) ( 1 .2 )

—  = X —
3y 3y2 (1.3)

Again if the time-mean velocity was zero, then this equation shows that the temperature 

would not be affected by periodic changes in the velocity field, because it would not 

contain any velocity terms. The solution would be the same as that for conduction
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through a fluid at rest. Of course, in all the cases where the time-mean velocity is not 

zero, the oscillations affect the heat flux through the convection terms.

For turbulent flows, the time-dependent behaviour of velocity and temperature 

can be described by :

au TTau A,au iap a—  + u —  + V —  = - — *-+•*-
3t 3x dy p 3x 3y

uv

^I+uai+vai=JL
9t 3x dy By

v0

(1.4)

0 .5 )

where the extra terms, uv and v0 , arise from the turbulent components of velocity and 

temperature. Representing these terms by a mixing-length model, one can g e t:

- uv = 12 au
dy.

v0 = 1 ie

ro 'a f
.dy. w

(1.6a)

(1.6b)

where 1, Iq are velocity and temperature mixing lengths. Here, in contrast to the laminar 

flow, the effects of the unsteady velocity field are fed through to the temperature field, 

even if the time-mean velocity were to be considered zero. This simple analysis therefore 

demonstrates that there are two mechanisms by which the velocity variation is transmitted 

to the turbulent temperature field. Possible effects on the laws of the wall may be 

deduced from Van Driest's mixing-length distribution for near-wall turbulence :

1 = K y [1 - exp(-y+/A+)) (1.7a)

and the corresponding expression for the temperature mixing length :

le = Ke y [ l- e x p ( -y +/B+)] (1.7b)
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The values of the constants in the velocity and temperature wall laws are determined by 

the values of the mixing-length constants A+ and B+. It is probable that periodic 

variation in the sublayer will alter the value of A+ but, as the laminar solution for heat 

transfer indicates, not in the same way that it will change the value of B+. It should be 

said that, as a confirmation of the effects of periodicity on the flow behaviour, there is 

increasing evidence that mean velocity distributions near the wall do not follow the 

steady-flow law of the wall, but there are no data to shed light on the distributions of 

mean temperature in the wall zone.

The mixing-length model above also exemplifies the limitations of lower-order 

turbulence closures. The turbulent Prandtl number in the fully-turbulent wall flow, K/Kq, 

is usually taken as about 0.9 in steady boundary layers. Flow calculations based on eddy- 

viscosity closures require the determination of this quantity, either as a constant or as a 

function of one or more flow variables, which for the present case should include some 

description of periodicity like, for example, the Strouhal number. At present, no 

information exists on which such a dependence might be based and Prt is in any case a

very difficult parameter to compute from experimental data.

Significant unsteady effects may occur for a range of experimental conditions. 

Reported results (e.g. Carr 1981) have shown responses ranging from quasi-steady to 

drastic alterations of the turbulence structure through the cycle. The term "quasi-steady" 

is used for flows where oscillation at zero frequency, between the minimum and 

maximum velocities encountered in the cycle, is implied. The cycle has an infinite period 

of oscillation and the flow at each instant can be described by the corresponding steady 

flow with the same free-stream velocity. Until recently it was thought that the most 

dramatic changes in the boundaiy-layer behaviour were likely to occur as the oscillation 

frequency of the velocity approached the frequency of the turbulent "bursts" near the 

wall. These are the frequent periods of activity observed in the near-wall region of the 

boundary layer and related to turbulent energy production (Kline et al. 1967). A
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characteristic value for the mean frequency, f^, of such bursts for a uniform pressure flow 

over a flat plate, has been determined by the work Rao et al. (1971) as :

Ue
5 8

( 1.8)

This frequency has been identified as a possible indicator o f the frequency at 

which the turbulence structure would respond to the external oscillation, although recent 

evidence suggests that in this high-frequency case the principal effects tend to be 

confined to the sublayers. On the other hand, significant unsteady effects have been 

observed at oscillation frequencies of the order of 0.1 times the bursting frequency (e.g. 

Karlsson 1959, Mizushina et al. 1973, Ramaprian and Tu 1980, Tardu et al 1987). It is 

not yet clear weather such flows can be treated as quasi-steady or not. Other parameters 

for the description of the effects of imposed unsteadiness have been suggested. Most of 

the suggestions are variations of the Strouhal number:

Srx =
COX

Ue (1.9)

which relate the frequency of the oscillations to a characteristic velocity (e.g. mean free- 

stream velocity, axial velocity, bulk velocity, friction velocity) and a length scale (e.g. 

distance from boundary-layer origin, boundary-layer thickness, pipe diameter) of the 

flow. The fact that high frequency oscillations tend to confine effects in the inner part of 

the boundary layer, has prompted the use of laminar flow parameters, such as the Stokes 

length, ls. No definite conclusions have been drawn yet and the number o f parameters

proposed shows, quite probably, that no single dimensionless quantity can be chosen to 

represent all of the unsteady effects. A recent conference on the response of shear flows 

to imposed unsteadiness (Euromech 272, Aussois, France, 1991) revealed divergent 

opinions and showed that there is still scope for further work, experimental and 

theoretical.
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The closure problem is probably better approached through modelled heat-flux 

transport equations in a general second-moment scheme. Additional source terms appear 

in these equations. The main difficulty is that of modelling the pressure-containing 

correlations in a satisfactoiy way and of determining how the relevant length- and time- 

scale ratios are altered, if  at all, by the imposed oscillation. It was with this approach in 

mind that the present experiment was set up with the aim of acquiring basic momentum- 

and heat-transfer data from a boundary layer with periodic variation o f free-stream 

velocity of moderate amplitudes about a non-zero mean and over a frequency range 

extending nearly to the bursting frequency (estimated in this experiment to be 

approximately 135 Hz).

The measurements reported in this thesis are to be regarded as exploratory. As far 

as the author is aware no such heat-transfer measurements have been made before. They 

are certainly not exhaustive - much remains to be done before the behaviour of the flow 

to externally imposed periodicity can be fully understood. But a start has been made and 

tentative conclusions have been drawn. There is some evidence that the turbulent 

temperature field is in some ways more sensitive to effects of imposed periodicity than 

the velocity f ield: time-averaged values of temperature boundary layer thickness and of 

Stanton number are greater in periodic flow than in steady flow and the changes are more 

apparent at frequencies well below the bursting frequency.

1.2 Review of previous work

1.2.1 Measurements of periodic flow

A comprehensive review of experiments on unsteady turbulent boundary layers 

prior to 1976 has been presented by McCroskey (1977). A definite need for more 

experiments was identified, since a relatively low volume of data was available at the 

time for unsteady boundary layers and almost none for unsteady heat transfer. Unsteady
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effects were found to be more pronounced at low frequencies of oscillation. Considerable 

quantitative differences and trends were identified by examination of existing high- 

frequency results for velocity phase and amplitude. Predictions from eddy viscosity and 

turbulent kinetic energy models showed diverse indications, so that the need was 

identified for new models, with more terms for the Reynolds stresses and higher-order 

closure schemes. The dimensionless Strouhal number, cox/Ue, was used for data

correlation.

Telionis (1979) also tried to identify trends for the unsteady behaviour of 

boundary layers. Experiments were assessed, in which velocity amplitudes ranged from 

30% to 40% of the mean. The velocity decomposition in three parts (to be discussed in 

Chapter 2) allowed new terms to be identified for the governing differential equations. 

Turbulence levels were found to oscillate with the frequency of the flow, an outcome of 

non-linear effects. Turbulent energy appeared to be convected in an oscillatory manner, 

perpendicular to the flow direction and at the same frequency of the imposed oscillations. 

Mean-flow velocity profiles appeared to be unaffected by the oscillations. Telionis 

concluded that, for turbulent flows, cox/Ue is not a similarity variable. Mean pressure

gradients were shown to have a strong influence on the periodic component of the 

velocity. Finally, but importantly, at least for the case of a fluctuating jet, externally- 

imposed oscillations were shown to transfer energy into the turbulent motion.

The production of unsteady viscous flows in a laboratory has proved to be a 

difficult task. A number of techniques have been employed for the creation of 

unsteadiness and a review by Carr (1981) has shown the most common to be the variable- 

blockage technique, first used by Karlsson (1959) in the form of rotating vanes installed 

near a wind tunnel exit. The time-dependent blockage forced the tunnel flow to oscillate. 

Variations of this technique have been used since, including a slotted cylinder at the 

wind-tunnel exit (Acharya and Reynolds 1975), vanes upstream of the test section 

(Chamay and Mathieu 1976), a rotating butterfly valve at the exit (Cousteix et al. 1977) 

and con trolled-speed vanes upstream of the test section (Simpson et al. 1978). Other
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techniques have also been used, including vortex-induced motion (Hussain and Reynolds 

1970), oscillating walls of a wind tunnel (Brembati 1975), periodic fluid suction through 

porous surfaces at the wall (Parikh et al 1982), piston-generated waves (Mao and 

Hanratty 1986).

The review by Can* (1981) showed that in almost all o f the investigations the 

time-averaged mean velocity profile remained virtually unchanged from the equivalent 

steady-flow profile. In many cases the turbulent structure remained unaffected by 

imposed oscillations. Other experiments showed a specific interaction of turbulence and 

oscillations, thought to be related to the bursting frequency (eq. 1.8). Unsteady effects 

were identified at imposed frequencies significantly lower than the bursting frequency 

and were shown to be restricted to the inner boundaiy layer, with the outer parts 

practically "frozen" to their steady-state values, as frequency increased. The importance 

of other parameters, apart from the bursting frequency, has been identified (e.g. Strouhal 

number eq. (1.9)), for the comparison of data from different experiments. The overall 

picture for the unsteady flow behaviour, in respect to amplitude and phase of the 

oscillating quantities, was shown to be very complicated. Finally, it has been emphasised 

that the response in the near-wall region was o f particular interest, since very large 

variations have been observed there.

J.2.1.1 Plane flows.

In the work of Hussain and Reynolds (1970) the behaviour of controlled wave 

disturbances, introduced into turbulent channel flow by vibrating ribbons, was reported. 

The instantaneous velocity (and any fluctuating quantity in the presence of travelling 

waves) was decomposed into three distinctive parts, as will be described in Chapter 2, so 

that the statistical contribution of the organised wave would be taken into account. Flows 

with frequencies ranging between 25 and 100 Hz were investigated, but the amplitudes 

involved were very small, typically less than 1% of the mean velocity. The quantities 

measured are shown in Table 1.1. The phase of the periodic stream wise velocity and 

normal stress with distance from the wall was determined at five streamwise positions. A



phase reversal was found at a point away from the wall, in the region 0.2 < y/8 < 0.4. The 

amplitude of the organised wave was also found to change with distance from the wall, 

dropping to zero at the point where the phase change occurred and then increasing again 

to gradually diminish in the ffee-stream. The investigation clearly showed the wave-form 

to change with downstream distance, a fact attributed by the authors to the excitement by 

the ribbon disturbance o f more than one frequency.

A number o f papers have been published on the subject by the ONERA research 

team (Cousteix et al. 1977,1979,1981a, 1981b, Cousteix and Houdeville 1978 and 

1988). Emphasis has been put on boundary layer development with Srx (equation 1.9),

which varied between 1 and 20. Measurements were taken at two frequencies and two 

velocities and at fourteen different streamwise positions. Details of the flow are given in 

Table 1.1. Zero- and adverse-pressure gradient conditions were imposed. It was found 

that the shape of the time-averaged velocity profiles was not affected by the oscillations. 

For the velocity phase a maximum lead over the free-stream velocity was found at y+~

50, decreasing for smaller distances from the wall. The turbulence intensity was found to 

oscillate with the imposed frequency, even though the ensemble-averaged shear-stress 

correlation coefficient was not altered and kept its steady-flow value of around 0.45. 

Important changes in the boundary-layer structure were found, with thicknesses 

oscillating at different phases to those of the free-stream velocity. The thicknesses were 

found to vary periodically with Srx, with a period o f around 5. Initial measurements of

the wall shear stress were made using the Clauser method, assuming the validity of the 

law of the wall. More recent measurements (Cousteix and Houdeville 1988) by surface 

hot-films, indicated smaller amplitudes and different phases for Srx > 5. With increasing

frequency, the logarithmic-law assessment indicated a small, decreasing lead over the 

free-stream velocity, while the hot-film showed an increase up to a maximum of around 

45°. These results have prompted Cousteix and Houdeville to conclude that the law of the 

wall was not valid for the determination of the skin friction coefficient for Srx > 5.
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The response of a flat-plate turbulent boundary layer in a water tunnel, subjected 

to oscillations of free-stream velocity, was investigated by Parikh et al. (1982). The 

oscillations ranged from quasi-steady up to approximately the estimated bursting 

frequency, as can be seen from the data in Table 1.1. Time-averaged velocity profiles in 

the boundary layer were found to be unaffected by the external oscillations. Stresses 

arising from the organised velocity fluctuations were found to be negligible compared to 

the time-averaged random fluctuation (Reynolds) stresses, which in turn, bearing in mind 

the unchanged mean profile, were assumed unaffected by the imposed periodicity. The 

ratio of the amplitude of the periodic component in the boundary layer compared to the 

free-stream was found to be as large as 1.7 for low frequencies, but rapidly decreased 

with increasing frequencies, to finally become unity. At higher frequencies it was found 

that the boundary-layer thickness oscillation was diminished and the Reynolds-stresses 

distribution "froze" over most of the boundary layer. At low frequencies the velocity 

lagged behind the free-stream oscillation. For increasing frequencies the phase difference 

tended to zero with a rapid change to phase lead, in the order of 30°, close to the w a ll.

Measurements of velocities oscillating around a zero mean value, were made in 

the boundary layer on a flat plate in a large water tunnel by Hayashi and Ohashi (1982), 

using hot films. The turbulent structure was also studied utilizing a flow visualisation 

technique developed by the authors. The results obtained were used to identify two 

possible mechanisms for turbulence production. One was the phenomenon of bursting 

occurring at the late stages o f the deceleration period of the velocity cycle. The other was 

a large scale eddy-generation mechanism, formed at the early stage of the deceleration 

period. The flow tended to relaminarise in the early acceleration period. The structures 

generated earlier were carried as a whole by the flow. Turbulence seemed therefore to be 

produced in the deceleration and destroyed during the acceleration of the flow.

Measurements in a turbulent water channel flow with forced oscillations and 

adverse pressure gradient were made by Binder and Kueny (1982). The frequencies 

ranged from 0.07 Hz (quasi-steady) to 1.4 Hz (almost bursting frequency) with
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amplitudes in the region of 2% to 5% of the mean velocity. Measurements were taken as 

close to the wall as y+= 3. The results showed that the mean flow and mean turbulent 

intensity remained unchanged compared to the steady flow. At high frequencies the phase 

and amplitude of the velocity oscillations near the wall were shown to correspond to the 

laminar flow behaviour. At lower frequencies the similarity remained for the amplitude 

but not for the phase difference, which became smaller than in the equivalent laminar 

case. These observations led the authors to conclude that the Stokes thickness ls (=

(2V/©)1/2) and the viscous length lv (= v /14) are the relevant length scales in the wall 

region and therefore the ratio ls+= 1/ ly  is the governing parameter for near-wall

behaviour. The Strouhal number was discarded as a parameter for turbulent flow, because 

of the assumption of same boundary layer history for the same x-position for different 

experiments, something difficult to achieve if the virtual origin cannot be easily defined. 

Profiles of ensemble-averaged turbulent intensities oscillated within the cycle and with 

amplitude which was position- and frequency-dependent.

The dimensionless Stokes length, ls+, has also been used by Tardu et al. (1986) in 

their investigation of the bursting frequency variation in a two-dimensional water 

channel. A medium range frequency was used here with an amplitude of around 30% of 

the centre-line mean-flow velocity. The main flow characteristics are given in Table 1.1. 

Surface shear stress measurements were made with hot films. The wall shear stress 

amplitude was approximately 1.3 times larger than that of the velocity oscillation and a 

phase lead of about 17° was recorded. The time-mean bursting frequency remained the 

same as for the corresponding steady flow. The ensemble-averaged bursting frequency 

was in phase with the turbulence intensity modulation and its amplitude reached 56% of 

the time-averaged value. The measurements revealed a balance between the increase and 

decrease of bursting activity within the cycle.

Tardu et al. (1987) used a hot-film probe to make measurements at points very 

close to the wall. Oscillation frequencies ranging from 0.03 to 1 times the bursting 

frequency and amplitudes of 0.1 to 0.4 times the mean velocity were investigated. A
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burst-detection technique was modified to take account of the periodicity. The time- 

averaged bursting frequency, compared to the steady-flow value, decreased for high 

frequencies of oscillation. Strong time-dependence of the bursting mechanism was 

observed, especially at low frequencies. The amplitude of the oscillations decreased with 

increasing amplitude of velocity oscillations and increasing frequency. The ratio 

fosc^bsteady*®^ was regarded by the authors as marking the limit between different

effects on time-averaged bursting frequency.

Brereton and Reynolds (1987) measured turbulence production terms in a 

boundary layer flow with unsteady velocity o f which the oscillation frequencies ranged 

from quasi-steady to values close to the bursting frequency. The amplitude of ffee-stream 

velocity oscillations was held constant at 15% of the mean. Details of the flow are given 

in Table 1.1. Extra terms, arising from the introduction of the triple decomposition of the

velocity into the governing equations, indicated that there should exist energy transfer 

between the mean, periodic and turbulent fields. The term uv (3 U /3y), representing

transfer from the mean to the random field, was found to be frequency independent and

assumed values similar to its steady-state value. The term describing transfer of energy 

from the periodic to the random field, uv(3u/3y), showed a distinctive low-frequency

dependence, even if its mean value was considered by the researchers to be small in 

comparison to the energy transfer from the mean field. The term transferring energy 

between the mean and periodic fields, flV (3 U /3y), also showed low-frequency

dependence in the outer boundary layer, thus explaining the amplitude overshoot for the 

mean velocity field for y/8 > 0.3, shown in many measurements. Periodic production was

also identified, even though with a net energy transfer from the organised to the random 

fields. Based on the same set of measurements Brereton (1989) showed HV to be

significant in comparison to u v , especially at low frequencies, implying that the time- 

averaged mean velocity would be affected by the oscillations.

Cook and Muiphy (1987) measured longitudinal turbulence intensities in a 

boundary layer with imposed oscillations of 4 to 21 Hz and amplitudes of 6 to 17% of the
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mean velocity. Their results showed a small but distinguishable effect on the time- 

averaged mean velocity profiles but not on the time-averaged turbulence profiles. The 

frequency and downstream position dependence of the phase and amplitude of turbulence 

intensities, led them to introduce Srx as a variable. They also showed that the measured

effects were not related merely to the periodic change of the boundary layer thickness, as 

suggested by Cousteix et al. (1981a), but to purely periodic turbulence production. The 

frequencies were very small compared to the estimated bursting frequency, as can seen 

from the data in Table 1.1. The results showed an increase in the amplitude and the phase 

lag of the turbulence oscillations with increasing Srx.

Measurements in periodic boundary layers were made by Gajdeczko and 

Ramaprian (1987) in a water tunnel. Flows with mild and strong adverse pressure 

gradients were investigated for Srx ranging from 2 to 30 and amplitudes of the order of

0.4 times the mean velocity. Changes were observed in time-averaged quantities, but 

were attributed primarily to flow reversals during part of the cycle. Phase-averaged 

velocity profiles near the wall were fitted by the logarithmic law of the wall for the mild 

pressure gradient, while significant departures were recorded for the strong pressure 

gradient flow. The amplitudes and phase differences of the velocity profiles showed a 

complex behaviour with Srx, in line with previous investigations. Comparison of the

amplitude and phase of the ensemble-averaged shear stress indicated significant 

departures from quasi-steady behaviour, even at low Srx. A multi-layer structure of the

flow, indicated by phase jumps and minima o f the amplitudes o f the shear-stress 

distribution, was identified. The locations of these changes moved further out in the 

boundary layer with increasing Strouhal number.

A reversing-flow water tunnel was used by Sumer et al (1986) and Jensen et al.

(1989) to investigate an unsteady turbulent boundary layer. The main flow parameters 

and the quantities measured are shown in Table 1.1. Emphasis was placed here on the 

effects of wall roughness. The main conclusions of this investigation for the smooth wall 

were that the logarithmic layer was present in most of the cycle and its size and
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development observed the steady-flow behaviour. The distribution of the turbulent 

quantities appeared to be in reasonable agreement with the corresponding steady-flow 

results. For the rough-wall experiments, turbulence intensities and shear stresses near the 

wall increased by up to 100%, compared to steady-flow results. An expansion of the 

logarithmic region of the velocity profile led the authors to suggest that the logarithmic 

law should be modified and the wall shear velocity substituted by a local shear velocity 

defined as (x/p)1̂ 2, where x is the local shear stress occurring at greater distances from 

the wall.

12.12  U ps flows.

A detailed two-part study of a fully-developed, periodic, turbulent, pipe water 

flow was reported by Tu and Ramaprian (1983) and Ramaprian and Tu (1983). The 

volumetric flow rate was varied sinusoidally with time around a mean value. Using LDA 

techniques, details of the flow were measured at two oscillation frequencies, the higher 

one being of the order of the estimated turbulent bursting frequency. Flows at a number 

of other frequencies with fixed amplitude were also investigated, but only centre-line and 

wall quantities were measured. Flow characteristics are given in Table 1.1. Measurements 

of the wall shear stress were made by surface hot films. Time-averaged profiles of the 

mean velocity deviated from the quasi-steady results, while the logarithmic law did not fit 

either the time- or the ensemble-averaged profiles, when the hot-film measurements were 

used for iLj. The time-averaged turbulence intensity profiles were about 10% higher than 

their quasi-steady counterparts. A low-frequency dependent increase was found for the 

centre-line values. Phase-averaged profiles o f turbulence quantities showed large 

departures from those of the quasi-steady flow, with alternating increases in the outer and 

inner flow region for the low-frequency and profile "freezing" of the outer region in the 

high-frequency case. The wall shear stress phase difference in respect to the average 

velocity was found to be in the region o f ±15°. Prandtl's one-equation turbulence model 

was unable to predict many of the unsteady flow occurrences, especially at the lower 

frequencies. At higher frequencies the role o f periodicity in the outer flow was negligible
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and since the fluid reacted as if it were "frozen”, the predictions were actually improved. 

Finally a "turbulent Stokes number" defined as :

where D is the pipe diameter, was introduced to describe the unsteady pipe flow. For the 

case of flat-plate boundaiy-layer flows, = 2co8 /14 was used. Periodic turbulent shear

flows were classified into five different regimes, according to the effects of unsteadiness. 

The bursting frequency of the equivalent steady flow, b̂st* the mean bursting frequency 

of the unsteady flow, f^  as well as the minimum and maximum values o f the unsteady 

flow bursting frequency, and f^u respectively, were used to define the limits o f each 

regime. In regime 1 < (coD/ 14 )quasi-steady) 0 ° w shows quasi-steady behaviour,

where the ensemble-averaged flow can be described as a succession o f steady flows. In 

regime 2 (Ot < co^ D /14) amplitude overshoot and phase lag are present across the entire

shear layer in the periodic component of the velocity. The time-mean flow is not 

significantly different than that o f the quasi-steady flow. In regime 3, co^D/ 14 < <

CO5D/ 14 and therefore the turbulence structure interacts with the imposed unsteadiness.

The effects spreads across a substantial part o f the shear layer. The time-mean flow is not

greatly affected by the imposed periodicity. Quasi-steady turbulence models will begin to 

fail. In regime 4 (&£>/14 < < o^jD/ 14 ) the imposed oscillation interacts strongly

with the turbulent bursting process at the wall. The time-mean velocity is affected, as is 

the ensemble-averaged flow. The effects are confined to a thin region near the wall (0.1 

D), beyond which the flow oscillates like a solid mass. Finally, in regime 5 (£2t >

©buD/14) effects are confined close to the wall, in a region of the order 0.01 D.

Obviously the most important effects take place in the regimes defined as 2 - 4, where the 

imposed unsteadiness interacts with the turbulence structure.

The above investigation was extended by Ramaprian et al. (1985) with similar 

results. The original results were supplemented by a set of measurements in a water-
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channel boundary layer, with a free-stream velocity of 0.9 m/s, amplitude of 0.4 Ue and

frequency of 2 Hz (the estimated bursting frequency was 4 Hz). The main difference to 

the pipe flow was that in the outer boundary layer the turbulence structure was found to 

be unaffected by the oscillations, whereas for the pipe flow significant departures, which 

increased with frequency, were recorded.

Wall shear stress measurements in a turbulent, pulsating, aquatic-solution pipe 

flow were made by Mao and Hanratty (1986) using electrochemical sensors. The 

amplitude of the oscillations was kept to under 10% of the mean velocity. The 

dimensionless frequency parameter co+= cov/Uj2, was introduced to describe the unsteady 

phenomena. Large values of this quantity, that corresponded to values near the estimated 

bursting frequency, were measured. Details are given in Table 1.1. The mean flow was 

found not to be affected by the forced oscillations and values of the time-averaged wall 

shear stress agreed with those of the steady flow. At large frequencies, the phase of the 

wall shear stress variation was shown to undergo a sharp change over a small range of 

co+.

This study was extended by Finnicum and Hanratty (1987). Phase-averaged wall 

shear stress measurements were presented in addition to the results of the previous 

investigation . The range was extended to lower values o f co+. The picture emerging from 

these results was that turbulence exhibits quasi-steady behaviour at low frequencies. Its 

response diminishes with increasing frequency, as evidenced by a drop in the amplitude 

of the shear-stress fluctuations, up to a point after which non-linear interactions occur 

between the imposed oscillations and turbulence. This happened at frequencies of the 

order of the bursting frequency.

Measurements of the shear stress in turbulent pulsating flow were performed

recently by Bumel et al. (1990). Results were presented for two frequencies, with

amplitudes of 30% of the mean velocity, corresponding to the intermediate- and high-

frequency regimes 3 and 4, as these were classified by Tu and Ramaprian (1983). Their

findings verified the classification, with strong turbulence-pulsation interaction covering
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the whole boundary layer for the lower frequency and confined to the inner layer for the 

higher frequency. Time-averaged values were found to be unaffected by periodicity. A 

relation between the periodic part of the shear stress and the rate of change of the periodic 

part of the velocity, implying a possible closure model of the eddy-viscosity form, was 

found. However, because o f the phase shift between these two quantities, the authors 

suggested that a complex form for the eddy viscosity should be used.

12,1.3 Other flows.

The effects of unsteadiness in turbomachinery were investigated by Evans (1977). 

Unsteady-flow measurements were made at various positions on a stator blade of a 

compressor, while the rotor was running. The time-mean velocity profiles showed no 

significant departure from steady-flow shapes. The ensemble-averaged velocity profiles 

in the boundary layer changed in phase and amplitude with chord position. The velocity 

amplitudes were found to be overshooting the free-stream value by up to 3.5 times.

Profile crossings, which occurred for the phase-averaged velocity profiles, were 

attributed by the author to the transition o f the flow between laminar and turbulent. The 

intensity of the oscillations decreased near the wall. No crossings were recorded further 

downstream on the blade and the amplitudes were always smaller than in the free-stream. 

Boundary layer thicknesses depended on free-stream turbulence levels, revealing maxima 

at turbulence intensities around 2%.

Favre-Marinet and Binder (1978) made a number of measurements in a pulsating 

jet. Using hot-wire anemometry they measured mean and turbulent quantities in two flow 

directions. Results at 119 Hz and amplitude o f 14% of exit velocity, showed that 

turbulence was affected by the pulsation and oscillated at the same frequency. A k-e 

quasi-steady model failed to reproduce the measured quantities.

Other aspects, showing the large range of practical applications and the effects of 

periodic flows, have been investigated by a number of researchers. As examples,

Mainardi et al. (1977) found that the coefficient of discharge for pulsating duct flow in
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the presence of an orifice plate was lower than in the steady flow, making corrections 

necessary for using the orifice for velocity measurements. Tiederman et al. (1988) made 

measurements downstream of an artificial heart valve, in order to estimate potential 

damage to blood constituents from high Reynolds stresses.

1.2.2 Unsteady heat-transfer measurements.

An attempt to establish the effects of periodicity on heat transfer from a heated 

wall to the flow along it, was made by Miller (1969) using an open-end wind tunnel. The 

main flow characteristics are given in Table 1.2. Velocity measurements were made by 

Pitot tubes and hot-wires, while thermocouples and heat flux meters were used for the 

temperature. Heated flows with frequencies from 3 Hz to 200 Hz and amplitudes of 12% 

to 75% of the free-stream velocity were investigated. The time-mean velocity profiles 

showed small but distinguishable differences from those of the steady flow. These were 

attributed, perhaps wrongly, to experimental errors. It was also concluded that no change 

was produced in the turbulence structure, even though the time-averaged profiles of the 

normal stress were significantly different from those of the steady flow and changed with 

the amplitude of oscillation. For heat-transfer measurements the wall was kept at 55° C 

above the free-stream temperature. For Reynolds numbers greater than 2X105, the time- 

averaged Nusselt numbers indicated a small increase, of about 5%, over the steady-flow 

results. The maximum increase was found for frequencies around 10 to 30 Hz and for the 

higher amplitudes of oscillation.

The effects o f oscillations on heat transfer in a pipe flow have been examined by 

Andre et al. (1978). A constant amplitude of 36% of the mean velocity (30 m/s) was used 

at frequencies ranging from 0 to 40 Hz. Mean temperatures were the only quantities 

measured at a number of positions in the pipe. It was found that the oscillations altered 

the time-averaged profiles, especially so for the cases of forced oscillations coinciding 

with pipe resonance frequencies. The maximum ratio of unsteady- to steady-flow 

temperature differences (with the ambient temperature) was around 1.1, except for the
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Changes of heat transfer to turbine blades, because of imposed oscillations, were 

investigated by Bayley and Priddy (1981). A rotating cage was used to produce very high 

frequency oscillations of up to 10 kHz. The main characteristics o f the flow and the 

quantities measured are given in Table 1.2. Velocity measurements over a number of 

blades were made by hot-wire anemometer, while temperatures were measured by 

surface-mounted thermocouples. A significant increase in the heat-transfer coefficient 

was detected to most of the blade surface, especially the pressure region. The effects 

increased with increasing frequency and amplitude of the oscillations, as well as with 

increasing Reynolds number.

An experiment simulating the characteristics of a flow in the wake of a turbo- 

machinery rotor blade has been reported by Simoneau et al. (1984). The main aim of the 

investigation was the determination o f the effects of the rotor wakes on heat transfer. For 

the Reynolds number range and blade passing frequency where the wakes were well 

defined, an increase in the Nusselt number of 30 to 45% above the steady-flow value was 

found. In the flow region of irregular wakes the increase was around 100%. The increases 

were attributed to the increased turbulence intensity, Tu = u'/Umean, introduced by the

rotor. The effect of turbulence intensity on heat transfer was shown to reach a maximum 

at TuV£T« 27.

resonance frequencies where it rose to values around 2 -3 ,  depending on the longitudinal

position.

1.2.3 Modelling and prediction of unsteady flows.

Most of the methods currently in use for the calculation o f steady shear flows 

have been applied to pulsating flow. These range from integral methods on one hand to 

direct numerical simulations on the other. Methods which are based on closure models 

for the Reynolds-averaged equations of motion tend to produce best results when the 

pulsating flow is quasi-steady, i.e. when the adjustment time of the turbulence is much



smaller than the period of oscillation, while direct numerical simulation is restricted to 

flows at low Reynolds numbers. Few attempts appear to have been made to calculate heat 

transfer.

Boundary-layer integral methods have been applied to the calculation of time- 

dependent flows by Patel (1978), Cousteix and Houdeville (1978 and 1988) and Cousteix 

et al. (1981a). Such methods have long been the aerospace industry standard for external 

aerodynamic flows, because they provide a useful means o f rapid interactive calculations. 

To their usual drawbacks - failure to model the physics realistically and lack of flexibility 

- must be added the need to modify the empirical input to take account of the effects of 

pulsation.

The mixing-length hypothesis has been used by many investigators for the 

prediction of unsteady flows. Results presented by Cebeci (1977), Cousteix and 

Houdeville (1978 and 1988), Cousteix et al.(1981a), Tu and Ramaprian (1983), Kwon et 

al. (1988), Cook et al. (1985) showed deviations from the experimental data in the outer 

boundary layer, where the phase and amplitude of oscillations were not correctly 

predicted even at low frequencies.

The performance of four low-Reynolds-number one- and two-equation models 

has been tested by Bartosik et al. (1987) against the pulsating-flow data of Tu and 

Ramaprian (1983). The comparison, which was confined to time- and phase-averaged 

velocity distributions and wall shear stress, showed that the best results were obtained 

with the two-equation models, possibly because the need to specify the length scale ties 

the single-equation models too closely to the steady-flow form of the law of the wall.

Cousteix and Houdeville (1988) have presented the results of calculations 

performed with low-Reynolds-number two-equation (k-e) and three-equation (k-E-x) 

models which permit numerical integration through the sublayers to the wall. 

Comparisons were made with the data of Binder and Kueny (1982), Jayaraman et al. 

(1981) and Menendez and Ramaprian (1983). The results compared favourably with the
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predictions of an integral method, especially at high frequencies. However, the integral 

method produced acceptable results at relatively low frequencies, where a mixing-length 

model performed poorly. The two- and three-equation models gave better results on the 

whole, but left room for improvement especially, according to the authors, in the 

treatment o f the low-Reynolds-number turbulence near the wall.

The Tu and Ramaprian (1983) data have also been used by Kebede et al. (1985) to 

test the performance of a second-order method which involved the solution of separate 

equations for each of the Reynolds stresses and for the energy-dissipation rate, £, with 

integration to the wall by low-Reynolds-number modelling of the e equation. The results 

were less satisfactory than k-e model predictions, a surprising result attributed by the 

authors to the effects of compensating errors in the eddy-viscosity scheme. A Reynolds- 

stress model has also been used by Ha Minh et al. (1989) to predict mean-velocity 

distributions and the variation o f skin friction produced in an oscillating boundary layer 

on a flat plate. The oscillation of the free-stream velocity about a zero mean value was 

chosen by the modellers because the results of direct numerical simulations (DNS) by 

Spalart and Baldwin (1987) were available for comparison. The study is one of the few in 

which comparison is made of the distribution of the second moments. The differences in 

predicted and measured (or simulated) turbulence quantities are greater than the 

differences in mean-flow variables, as is common in all turbulent-flow predictions. The 

Reynolds-stress model failed to reproduce the simulated turbulence anisotropy near the 

wall. These calculations also exposed another limitation o f the closure scheme : it was 

found that the solution could not remain turbulent at the Oow) Reynolds number of the 

DNS, because energy dissipation exceeded its production. In contrast, Spalart and 

Baldwin (1987) found good agreement between their DNS results and the predictions of a 

k-e eddy-viscosity model embodying wall functions derived from the law of the wall.

Other methods that have been applied to the calculation of unsteady flows require 

only brief notice. They include the pseudospectral method by Reddy et al. (1985) and the 

use of rapid-distortion theory by Liu and Mankbadi (1991). The first of these two
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methods has been extended by Circelli and McLaughlin (1986) to the calculation of heat 

transfer. Their results showed that the heat flux exhibited a strong phase dependence and 

that its mean value for the oscillating flow was approximately 10% larger than that for 

the steady flow. It should be noted that for the same conditions, the calculated shear stress 

by Reddy et al. was found to be unaffected by the free-stream oscillations.

1.2.4 Conclusions.

A survey of previous experiments has shown that there are significant variations 

in the behaviour of unsteady flows. In most o f the cases examined, the mean-velocity 

profiles have been shown to be independent of the imposed oscillations, even though 

exceptions exist (e.g. Ramaprian and Tu 1983, Cook and Murphy 1987). Results 

presented by Cousteix et al (1981a, b) Parikh et al. (1982), Binder and Kueny (1982), 

Ramaprian et al (1985), Cook and Murphy (1987) and Gajdeczko and Ramaprian (1987) 

follow similar complex patterns for the velocity amplitude, which change with distance 

from the wall and Srx. For the phase difference between the boundary-layer and the free- 

stream velocity there is dependence on Srx and the actual phase difference is rather small, 

below 45°, but the investigators give different profiles and different values for the 

maximum phase lead close to the wall. It also seems likely that the phase difference is 

dependent on the pressure gradient, as it is quite clearly shown in the results of 

Gajdeczko and Ramaprian (1987) for mild and strong adverse pressure gradient.

Some recent investigations seem to point to the conclusion that the law of the wall 

is valid only for very low imposed frequencies (quasi-steady flow). The Clauser method 

seems to be incapable of providing the correct variation with time of wall shear stress as 

frequency increases.

Turbulence measurements are much fewer. They tend to show that time-averaged 

quantities are generally unaffected by oscillations. Nevertheless, experiments (Ramaprian 

and Tu 1983, Gajdeczko and Ramaprian 1987) have shown that this is not always so,
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especially for large-amplitude oscillations. Ensemble-averaged behaviour has also been 

investigated and here considerable effects of unsteadiness have been observed, with the 

turbulence being generated in waves during parts of the cycle.

Very few experiments have been made in relation to the effects of unsteady flows 

on heat transfer. The results are scattered, both in terms of the flows and conditions 

examined, as well as of the conclusions drawn. Effects range from no change to order-of- 

magnitude larger heat transfer in comparison to steady flow. Finally but importantly, very 

few temperature and temperature variance measurements have been made and no time- or 

ensemble-averaged turbulent heat fluxes appear in the literature for boundary-layer flows.

The prediction of time-dependent turbulent flows has been so far based on steady- 

flow models. The validity of the steady-flow assumptions used for their development is 

though questionable. Turbulence models performed adequately at very-low-frequency 

(quasi-steady) oscillations. The same was found to be true for very-high-frequency 

oscillations, mainly because the flow in the outer boundary layer remains "frozen". The 

intermediate-frequency regions have been the most difficult to predict. Also, the possible 

invalidity of the law of the wall has made the use of wall functions suspect and probably 

low-Reynolds number models should be used to predict the near-wall behaviour in 

unsteady flows. Time-dependent heat-flux predictions exist, but there are practically no 

experiments to be compared to. The process of modelling the heat-flux equations is 

uncertain, even for steady shear-layer flows, and the best that can be done for unsteady 

flows is to assume that the turbulent Prandtl number is unaffected by the unsteadiness. If 

any differences in the behaviour of the velocity and temperature fields exist, these are 

more likely to be revealed by turbulent stress/flux models.

45



1.3 Objectives of present work

1. To examine the relative response to periodic free-stream velocity variations, of 

the fluctuating velocity and temperature fields in a heated turbulent boundary 

layer over a flat plate.

2. To obtain, by hot-wire, cold-wire and wall-surface measurements, detailed data 

needed for further development o f Reynolds-stress and heat-flux models.

3. To assess the predictive power of existing Reynolds-stress and heat-flux models 

on unsteady flat-plate boundary-layer flows.

The basic flow characteristics, along with the quantities measured are shown in 

Table 1.3.
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Table 1.1 Unsteady-flow experiments

AUTHORS FLOW DOCUMENTED FLOW CHARACTERISTICS REPORTED QUANTITIES

HUSSAIN and REYNOLDS 1970 Wind-tunnel boundary layer response 
to small amplitude waves. Favourable 
pressure gradient. Hot-wire 
measurements.

fosc = 25 ,50,75,100 Hz 

Ue = 6.6 m/s

Amplitude < 0.01 Ue

U , <j>u» a^, <J>v. av, 

u2 , 0 V

EVANS 1977 Effects induced by a revolving rotor to Re «0.5 -1.0 x 106,
the stator in turbomachinery. Boundary —  __
layer development on a compressor ( u2 )1̂2 *»0.5% - 2.5% U , 
stator blade and in a pipe. Blade passing frequency = 240 Hz 
Measurements by hot wire.

U , <U>, aUt 

8j , Sj

COUSTEIX, HOUDEVELLE and 
JAVELLE 1981

Turbulent boundary layer response to 
free-stream oscillations in wind tunnel. 
Zero and adverse pressure gradient. 
Measurements by hot wire.

fogc = 38 ,6 2  Hz 

U 7  = 21.9,16.8 m/s

Amplitude = 0.07 - 0.15 Ue 

Srx= 1.5-17.8

u , <Pu« aU*

$1 »951*

»9tw» atw»

<u2>/ u2 , <uv>/<uxv>

BINDER and KUENY 1982 Water-tunnel boundary layer response fosc = 0.07 - 0.66 Hz 
to free-stream oscillations. LDA -77-  , e  ,

UC =  1/75 ‘ 5.02 Itt/Smeasurements 6

<U>, tpy, aUt

Amplitude = 0.02 - 0.05 Ue



Table 1.1 Continued

AUTHORS FLOW DOCUMENTED FLOW CHARACTERISTICS REPORTED QUANTITIES

PARIKH, JAYARAMAN and Water-tunnel boundary layer response fosc = 0 - 2 Hz U,<U>, q>u. aUt
REYNOLDS 1982 to free-stream oscillations. Adverse - jj-_  ^ m/s 

pressure gradient. LDA measurements. e “ <8>, <p6, a6,

Amplitude = 0.05 Ue <u2>, u2

f o ,A = 0 -0 .7

TU and RAMAPRIAN 1983 Fully developed periodic pipe flow in afosc = 0.5, 3.6 Hz (detailed), U ,<U>,(pu,aUf
RAMAPRIAN and TU 1983 water channel. Purely sinusoidal 1,1.5,2,2.5 ,3 Hz

oscillations. LDA and hot-film Red«50000, u2 ,<u2>.<pu,aat
measurements. <uv>Amplitude = 0.64,0.15 U ^ ,

0.25 U bufc,

fh«3.6 Hz energy spectra of u,
-<uv>(9<U>/9r),<9k/9t>

MAO and HANRATTY 1986 Wall shear stress measurements in a fOJC = 0.325,0.625 Hz,
turbulent, pulsating water pipe flow. Red = 15000 - 70000,
Measurements by an electrochemical
mass transfer technique. Amplitude = 0.044 -0.1 U ^ ,

<9P/9x>

TARDU, BINDER and Water-tunnel boundary layer fOfC = 0.33Hz <Tw> ,< tw*>.
BLACKWELDER 1986 turbulence respoonse to free-stream Ue = 3.03 m/s <f.>

oscillations. Hot-film measurements. Amplitude = 0.29 Ue
b

fMA  = 0.45
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Table 1.1 Concluded

AUTHORS FLOW DOCUMENTED _______ FLOW CHARACTERISTICS REPORTED QUANTITIES

BRERETON and REYNOLDS 1987 Water-tunnel boundary layer 
measurements of the production terms 
arising from a triple decomposition of 
the velocity field. LDA used.

fosc = 0.1.0.5,1.0,2.0 Hz 

U7 = 0.73 m/s

Amplitude = 0.15 Ue

- uv (9U/9y),- HV (9U/9y),

- uv(9tf/9y),

- uv(9tl/9y)

COOK and MURPHY 1987 Fully turbulent boundary layer with f0jC = 4 -2 1  Hz,
sinusoidally varying free-stream Ue = 45 - 52 m/s,
velocity in a wind tunnel. Slightly VH2 -<Vu2>, <p0
favourable pressure gradient Hot-wire Amplitude = 0.065-0.17 Ue
measurements. fb*500 -1000 Hz

GAJDECZKO and RAMAPRIAN 
1987

Boundary layer with periodically fogc = 0.5,2 Hz, 
varying free-stream velocity in a water $r -  2 - 28,
tunnel. Mild and strong adverse ___
pressure gradient Flow reversal Amplitude = 0.4 Ue 
conditions. LDA measurements.

<U>,<Pu»au»

, $2» ♦ 
u v , <uv>,

JENSEN, SUMER and FREDSOE 
1989

Purely oscillating water flow around a f^ . = 0.1,0.12 Hz 
zero mean value. Effects of U = 0.07 - 2.1 m/s
rotighnessftunplitude ratio on flow. = 0.11 - 3.1 m
LDA and hot-film measurements. K

<u>, <Pu,

7,
<u2>,<v2>, <uv>, u2 , v2 

» 9tw

BURNEL, REAL1SON and THOMAS Fully developed, turbulent pulsating 
1990 air flow in the boundary layer of a

pipe. Hot film air-flow measurements.

fosc = 1.25,1.65,20 Hz, 
Red = 53000,

Amplitude = 0.3 U ^ ,

n,dn/9r,
<u^> - u2 ,<uv> - uv



Table 1.2 Unsteady heated flow measurements

AUTHORS__________________ FLOW DOCUMENTED__________ FLOW CHARACTERISTICS REPORTED QUANTITIES

MILLER 1969 Heat transfer in a turbulent, fosc = 0.1- 250 Hz,
sinusoidally oscillating, flat-plate = j 5 .5  iq5
boundary layer in a wind tunnel. x ___
Measurements by hot wire and surface- Amplitude = 0.08 - 0.92 Ue 
mounted heat-flux meters. T _ « o r

U ,  u2 , 

Nu

ANDRE, CREFF, FONTEN1AUD, Heat-transfer measurements in fully f0JC = 0 - 4 0  Hz, " j
LAVERDAN and POULIQUEN 1978 turbulent pulsed air flow in pipe. Hot- ^  -  25 - 35 m/s Re =1  - 2 10^

wire and fine thermocouple bulk ” * * ' ’ *
measurements. Amplitude — 0.36 U ^ ^ ,

T .  = 80°C

BAYLEY and PRIDDY 1981 Heat-transfer to turbine blades due to 
high frequency oscillations of the free- 
stream velocity. Blades internally 
cooled. Measurements with hot wire at 
the blade leading edge and 
thermocouples mounted in the blade 
surface.

Blade passing frequency = 10000 Hz, -rr
Rex = 2.5 - 7.5 10^ (M = 0.4 - 0.9) ,cad‘ ed*e*
__ —» Nu
uc’ (inc. oscillations) = 0.005-0.32 Ue ” **

Teiit = 90 °C, Tfalctn>, = 20 °C



Table 1.3 Present study

AUTHORS FLOW DOCUMENTED FLOW CHARACTERISTICS REPORTED QUANTITIES

DIAKOUMAKOS 1991 Turbulent, heated boundary layer over fosc = 5 - I15H z, u ,<U>,9u.au,
a flat plate, with imposed frec-strcam Ue =20 m/s,periodical oscillations. Favourable 5 , ,  $2
pressure gradient. Hot-wire, hot-film, Amplitude = 0.16 - 0.02 Ue ,
cold-wire, thermocouple and heat-flux u2 ,<u2>, v2 ,<v2>,9u,aa,9v,av,
meter measurements. fbflt«dy=135.H*

T„ -T e“ 13 °C
uv ,<uv>,9uv̂ uv, 

T •9 r«aT,

^  »^2 »<PA2’aA2* 

u0 ,<uO>,9U0,au0, 

v0 ,<v0>,9v0,aV0,

»<̂W>*<PtW*aTW*
"St



CH APTER 2

TH EO RETICAL BACK G RO UND

2.1 Equations o f motion

The turbulent flow of a viscous incompressible fluid with uniform properties is 

governed by the continuity and momentum (Navier-Stokes) equations :

8Uj

0Xj
0 (2.1)

DUi
“d T

aui auj i „ i
— 1 + U —  = - - VP + v  V^Uj + - F j
at J aXj p p

(2.2)

The reduced form of the enthalpy equation is

DT _ 9 T  3 T _
Dt St J aXj

kg
—  V*T
PCp

(2.3)

The Einstein summation convention applies to repeated indices.

Figure 2.1 shows how the velocity in periodic flow may be split into three 

components, by straightforward extension o f the statistical description o f the velocity 

field introduced by Reynolds (1895). If the flow is statistically stationary (steady) then 

the velocity, at any given instant, can be split into a time-independent average component 

and an instantaneous "deviation" from this average value, a fluctuating, turbulent 

component, a s :

U i(t)« u T  + us(t) (2.4)

where:



(2.5)
__ 1 T
Uj = lim j  J*Ui(t) dt

If the flow is non-stationary (unsteady) then the velocity can be decomposed in 

the same way by replacing the time-averaged component by an ensemble-averaged 

component, which is the mean value o f a number of repetitions, N, of the same flow :

Ui(t) = <Ui(t)> + Ui(t) (2.6)

where:

1 n

Periodic flow is a special case of non-stationary flow, because the ensemble- 

averaged component is repeatable with a period Xp. The ensemble- or phase-averaged (the

two terms are synonymous for periodic flows) velocity can then be described with a 

constant time-averaged component, on which a periodic component, Uj, is superimposed :

<Ui(t)> = u T  + ni(t + nXp) (2.8)

<Ui«>  = N l UiW (2.7)

From the definitions of the various velocity components, the following properties 

can be derived for any fluctuating quantities and S  :

\\f = <\j/(t)> = 0 (2.9a)

~ m  =o (2.9b)

<'F(t)> = < ' f ( o > =  y (2.9c)

«p (t)£ (t)>  = tp(t)<3(t)> (2.9d)

< ¥ (0  £ (t)>=  ¥ (t)  <E(t)> (2.9e)

«p(t) £(t)> = f  (t) £(t) = 0 (2.9f)
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Equation (2.90 signifies that, on average, the turbulent and periodic fields are 

uncorrelated. Following the definitions above, the instantaneous pressure, velocity and 

temperature in a periodic flow can be described by :

P= P +p + p (2.10a)

(2.10b)

T = T +0 + 6 (2.10c)

Use of the decomposition in equations (2.10) with time-averaging of equations

(2.1) to (2.3) and the relations (2.9) produces the basic governing equations for the flow 

under consideration. The continuity equation becomes :

 ̂^ i 9tf; du;
—  = ̂  = ̂  = 0 (2.11)

dXj dXj o x j

With the help of (2.11) the time-averaged Navier-Stokes and enthalpy equations 

becom e:

It will be observed that additional stress and temperature-flux gradients, a result 

of the periodic motion of the fluid, now appear in the governing equations. If equation

(2 .2) is multiplied by the fluctuating velocity component, then time-averaged and the 

continuity equations (2.11) and relations (2.9) used, the transport equation for the 

Reynolds stresses can be derived :

(2.12)

(2.13)
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D U|Uj 1 9puj 3puj d U|Uj

Dt ~ * P 3xj dxj 3xk
UiUj(Uk + uk) - V g

___ au j ____ a u j

- u; u*  - UiUk (A)

atij an:
UjUka ^ '  UiUka ^ (B)

i
+ -  

P

d ll; 0U;
- 2v — ~—L 

dxk 3xk
(2.14)

In equation (2.14) the left-hand side term represents transport by the mean flow, 

while on the right-hand side the first-line terms represent turbulent diffusion, the next two 

production by the mean and periodic fields, the fourth pressure-strain and the fifth 

viscous dissipation. Term (A) is the manifestation o f processes which exchange energy 

between the mean and the turbulent fields. It is identical to the term found in the 

corresponding steady flow, if the procedure o f double decomposition is followed. Energy 

is exchanged between the periodic and turbulent fields through a process identified by 

term (B), which is the product o f the fluctuating field stresses and the spatial rate of 

change of the periodic component of the velocity. It can be therefore seen that, even 

though the statistical definitions o f the periodic and turbulent velocities show the two to 

be uncorrelated (in the same way that the mean and the turbulent velocities are also 

uncorrelated, see relationships (2.9)), the periodic and turbulent fields are not 

independent, since energy exchange mechanisms exist between the two.

If (2.2) is multiplied by 0, (2.3) is multiplied by Uj and the resulting equations are 

added and time-averaged, the transport equations for the turbulent heat fluxes are derived.
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For the temperature variance, (2.3) is multiplied by 0 and then time-averaged. The 

following transport equations have been obtained:

Heat fluxes:

D Uj0 2
9p 9

d Uj0(uj + tfj)

Dt p dx}
>. «

9xj

—  a u i anjU;0 .. . + U;0
J dx; •> dx:VJ

___ 9T
U ;U ;---------h U;U;n  av. 1 j 3v.

kc
-(—  + v) 

PCp dxj dxj

Temperature variance:

e 2 '
k c a ~A .

(uj + trpe2

Dt " 0Xj
J

2 pCp 3xj

r '
-----S(T  + 0)
U;0 — r--------

(2.15)

A
pCp 3x: 3x:

(2.16)



2.2 Boundary layer approximation

For a two-dimensional boundary layer on a heated plate, the governing equations 

of the last section reduce t o :

D U
“Dt"

j d P  

p dx

d uv d tIV 

dy +  dy
(2.17)

D T

"5T=
9 v0 3 V0 

dy +  dy

) k ^ T
+ pcp dy2

(2. 18)

In a similar way and if  local isotropy is assumed for high-Reynolds-number flow, 

so that viscous dissipation is neglected in all but the normal components of the stresses, 

the turbulent Reynolds-stress transport equations (2.14) become :

u2
D T

Dt
1 A
2 dy uzv + u2V |

_  M  3tr
UV -T “ +  UV —

dy dy
1 9u 1 
P- ” P d T 3 e (2.19a)

v2
d t

~d T
l "d p v '

, i i f
p . * y . 2 dyl

v3 + y2V

__  d V
v2 “T ”  dy

+ v2 * 1
dy

1 dv 1
- -  p — - o £ p dy 3 (2.19b)

w2
d t

Dt vw2 + Vw2
* dvl

1 dw 1 
"p P dz ‘ 3 £

(2.19c)
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D uv
“ dT

1 0pu

p i ay J dyi
uvz + Vvu

__  dU
V2 “T ““ 3y

+ v" 3n
3y

5u dv (2.20)

The sum of equations (2.19) gives the transport equation for the total turbulent 

kinetic energy, 1/2 q2 = l/2( u2 + v2 + w2 ):

q2
° 2 -

Dt
1 a Pv' i 9 v02 3Vq2

P . dy . "2 dy dy

_  a v  — a u  dv du
VZ “ — + UV — — + vz —  + uv —- 

By 3y dy dy
- e (2.21)

The transport equations for the turbulent heat fluxes and the temperature variance 

can be derived in a similar way from equations (2.15) and (2.16) a s :

Streamwise heat flu x :

D^0
Dt

a uv9 a vu9
+

dy

. a u

3y

V0 —  + V0 —
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—  dT  asuv —— + u v t 2ay ay
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(2.22a)

Cross-stream heat flu x :

D v0 i 0 0p a v20 a vv0
Dt p . dy . 3y ay

—  a v  dv
v0 — + v 0 ~

—  dT a„ 
V2 —  + V2“

dy dy ay dy P %
(2.22b)
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Temperature variance:

D

Dt ~ "2

a v92 a ve2
ay By

—  a t
v0 - r —+ v0ay £0 (2.23)

2.3 Comment

In equations (2.19) to (2.23) extra terms appear which account for energy transfer 

from the mean and periodic fields to the random, turbulent field. On the other hand, 

statistical averages o f turbulent and periodic stresses appear in the mean momentum and 

enthalpy equations, (2.17) and (2.18), and affect the mean velocity and temperature 

profiles. The extent to which each of the dependent variables is affected by the 

unsteadiness, obviously depends on the relative magnitude of these terms. Consider first

the boundary-layer momentum equation (2.17). As Parikh et al. (1982) have pointed out, 

the time-mean pressure gradient B P /Bx is practically independent of the imposed

oscillation. The mean velocity will then be frequency-dependent only if (a) the turbulent 

Reynolds stress uv is altered under oscillatory conditions, or (b) the additional Reynolds

stress tTV, generated by the periodic motion, becomes significant in comparison to u v .

Similar considerations apply to the mean temperature : changes from steady-state 

distributions in periodic flow will depend on the relative behaviour of v0 and v£f, as

can be seen from equation (2.18). New terms, through which the periodic variation in 

velocity might affect the second moments, are also easily identifiable in the relevant 

transport equations. It would be expected that the effect of unsteadiness on the mean and 

turbulent fields would be greater with increased amplitude of oscillation.
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Figure 2.1 Analysis of a periodic turbulent velocity signal.



CHAPTER 3

EXPERIMENTAL ARRANGEMENTS AND TECHNIQUES

3.1 Wind Tunnel

3.1.1 General layout and characteristics

The blower wind tunnel, which is shown schematically in Figure 3.1, was of the 

conventional open-circuit type, with nominal 710 x 125 mm^ working section, 2.44 m in 

length. The maximum working-section velocity was 23.5 m/s. A single-stage centrifugal 

fan was driven at a rotation speed of 1600 rpm by a 2950 rpm, 10 hp GEC electrical 

motor, through a 10:5.5 belt drive. Two sets o f filters were fixed at the fan intake. The 

first was a passive filter, made up from two banks of individual Farr air filters with an 

arresting efficiency of 99.7% for 2 |im particles. The banks consisted each of an array of 

2x3 filters, covering an area 120 cm x 180 cm (filter elements designated 30/30 and Riga- 

Flo 200). The second filter was a Honeywell electrostatic one, which was enclosed so that 

it would only take the air stream that had already passed through the first filter. The 

filters were checked and cleaned whenever deemed necessary. The fan outlet was 

connected to the rest of the wind tunnel with rubber flaps to avoid the transmission of 

vibrations.

Downstream of the fan, the air flowed into a 1-m long rectangular duct of 500 x 

450 mm2 cross section. A screen was placed immediately after the fan outlet and a 

honeycomb was positioned approximately 0.4 m downstream in the straight section in 

order to improve flow uniformity upstream o f the oscillator, which was placed between 

the duct and the diffuser and was fastened to the duct. Rubber pads and steel bars were
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Downstream of the oscillator, the air stream passed through the diffuser, which 

had an equivalent cone angle of 20 deg and in which two fine screens prevented flow  

separation. The flow from the diffuser discharged into a short settling chamber and then 

through a two-dimensional 8.5:1 contraction. On entry to the contraction there was one 

more fine screen. The first duct, the diffuser, the settling chamber and contraction were 

all made of wood. The air stream finally entered the test section, which is described 

below in greater detail.

used to tie down the system and damp the mechanical vibrations. Rubber flaps were used

to minimize air leakage and transmission of vibrations.

3.1.2 The working section

Details of the working section used for this experiment are shown in Figures 3.2 

and 3.3. It consisted of two identical straight ducts 1.22 m long, having a constant cross 

section of 710 mm x 125 mm. The floor consisted of a 12.5 mm thick aluminium plate, 

which could be heated by electric blankets. Two blankets were used, each having a 

maximum rating of 3600 W and 2000 W at 240 V respectively. The power supplied to 

the blankets was independently controlled by Variac transformers. To avoid temperature 

non-uniformities because of end effects, both the aluminium plate and the blanket were 

wider than the actual test section.

The side walls were made of perspex and were fixed to the floor with aluminium 

flanges. A 1 mm layer of cork which was used to insulate the side walls from the floor, 

also served as an air sealant. The test-section roof was also made of perspex and was 

bolted on the side walls. It was fitted with rectangular ports to allow for probe access. 

These ports had perspex covers which were flush to the inner surface of the roof. The 

roof was reinforced with transversally mounted steel beams to increase its rigidity. A 

number of threaded holes in the test section floor allowed the positioning of either 

pressure tappings or heat-flux meters. Their positions for the two sections are shown in



Figure 3.3. Access to the leads of the heat flux meters or the pressure-tapping flexible 

tubes was provided through holes specifically made on the blankets.

The wall temperature was measured by 50 1 mm diameter chromel-alumel and 

copper-constantan thermocouples, set 1 mm below the surface at the positions shown in 

Figure 3.3. A special heat-conducting glue was used to ensure good thermal contact. The 

temperature variations along the working section were found to be within ±0.7 deg C. 

The temperature differences in the flow (< 15 °C) were small enough to allow the 

temperature to be considered a passive scalar.

3.1.3 Traverse mechanism

The probe traversing mechanism is shown in Figure 3.4. A 2 inch (50.8 mm) 

micrometer with a 0.001 inch (25 pm) resolution was used to move a block, which could 

accommodate two probe stems 2.5 cm apart. A yaw angle indicator (±15 deg) was 

attached to the block, to provide readings for yaw calibration of cross wires.

To avoid the transfer of mechanical vibrations from the test section to the 

measuring system, and the contamination of the signal, the micrometer traversing unit 

was not directly mounted on the working section top plate openings. Instead, an 

independent base was constructed of steel on which an aluminium cross bar was fitted. 

The arrangement is shown in Figure 3.5. The base consisted of two square frames, made 

of square-sectioned steel beams welded together, which were positioned along the length 

of the working section. The main body of the base was interconnected with L-shaped 

bars, which were bolted on the frames. The aluminium plate was made to fit that base, so 

that it could be slid onto the streamwise position where measurements were needed. It 

was secured there with bolts, which also served to level the bar and hence the micrometer 

traversing unit.
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3.2 The oscillator

The oscillator is shown in Figure 3.6. It consisted of five rotating hardwood 

blades, mounted on parallel, silver steel shafts of 0.5 inch (12.7 mm) diameter. There was 

a distance of 3.5 inches (88.9 mm) between centres of every two adjacent shafts. The 

shafts were supported by SKF 6000 deep groove ball bearings. An aluminium frame was 

also constructed to house the oscillation system.

The blades were of rectangular cross section, with rounded edges. Each blade was 

made in two identical parts with a groove in the centre, so that when the two pieces were 

put together (with bolts) a tube was formed to fit the shaft. Two sets of blades were 

constructed so as to vary the maximum flow blockage obtainable. The dimensions of the 

blades are shown in Table 3.1. A set o f identical HP G24-84 gears of a 3.5 inch (88.9 

mm) diameter, mounted on the shafts with grub screws, were used to connect the 

shutters. Bordering blades were therefore counter-rotating. Different-material gears (steel 

or tufnol) were mounted alternatively, in order to reduce transmission noise.

A gear identical to the ones above, was used to transfer the power of a .55 kW, 

3000 RPM, GEC electric motor to the shutters. A Fenner Electronic Controls 

Speedranger 2030 tachogenerator was used to regulate the speed to an accuracy of .25%. 

The motor was able to maintain rotation speeds up to a maximum of 3600 rpm.

Different configurations for the two sets of blades were tried, as indicated in 

Table 3.2. Test case 3 was eventually chosen, because it produced a smooth velocity 

variation combined with a reasonably large amplitude. This variation, for small 

frequencies of oscillation, was almost sinusoidal. Results reported here are all for this 

configuration. Because the blades passed through the fully "open" (0 deg) and fully 

"shut" (90 deg) position twice within each full revolution of the shaft, the frequency of 

the imposed oscillation was twice the frequency of shaft rotation. Therefore, the forced 

oscillation had a nominal maximum of 6,000 cycles/min or 100 Hz.
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3.3 Mean-field measurements

3.3.1 Velocity

Mean velocity was measured with stagnation (Pitot) tubes. It was deduced from 

the total pressure and the wall static pressure. The tubes were manufactured of steel 

hypodermic tubing, inserted in the stem so that the tube diameter was progressively 

reduced. The tube which was mainly used was L-shaped and had a flat mouth of 0.5 mm 

external height and 1 mm width. The distance between the stem and the Pitot mouth for 

the flat mouthed tube was 76 mm.

The pressure differences were read on a Furness Controls micromanometer which, 

for the operating range of 0 to 200 mm water gauge, had a resolution of 0.1 mm water 

gauge. This digital manometer was regularly checked for accuracy against a simple water 

manometer. Because of displacement effects in shear flows, the tube position was 

corrected as recommended by McMillan (1956). The displacement correction was 0.65d 

for round tubes, where d is the external diameter of the tube, or 0.62h for flat tubes, 

where h is the external height of the tube. The mean velocity was only measured with 

Pitot tubes in the steady flow experiments or during the hot-wire calibrations. For the 

oscillating flows, hot-wire measurements were made, as will be described in section 3.4.

3.3.2 Temperature

Mean temperatures were measured in steady flow with 25 Jim chromel-alumel 

thermocouple probes, shown in Figure 3.7a, using the arrangement seen in Figure 3.7b. 

The chromel and alumel wires were provided by Leico Industries and Goodfellow Ltd. 

The thermocouple junction was formed by butt welding and the thermocouple was 

supported on two prongs, one chromel and the other alumel, each of a 0.8 mm diameter 

and 7 mm apart from each other. The length/diameter ratio of the thermocouple was 

about 280. The signal was fed to a Datron 1065A digital voltmeter. The thermocouple
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system consisted of two junctions, the measuring junction and the reference "cold" 

junction, which was again formed by butt welding of two large (0.8 mm) Chromel and 

Alumel wires. This junction was immersed into a tube containing oil to ensure high 

conductivity and the tube was itself put into a thermos flask holding a mixture of ice and 

water and was maintained at 0 deg C. Consistency between the chromel-alumel flow 

thermocouple and the wall thermocouples was checked by positioning the flow 

thermocouple on the heated wall and also by positioning a "free" thermocouple in the free 

stream via the roof access ports. Agreement between the different thermocouples and also 

a Coming mercury-in-glass thermometer was always within ±0.2 deg C. Errors due to 

end conduction to the thermocouple supports and radiation from the heated wall were 

negligible (Blackwell and Moffat 1975).

In the unsteady heated flow experiments, a cold wire was used to measure the 

temperature, as will be described in section 3.5. A number of tests were made in steady 

flow to ensure that the mean temperature profiles measured by thermocouples and cold 

wires agreed. (A typical example can be seen in figure 3.8). Errors associated with mean- 

temperature measurements were mainly systematic, related to the cold-wire calibration. 

The flow thermocouples were used to measure the free-stream temperature and thus 

correct the cold-wire measurements. The correction was applied by keeping the 

temperature distribution measured by the cold wire and then comparing the free-stream 

temperature found with the thermocouples.

3.4 Measurement of fluctuating velocity

For the measurement of velocity fluctuations, a constant-temperature hot-wire 

anemometer was used. The principles of operation and practical applications and 

limitations have been discussed in detail elsewhere (e.g. Bradshaw 1971, Hinze 1975, 

Perry 1982). Therefore, only a brief description will be given of the basic equations and 

of the techniques required for the present experiment.
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Detailed investigation of heat transfer from a fine wire (e.g. Collis and Williams 

1959, Corrsin 1963) which is inclined at an angle (90-a) deg to the mean flow direction 

(Figure 3.9) shows that the response of such a wire to velocity can be expressed in the

form :

E2 = A + B U eff" (3.1)

where E is the anemometer bridge output voltage and Ueff is the effective cooling 

velocity given b y :

where U and V are the velocity components in the x and y axis respectively and \|f is the 

effective angle, not necessarily equal to the actual geometric angle, a , between the wire 

and the prongs, but related to it. This relation is valid for a range of angles from 0-60 deg 

about the mean velocity vector. The exponent n takes the value 0.45 and A and B can be 

determined for each wire by the procedure of velocity calibration. Equation (3.1) is 

known as King's law. Defining :

in the free-stream region of the plane flow, where U = Ue , u«0 and V + v = 0, A and

B can be determined from the mean free stream velocity Ue, which is acquired from Pitot 

tube measurements. Use of a number of E, Ue pairs gives the constants A, B as the 

intercept and slope respectively of a straight-line, least-squares fit. Heat transfer from a 

wire depends both on the normal and the tangential velocity components, as can be seen 

in equation (3.2). Calibration of the wire's yaw response was performed in situ using the 

yaw facility incorporated into the traversing mechanism. The probe was rotated by ±10 

deg about the mean velocity vector and tan\\f was obtained from a procedure similar to 

the one described above for the velocity. Figure 3.10 shows the flow chart for velocity 

and yaw calibration of the hot wires.

= ( U + u) cosv  +  ( V + v) sin\jf (3.2)

(3.3)
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Miniature DIS A 55P11 probes were used for single-wire measurements, 

combined with DISA 55H20 probe supports and 55H153 mounting tubes. Near the wall, 

a boundary-layer miniature DISA 55P15 probe was used. For simultaneous 

measurements of the instantaneous U and V components of the velocity, the DISA 

miniature 55P61 X-wire probes were used, in conjunction with the 55H24 probe support 

and the 55H240 mounting tube.

The 5 |im diameter, 1.25 mm wire sensors were made of platinum-plated tungsten 

and were supported on stainless steel prongs, embedded in a ceramic tube. The wires 

were checked before use, with the usual anemometer bridge tests for voltage output and 

frequency response and also under a microscope for possible particle deposits. They were 

operated at an overheat ratio of 1.8 with the DISA 55M10 Constant Temperature 

Anemometer (CTA).

3.5 Measurement of fluctuating temperature

For heated flows, measurements of the instantaneous fluid temperature were made 

with a 1.25 |im diameter Platinum wire, which was operated in constant current mode at 

very low overheat as a "cold wire". The temperature o f this wire was approximately equal 

to the surrounding fluid temperature. This technique and the related physics have been 

extensively described before (e.g. Corrsin 1963), so only a brief account will be given 

here.

The wire temperature Tc is related to the wire resistance Rc by :

R ^ R c o d  + PcTc) (3.4)

where Rcq is the wire resistance at 0 deg C and pc is the temperature coefficient of 

resistivity for the wire material. The work of many researchers (Wyngaard 1971, 

Hoejstrup et al 1976, 1977, Paranthoen et al 1982) has shown that optimum performance 

of cold wires can be attained with a combination of high length/diameter ratio (over 400)
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and large distance of the actual sensor from the prongs. Both these objectives have been 

achieved by the use of Wallaston wire. This is a commercially available silver wire with a 

thin thread of platinum in its central core. The wires were made by the author in the 

Fluids Laboratory. The construction o f the wires followed the technique outlined by 

Perry (1982). It consisted of using a 0.007 mm Wallaston wire, supplied by Leico 

Industries, and soldering it on gold plated prongs of 0.6 mm diameter and 3 mm apart. 

The central portion of about 1 mm was then removed by etching using a solution o f 15% 

nitric acid, which left an active length of 800 to 1000 diameters and a 1 mm distance 

from the prongs on either side of the actual sensor. A PSI single wire probe was used as 

the support. The simple constant-current circuit used for temperature measurements, 

retains the thermal inertia of the wire. Therefore, the response equation for the cold wire

where Vc is the instantaneous voltage output of the cold wire, Vcj is the voltage output of 

an ideal wire, which has no thermal inertia, and M is the cold-wire time constant. The 

average time constant of the wires was found to be around 60 ps and was small enough 

for the thermal inertia term in equation (3.5) to be considered negligible for the purposes 

of our experiment.

For the output voltage fluctuations not to be contaminated with velocity 

fluctuations, the cold wire must be operated so that its velocity sensitivity is negligible. 

An expression for the ratio of the temperature to velocity sensitivities, s, was derived by 

Wyngaard (1971). The appropriate form for the present study is :

(3.5)

7C k lg U ( C i+  c2 Red")2 

Ic2 Rc (c2 Red" n)
(3.6)

where k is the air thermal conductivity, lc the wire length, U the air velocity, Re^ the 

Reynolds number based on the wire diameter and Cj, C2, n are empirical constants. The



above equation shows that by increasing the operating current through the wire, the 

velocity sensitivity of the wire is increased relative to the temperature sensitivity. For the 

operating current to produce the maximum possible signal/noise ratio and the wire 

temperature to be approximately equal to the fluid temperature, an operating current of

0.55 mA was chosen as optimum. Using typical values for the dimensions and operating 

conditions, we acquired a ratio of approximately s = 260, showing that the cold wire 

temperature response was very little affected by velocity variations.

A three-wire probe configuration was used for the simultaneous velocity and 

temperature measurements. With this system all of the fluxes and Reynolds stresses were 

obtained. The cold wire was positioned equidistant between and in a parallel plane to the 

planes of the two wires comprising the standard DISA 55P61 probe, thus giving a 

measuring volume of approximately 1.2 mm3.

The hot- and cold-wire probes were mounted independently. This was achieved 

using the system pictured at Figure 3.11. The mounting system provided flexibility in 

positioning and moving of the independent probes. Bearing in mind the sensitivity of the 

cold-wire probe, this mounting device simplified the replacement operation for the cold 

wires, that usually broke after a few hours of operation. The much more robust hot wires 

were removed, making the repairing and replacement of the cold wire much easier than it 

would have been for a bulky triple-wire arrangement. The PSI support provided enough 

distance between the probe body and the measuring volume. Since the cold wire responds 

as a strain gauge to the slightest vibrations, a strip of Araldite glue was used to connect 

the prongs at a position that would not affect the measuring volume and would increase 

rigidity.

The constant current circuit used is shown in Figure 3.12. It consisted of a DC 

source and three resistors connected in series with the cold wire. The resistor R  ̂was 

variable and was used as a buffer for the current when the wire was switched in. Rj was a 

potentiometer used to adjust the current through the wire to the required value. Finally,

70



Rp was a precision resistor and the voltage drop across it was used to deduce the wire 

operating current. With the voltage source Vs of 27 V (3 x 9V batteries) and the resistor 

Rp*47 k£2, a maximum current of 0.58 mA could be achieved as :

Ic = R£+Rb + RI + Rp Rp <3/7>

3.6 Measurement of fluctuating velocity in heated flows

The velocity fluctuations in the heated flow were measured with a constant-

temperature anemometer. The hot-wire anemometer output was sensitive to temperature 

changes. The hot wire is calibrated at a reference temperature Tr and Ar, Br were

obtained as indicated in 3.4, so that:

Er2 = Ar + BrUe0-« (3.8)

It can be shown (Verriopoulos 1983) that the relation between the anemometer 

output voltage Ea, at a given temperature Ta, and the voltage Er at the reference 

temperature Tr is given to a very good approximation from :

Er2 Th -T r 
Ea2 Th -T a (3.9)

where T  ̂is the hot-wire operating temperature. The temperatures can be expressed in 

terms of the cold and hot-wire operating resistances, respectively Rc, R ,̂ using equation

(3.4) and assuming the cold-wire overheat ratio equal to approximately 1, so that Rc~Rca, 

the resistance at temperature Ta. Measurements can therefore be made and the hot-wire 

signal corrected for the temperature changes, during simultaneous triple-wire operation. 

The block diagram of the instrumentation used for the most general case of the joint U,V 

and T measurements, combined with a free-stream "trigger" hot wire (to be explained in 

section 3.8), can be seen in Figure 3.13.
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3.7 Surface measurements

3.7.1 Shear stress

3.7.1.1 Law of  the wall

The surface shear stress was calculated using the Clauser method of fitting 

velocity profiles to the law of the w a ll:

U+ = ^ ln y +  + C (3.10)

where K = 0.41 and C = 5.2. This was done by a quick computer curve-fitting procedure, 

in which Cf was adjusted in order to minimise the deviation of data from the line defined 

by equation (3.10). For the definition of Cf in unsteady-flow measurements, the time- 

averaged value of Ue was used, so that the change in the Cf coefficient would directly

reflect the change in the wall shear stress.

3.7.12 Preston-tube and hot-film methods

Skin friction measurements were also taken using Preston tubes and surface- 

mounted hot films. For the Preston method a total-head tube rests on the wall surface. 

The skin friction can be determined from the non-dimensional relationship between the 

pressure difference Ap = Ptw - p ^ , and the wall shear stress in a form given by Preston

(1954)a s :

Tw d2 Ap d2 
4 p v2 [ 4 p v2

(3.11)

where Ptw is the Pitot tube reading, p ^  is the local wall static pressure and d is the Pitot

tube diameter. The value for F was derived from a calibration by Head and Vasanta Ram 

(1971), which was based on Preston's principles but used the Ap/tw parameter as the

defined quantity. Two different Pitot tubes, o f diameters d=0.9 mm and d=2.1 mm, were
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used to check the consistency of the above calibration. Results acquired by the two 

probes during the tests, were within 1%.

Hot-film gauges, glued on the surface, were used for measurements of skin 

friction in periodic flows. If the heated element is small enough, so that its thermal 

boundary layer lies within the viscous sublayer, the wall shear stress is related to the heat 

flux from the film to the air and hence to the heating current or alternatively the 

anemometer voltage. It has been shown that the heat flux is proportional to xwlyr3 (e.g.

Ludwieg 1950, Liepmann and Skinner 1954, Winter 1977). The relationship between the 

anemometer voltage output E and xw is given by (e.g. Bellhouse and Schultz 1966):

xwl/3 = Ahf+ B hfE2 (3.12)

Hot films have been found to give good results in steady flows (Okamoto and 

Gibson 1986) and relation (3.12) has been used successfully in unsteady flows (e.g. 

Menendez and Ramaprian 1985). For the present experiment DISA 55R47 films were 

used. They consisted of a 0.1 mm x 0.9 mm nickel film deposited on a 15 mm x 7.5 mm 

x 0.05 mm polyamid foil carrying a 0.5 |im quartz coating. A number of special bushes 

(Figure 3.14) were manufactured out o f perspex to accommodate the probes and make 

their installation and removal easier. The films were attached to the bushes using double

sided sticky tape. The gauges were mounted so that the surface containing the sensor was 

flush with the wall on which the shear stress was to be measured. The film sensor was 

maintained at constant temperature by a DISA 55M10 anemometer, in the same way as 

the hot-wire sensors, but with overheat ratio o f 1.3. The films were calibrated in steady 

flow against Preston tubes. A number of E, xw pairs were used to get the A^f, B^f

constants for equation (3.12), through the application of a first-order, least-squares fit.
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3.7.2 Wall heat flux

37.2.1 The temperature law of the wall

The local heat flux was estimated by fitting temperature profiles to the 

temperature law of the w all:

In the logarithmic region :

T - T
0.45 < < 0.65

1 w " Ae

so that the air temperature is approximately equal to the film temperature, Tf = 

(Tw+Te)/2, and T+ can be expressed as :

Equations (3.13) and (3.14) show how the Stanton number can be evaluated from the 

wall law. For the present study the values Kq = 0.45 and Cq = 3.0 where used, as 

recommended by Gibson (1990).

3.7.22 Heat-flux meters

The heat-flux meters used for this investigation were of the Schmidt-Boelter 

multiple thermocouple type and are shown in Figure 3.15. The operation of the heat-flux 

meters is based on the principle of measuring the temperature difference between two 

points along the heat flow direction (Thompson 1981). This temperature difference is 

proportional to the heat flux through the sensor and is measured by a thermopile 

arrangement, which forms a differential thermoelectric circuit, generating an emf 

between the two output leads. There is no need for a reference junction for the above 

system.

(3.13)

(3.14)
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These heat-flux meters have been previously used by Verriopoulos (1983) and 

Servat-Djoo (1987). They were specially made by Medtherm Corporation out of 

duralumin to the same external dimensions as the wall pressure tappings. Their response 

was in the region of 40 m V/(W/cm2) and the output in our experiments was typically 

around 2 mV. The heat-flux meters were supplied with calibration curves, which were 

checked for consistency and linearity over the experimental velocity range on the flat 

plate. Consistency of the results was checked by positioning the four different heat-flux 

meters in the same position in the wall. Linearity was checked by changing the heat 

ratings of the blankets, so that a range of wall to free-stream temperature differences 

could be evaluated. The results were within ±3% for all the tests. The actual accuracy of 

the heat-flux meters output was checked by evaluating the Stanton number in the heated 

flat plate with different methods and comparing the results. The wall-law method for 

temperature was used for that puipose and the results were found to be consistent.

Voltage measurements were made with a Datron 1065A digital voltmeter to an accuracy 

of ±500 ppm.

The time response of the heat flux meters was evaluated, in order to establish their 

suitability for the unsteady-flow measurements. Unfortunately, data were not available 

from the constructor, so a number of tests were made, which involved heating the heat- 

flux meter at a constant temperature and then obtaining the cooling curve or the opposite,

i.e. getting the heating curve. The heat-flux meters were securely mounted in a block of 

thermal-insulating material (expanded polystyrene), with only their measuring face 

exposed. Two heating devices were used, one consisting of a lamp and a concentrating 

lens and the other of a 2000 W heater blower. The signal generated by the heat-flux meter 

was sampled by the data-acquisition system described in 3.9, using a small, purpose- 

written routine. The time constant was taken a s :

thfm =  a)
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the time that the meter took to reach the value of 1/VeTof the difference a = abs( E^-Efc). 

In the above e = 2.71828 is the base o f the common logarithm and E^, Efc is the voltage 

generated by the heat flux meter in the ’’hot” and "cold” steady states respectively.

Typical results can be seen in Figures 3.16a and 3.16b. They all showed that the response 

of the heat-flux meters was too slow for the purposes of our experiment. The observed 

time constant was in the region of 0.3-0.5 sec, which corresponds to a frequency response 

of 2-3 Hz. Despite our efforts with several companies, it has been impossible to acquire 

fast-response meters. Therefore, the heat-flux meters were used for time-averaged wall 

heat-flux measurements only, in steady and unsteady flows.

3.8 Ensemble averaging for periodic flow.

For the determination of the periodic-flow characteristics for our measuring 

system, the basic considerations were ease of data handling and minimum occupation of 

computer storage space. The aims were achieved by the assumption of the instantaneous 

velocity (and any other similarly fluctuating quantity) as the sum of two components :

U(t) = <U(t)> + u(t) (3.15)

where the phase- (or ensemble-) averaged velocity <U(t)> is given by equation (2.7).

Each cycle was divided into a specific number of parts (usually M = 90 or 180). The 

sampling rate for the velocity signal was dictated by the frequency of oscillation and the 

number of points in the cycle. For each point, m, in the cycle (where 1 < m < M) a 

"local" mean value was established after averaging of a number, N, of cycles. This 

provided the phase-averaged mean velocity. This mean value was then subtracted from 

the instantaneous velocity recorded for the specific phase in each individual cycle. The 

resulting difference provided the fluctuating (turbulent) components o f the measured 

quantities. Products of these differences were then again phase-averaged so that another 

"local" mean value, relating to a specific phase in the cycle, was obtained for the 

turbulence quantities. This procedure corresponds to :
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(3.16)
1 N

<Vm(0>= n
n=l

where \|/ is any quantity from the velocity and temperature fields, such as a Reynolds 

stress, heat flux or temperature variance, and x is the period of oscillation. The time- 

averaged value of a quantity was then derived by simple averaging of the phase-averaged 

values for the whole cycle :

__ i m

V = M X <Vm(t> (3-17)
m=l

Finally, the oscillating part of the quantity was individually accessed as :

?m(t) = <Vm(0> - V (3.18)

In periodic flows, a reference is needed in order to establish the phase in the 

cycle, at which a measurement is made. For the present case, it was decided that it was 

better to relate the phase of each measured cycle to the local free-stream oscillation. For 

the purpose of cycle definition the signal of an extra hot wire was used. This was called 

the "trigger" wire and was a novel feature of the data-acquisition system. The trigger wire 

was permanently positioned in the wind-tunnel free stream. The CTA output from this 

wire was fed to a Krohn-Hite, low-pass, analogue filter. This signal was recorded 

simultaneously by the data-acquisition system, along with the actual measurements. The 

signal from the trigger wire was subjected to a number of conditions, as described in 

section 3.9.2, to determine the cycle length and the initial point in the cycle. Once the 

cycle length was established, data from the other sampling channels, corresponding to the 

actual measurements, were processed for the points indicated by the trigger-wire cycle. 

This procedure was repeated until a statistically significant number of cycles (usually 

N=1000) was obtained and ensemble-averaged.

For on-line data processing, it was found to be less time- and memory-consuming, 

if the "running-mean" method were employed for the determination of the turbulent
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quantities. For this method, the instantaneous values of the quantities considered, as well 

as their second-order products, were summed and at the end averaged. In this way only M 

values were recorded for each of the required quantities, instead of MxN that would have 

to be kept otherwise (for N cycles). Definitions and rules of statistics (e.g. equations (2.9) 

and Appendix B) were then used to obtain the quantities required.

3.9 Data reduction and operating procedures for periodic flow

In this section the sequence of data acquisition and processing will be discussed. 

The description will be for the general case o f combined velocity and temperature 

measurements in a heated flow. The relevant instrumentation will also be described, in 

order to present a complete view of the data-acquisition system.

3.9.1 Hardware

The original measuring system (Laker et al. 1981, Verriopoulos 1983, Servat- 

Djoo 1987) utilized an Apple II microcomputer with an Advanced Micro Devices 

Am9511A arithmetic coprocessor and a Data Translation DT2832 analogue/digital (A/D) 

conversion card. Initial measurements, using the above system with modified software for 

the periodic flow, showed that the existing system was not adequate to deal with the 

complexity of the flow. The use of extensive BASIC and machine language codes left a 

data-collection area in the computer random access memory (RAM) of only 19 kBytes. 

Large memory and processing speed were of great importance for the resolution of the 

periodic flow, so that a large, continuous signal could be obtained. The existing A/D card 

also introduced a limitation in terms of the maximum sampling rate which, for 

simultaneous sampling of 3 or 4 channels, was in the region of 5 kHz per channel. This 

system was therefore considered inadequate for the higher end of the oscillation 

frequencies that were to be achieved in the flow.
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The new measuring system was made up of an IBM AT compatible personal 

computer, an analogue/digital conversion board and a simultaneous sample and hold 

board. The acquisition and processing system was built around a Dell System 200 

personal computer, based on the Intel 20286 16-bit processor with a clock speed of 12.5 

MHz. The computer was originally equipped with 640 kBytes of user memory (RAM) 

and a combined disk storage capacity of 22 MBytes (Byte = 8-bit word). The computer 

also had a high-resolution, monochrome graphics card and screen and an Intel 20287 

mathematic coprocessor, running at 10 MHz, for speeding up calculations. Extra memory 

and permanent storage capacity were later added to a total of 2.6 MBytes RAM and 102 

MBytes of disk space.

Analogue signals from the acquisition probes were fed to Megabyte's DAS-20 

analogue/digital, input/output converter board. This was installed internally in the 

expansion bay of the computer, occupying a full expansion slot. The board is based on 

the AD774 successive approximation A/D converter chip, with a 10 psec conversion 

time. The A/D board can handle 16 single-ended or 8 differential inputs and had a 12-bit 

resolution (1 part in 4096), with a user-selectable data throughput of up to a maximum

100,000 samples/second. The converter can be triggered by software command, by the 

on-board counter clock or by external pulse or clock. Data transfer to the computer 

memory can be achieved by software command, by computer system interrupt request or 

by Direct Memory Access (DMA), the latter providing much improved data transfer rates 

in comparison to the other two methods, having also the advantage of running as a 

background operation, i.e. not affecting the computer operations once the initial 

command is given. The input can be bipolar (i.e. sign change of the data) or unipolar and 

the input range was software selectable from ±50 mV to a maximum of ±10 V, with input 

resolution ranging respectively from 24.4 pV to 4.88 mV.

A Metrabyte SSH-4 sample-and-hold board was also used. This was connected to 

the A/D board with a Metrabyte CDAS-2000 connector, providing 4-channel 

simultaneous sampling, with a channel-to-channel sample time uncertainty of 30 nsec.
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The SSH-4 board has an acquisition time of 10 psec, after which time the differential, 

bipolar analogue signals were fed to the A/D converter board one at a time, through a 

multiplexer. The input-voltage range was hardware selectable, with amplifier gains of 1 

to 800. The maximum input range was again ±10 V. The characteristics of the two boards 

allowed a maximum 4-channel sampling rate o f approximately 20 kHz/channel, the 

sampling rate increasing with decreasing number of channels. This was calculated adding 

the time for the sample acquisition time of 10 fisec to the total time required for 

conversion of all the channels' data (10 psec/conversion). In practice, a maximum 

sampling rate of approximately 17 kHz/channel was achieved for 4-channel operations.

A software driver was also provided for the two boards, which was compatible 

with BASIC computer language. This summarized the A/D board operations into CALL 

functions, which could be embedded into a frame data-acquisition program. The board 

initialisation, clocks and counters, data conversions and transfers as well as a number of 

other parameters, which allowed the configuration of the system to the desired mode, 

were controlled by software commands.

3.9.2 Software and operating procedure

A flow chart of the data acquisition and processing operation is shown in Figure 

3.17. The measuring system was made up of a number of separate programmes, most of 

them written in compiled BASIC. Results were stored in disks for later reference and 

plotting. Graphic presentation of results and an amount o f post-processing was done by a 

PASCAL program. The computer codes were formed so that data were readily available, 

through the procedure chain, from one program to the next. For easy retrieval, data files 

were identified by the date of the measurements as well as the oscillating frequency and 

the position of the measuring probe. The routines that made up the data acquisition and 

processing system are the following and are presented in the sequence that was followed 

for the actual procedure:
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CALIB : The calibration program was written in BASIC. It provided the 

calibration procedure for single and cross hot wires and also for hot films. The calibration 

coefficients were calculated as described in paragraphs 3.4 and 3.7 with the use of a least- 

squares, straight-line fit. The calibration was then tested for accuracy. If the deviation 

between the measurements of the Pitot tubes and the device being calibrated was larger 

than 0.5% for the hot wires or 2% for the hot films, the calibration was repeated. All of 

the calibration coefficients were stored in a file (CALIB .DAT) for use by the interfacing 

program, SETUP.

SETUP : This BASIC program served as an interface between the calibration and 

the data-acquisition and processing routines. Analogue inputs (up to a maximum of four) 

were assigned to the desired A/D converter channels. No restrictions were placed on the 

assignments, but recommendations, based on the number of available channels, were 

made by the routine.

Signal conditioners were used at this stage, to confine the analogue signal within 

the A/D converter voltage range, as well as to provide the maximum possible signal 

resolution. For the hot-wire system two PSI6141 and two Fylde 351UA signal 

conditioners were used, with a transfer function of the form :

E* = E G h -O h (3.19)

where E*, E, G|,, Oj, are respectively the output and input voltage, the gain and the offset 

of the signal conditioner. The program recommended the best combination of gain and 

offset for the required measurement range, based on equation (3.19) and data from the 

calibration routine. An amplifying and conditioning circuit was also employed for the 

cold wire (Figure 3.12). This comprised two stages, first a Datel AM 201C 

instrumentation amplifier, set at a gain of 200 and, second, an Analog Devices 521 

amplifier with a gain adjustable in the range 9-14. The final transfer function of this 

circuit w as:
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V* = (V Ga - Oc) g b (3.20)

where V*, V, GA, GB, Oc are respectively the output and input voltage, the first and 

second stage amplifier gain and the offset applied after the first stage. Using equation

(3.4) the cold wire was calibrated and then conditioned by relation (3.20). The relation 

between the conditioned cold wire signal V* and the instantaneous fluid temperature Ta

was finally given by :

V* = D jT a + D2 (3.21)

where Dj = GA GB V0 pc

D2 = Ga Gb

Vq being the cold wire voltage at 0 deg C. The temperature measurement range, as well 

as Pc and the voltage Vr at the reference temperature Tr, were provided to the routine. Vr 

depended on the individual wire and was measured before each calibration. The second- 

stage gain and the offset were calculated by the routine to optimise the output of the cold 

wire to the selected A/D converter range.

Finally, the routine used equation (3.9) to assess temperature correction for the 

hot-wire measurements. Transfer functions for other possible analogue inputs (e.g. 

thermocouples, heat-flux meters) could also be supplied in the form :

Fm = Af + Bf Efn (3.22)

where F is the physical quantity related to the voltage output Ef, with Af, Bf 

incorporating all the calibration and gain-offset data. A new file (CHANCAL.DAT) was 

generated by the program, containing the information required to initialise the A/D 

converter card with the correct parameters, information about the kind of analogue inputs 

assigned to each channel and the linearisation coefficients and exponents to be used by 

the measuring routine for the conversion of voltage data to physical quantities. The use of
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this routine simplified the data acquisition procedure and supported a generalised code, 

irrespective of the analogue input.

FFT : This small routine, written again in compiled BASIC, was used for the 

evaluation of the oscillation frequency of the free-stream flow. A single hot wire was 

positioned in the free stream of the test section. After the required maximum frequency 

and frequency resolution were set, a Fast Fourier Transform routine was applied on data 

acquired through the A/D converter board. The results on the frequency domain were 

graphically displayed and the dominant frequency was interactively matched on the 

computer screen by a moving pointer. The sampling rate for the measuring program, 

based on the number of channels and the number of resolution points (usually M = 90 or 

180) needed in each cycle, was also calculated in this routine.

FRECHECK : A check of the recommended sampling rate was performed with 

this BASIC routine. The flow was sampled using the information given from the previous 

(FFT) routine. Fine tuning could be applied to the sampling rate if this was deemed 

necessaiy, so that a maximum number of cycles would be accepted by the proofing 

procedure. The operation of this procedure was based on the following principles :

(i) A number of samples from the trigger wire were taken at a certain sampling rate, 

as indicated from routine FFT. The number of points acquired corresponded to

2.5 cycles.

(ii) The trigger-wire samples were normalised, with their average value, and made to 

correspond to the range 0 (for the minimum sampled value) to 4095 (for the 

maximum sampled value). Two consecutive samples, that were found to be equal 

to the average value (which now was 2048), were used to define the beginning 

and end of a cycle. This procedure is equivalent to zero crossings for an AC 

signal. The exact crossing position was decided by interpolation of the data. 

Because of the limited number of points, the first sample after the actual crossing
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position was used to mark the beginning of the cycle, and the last sample before 

the next crossing to mark the end of the cycle.

(iii) The number of samples found in the cycle, between and including the first and 

last points as decided in (ii), was checked against the required cycle resolution 

(points per cycle). If the points found, were within a user-defined window 

(usually ±1 samples about the required cycle length) then the cycle was accepted. 

If not, it was rejected. The window of cycle-length acceptance, was decided on 

the basis of a balance between a fast statistical convergence and the error allowed 

to be introduced by the ensemble-averaging of cycles of different length (see 

Appendix A).

(iv) An automated procedure checked the sampling rates and suggested the optimum, 

based on the (cycles accepted/cycles sampled) ratio.

Having all the necessary information, the sampling routine could now be invoked. 

Two different ways could be followed from this point on : one would be to acquire and 

process the data on-line, i.e. the full results would be available at the end of the 

measuring procedure and the other one to observe a post-processing procedure, for which 

raw data would be acquired and recorded on hard disk, and later processed. The 

acquisition and processing principles were the same for the two approaches, with just the 

implementation changing slightly from one to the other. The on-line method was used 

during the first stages of the measurements and it had the major advantage of recording 

only a small amount of data, which would pose no problems to the storage capacity of the 

computer. The second, off-line, method was implemented after extra RAM and disk 

storage were installed on the computer. It had the advantage of substantially reduced 

measuring times, with the computer doing the processing at a later stage. This procedure 

allowed sampling of different conditions without re-calibration of the system, because a 

complete set o f measurements, for a 20-point cross-stream profile, could be acquired 

within .5 to 1 hours, instead of the 5 to 7 hours required by the on-line procedure. A list
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of the time and storage space required for the two methods (called ’’on-line" and "off

line" respectively) is given in Table 3.3. A description is given below of the programmes 

designed to support this part of the operating procedure. The output of both these 

methods was identical, so that no changes were needed for the final graphics routine.

MEASREQ : This was the BASIC routine for the "on-line" measurements. Data 

supplied from all the previous routines were used here. The program first of all produced 

look-up tables for the transformation o f each value acquired by the A/D converter to the 

corresponding physical quantity. This was achieved with the use of a transfer function of 

the general form of equation (3.22), as described before (see also paragraphs 3.4 to 3.7). 

The digitised voltage received by the computer, as an integer in the range 0-4095, was 

used as an array index to retrieve the corresponding physical quantity for each channel. 

The values were kept in the tables in floating point format. The use of tables provided a 

much faster turn-around time than if a direct calculation for each digitised datum were 

used. A look-up table of 4096 elements typically took 12 sec to be created.

The sampling rate for the A/D converter, the number of samples per cycle and the 

number of cycles to be ensemble-averaged were specified. A continuous procedure was 

then employed, with data being received simultaneously from a number of channels equal 

to the number of sensing probes (e.g. hot wire and cold wire) plus one for the trigger wire 

in the free stream. Analogue signals were digitised in the A/D converter and then sent to 

the main computer memory through DMA transfer. After the cycles were distinguished 

(points (i) to (iii) in description of routine FRECHECK), voltage values for the actual 

measuring channels were transformed to their physical equivalent and finally ensemble- 

averaged and processed, in order to get the second-order correlations. If a cold wire was 

used, this was automatically detected by the routine and hot-wire values corrected for 

temperature, according to equation (3.9). Data were displayed on screen for the user to 

monitor the operation. The procedure continued until limits, set by the user, were 

reached. The limits referred to number of cycles required for the statistical convergence 

of the ensemble-averaged quantities. Results were then displayed and ensemble-averaged
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quantities were stored for each point in the cycle. The procedure was repeated for the 

next measurement position. The data files to be saved were automatically named, so that 

they would uniquely correspond to a position in the test section and be easily retrieved by 

the plotting program.

For the "off-line" technique the following two routines were utilised :

MEASDUMP : This routine performed the data acquisition part of the measuring 

procedure. Data were obtained as large, uninterrupted batches of 50 to 60 cycles of 

simultaneously sampled quantities. The batches were stored under individual file names 

as copies o f memory blocks, a technique which speeded up the acquisition procedure to 

virtually the time needed by the A/D converter to make the acquisition and perform the 

conversion (see Table 3.3).

MEASPROC : This routine was designed to perform the processing of the data. 

Again the first task was the creation o f the look-up linearisation tables. Because of 

increased memory usage (larger data blocks), the linearisation was implemented in a 

slightly different way. An alternative, integer number, representation was introduced for 

the physical quantities. This representation had the advantage of a reduction, by a factor 

of 4, of the memory requirement for the tables (2-byte integers against 8-byte double- 

precision reals), but involved the extra complexity of transforming integers into 

corresponding real values. This transformation was accomplished with the following :

F-F,min (3.23)

where P = max^ - -n is the linearisation table parameter, Fmax < F < Fmjn is the range 

of the physical quantity F to be transformed, and 0 < In < L is the integer range into 

which the physical quantities will be transformed. In our case L = 32767 (= 215 for a 2- 

byte (8 bits/byte) element). To evaluate the data acquired the procedure was the same as 

that described for the MEASREQ routine. One small difference was that, since the cycle
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validation was performed after the actual measurements had taken place, it was a fixed 

number of sampled cycles rather than a fixed number of ensemble-averaged cycles that 

was set as the limit for the procedure termination. Knowing beforehand the approximate 

cycle rejection rate (from tests in routine FRECHECK), we were able to adjust the 

number of cycles, so that a statistically satisfactory ensemble-average would be achieved.

MEASFFT: Program for digitally filtering the raw data. This routine was 

employed for the determination of a few quantities (as will be seen in Chapter 5), that the 

number of samples was not enough for their statistical convergence. Uninterrupted data 

batches were transformed from the time to the frequency domain, using FFT procedures. 

Values were kept for frequencies up to twice the oscillation frequency and then the 

sampled data were again transformed into the time domain, using inverse FFT. The 

organised, time-dependent part of the signal was then retrieved, following similar 

procedures as in routine MEASPROC.

DATAGRAF: This was the final processing and plotting routine. It was written 

in PASCAL, so that the improved plotting capabilities and the extensive range of 

scientific utilities and libraries available for this language, could be utilised. Based on the 

results that the previous programmes supplied, a number of graphs of measured quantities 

were displayed. For boundary-layer measurements, this routine calculated the thicknesses 

and the phase differences and relative amplitudes between measurements in the free 

stream and the boundary layer. Average values for each spatial point were also calculated 

as the mean of the ensemble-averaged values. For cross-wire data, transformations were 

performed from the effective to the real velocities (see Appendix B). Results were 

displayed in dimensional or non-dimensional format and either in the same phase for a y- 

direction traverse or for all the cycle points at a fixed x-y position. A velocity and 

temperature log-law fit routine was incorporated to determine the skin-friction coefficient 

and Stanton number from velocity and temperature profiles, as described in 3.7.
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Dimensions (mm)
Blade type thickness width length

A 25.4 70 492
B 25.4 85 496

Table 3.1 Dimensions of the two sets of tested blades

Blade position and relative phase 
(deg)

Blockage Maximum
amplitude

Test
case

1 2 3 4 5 Min Max
A-0° A-0° A-0° A-0° A-0° .2835 .7813 0.05 Ue 1

B-0° B-0° B-0° B-0° B-0° .2835 .9487 0.40 Ue 2

B-0° A-0° B-0° A-0° B-0° .2835 .8817 0.15 Ue 3
B-0° B-30° B-0° B-30° B-0° .3973 .9122 0.10 Ue 4

Table 3.2 Combinations of different blades in the oscillator.

Acquisition
method

Acquisition
time

Disk
transfer

time

Cycle
validation

Processing
time

Procedural
difference5

Total on
line time

Storage
space

On-line 26.5 s 3 — 65.5 s 4 230 s 480 s 802.0 s 19 kB
Off-line/sdt1 10.5 s 100.5 s 43.5 s 230 s — 111.0s 825 kB
Off-line/mc2 3 4 5 10.5 s 5.0 s 43.5 s 230 s — 15.5 s 825 kB

Table 3.3 Hardware requirements for data acquisition and processing. Typical data based 
on 4-channel acquisition with a 10 kHz sampling rate, 90 points/cycle, 1000 ensembled 
cycles and 85% cycle acceptance rate.

1 Sequential Data Transfer
2 RAM  Memory Copy to disk
3 Time to get 2.5 times the cycles required
4 The time required to get the first cycle is 1.5 times the average time. The "on-line" method acquires 
only the first cycle o f the batch.
5 Added time for screen data display, extra data checks and for small batches, which multiply the "frame" 
running time o f the programme by a factor of 60 (1-cycle batches compared to 60-cycle batches)
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Figure 3.1 Experimental wind tunnel layout
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Figure 3.2 a) Details o f the working section.
b) Measurement positions at the test section
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♦ Locations o f bushes

x  Locations of thermocouples

•  Locations o f heat flux -meters, or pressure tappings

- / -  Locations o f hot films

1220

Figure 3.3 Details of the roof and floor of the test section.
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Figure 3.4 Micrometer traversing mechanism.



Figure 3.5 Traversing mechanism support base.



Mounting flange

Figure 3.6 Oscillation-generating mechanism,
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Figure 3.7 (top) a) Thermocouple probe used for steady-flow, mean-temperature 
measurements.
b) Instrumentation used for steady-flow, mean-temperature measurements. 

Figure 3.8 (bottom) Comparison of mean-temperature profiles from different sources.
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Figure 3.9 General position of a hot wire, relative to the instantaneous velocity vector. 
Wire at (90-a) degrees to the probe axis and in the x-y plane.



Figure 3.10 Flow chart for velocity and yaw calibration of hot wires (Program CALIB).
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Figure 3.11 Three-wire arrangement for simultaneous U,V, T measurements.
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Figure 3.12 Constant-current and conditioning circuit for cold-wire measurements.



Figure 3.13 Block diagram for instrumentation used in simultaneous U, V, 
measurements.
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Figure 3.14 Hot-film mounting bush.



SPANER SLOTS

0.500
DIMENSIONS ARE IN INCHES

NOTES:
1. Lead wire is 24>28 AWG twisted pair, teflon insulated, white positive, black .negative for heat flow into the front face 

of sensing surface.
2. Tranducer body is 2011-T3 aluminium alloy. Maximum operating temperature 300°F.

oN>
Figure 3.15 Heat-flux transducer.
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Figure 3.16 Determination of heat-flux meter time response, based on heating (a) and 
cooling (b) curves.
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Figure 3.17 Software procedure block diagram.
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CHAPTER 4

PREDICTION METHOD

4.1 Mean-flow equations

If the continuity, momentum and enthalpy equations (2.1) to (2.3) are invoked 

and the instantaneous values of velocity, pressure and temperature are decomposed into 

mean and fluctuating part as in relation 2.6, then the ensemble-averaged governing 

equations for incompressible flow can be acquired :

3<Uj>

0Xj
=  0 (4.1)

p<Uj> a<p>
Dt 3xj

3<Ui>
8x:

d <t > _  a
Dt 0Xj

 ̂ d<T> A

(4.2)

(4.3)

where is the molecular diffusivity for temperature. The periodic component of 

velocity has been subsumed into the ensemble average and the extra terms, found in the 

time-averaged equations of Chapter 2, have now disappeared. This is a welcome 

simplification for the calculator, since fewer terms need be estimated, but the underlying 

effect of oscillations remains.

For the unsteady case, the flow was considered fully developed. Changes were 

assumed only a function of time and the flow was periodically repeatable. To satisfy 

continuity, 3<V>/3y was also assumed zero. Boundary conditions for the free-stream 

were introduced in the form of time-dependent free-stream velocity d<Ue>/dt, for which

experimental values from the present investigation have been used.



The solution of this set of mean-flow equations can be achieved by the 

introduction of additional transport equations for the unknown correlations <UjUj> and 

< U j8 > . At second-moment level, models are needed for the triple products and the 

correlations containing the fluctuating part o f the pressure. An auxiliary equation for the 

turbulent energy dissipation rate is also needed. The model assumptions, which were used 

for the present investigation, have appeared in detail in the literature (Launder et al. 1975, 

Launder 1975,1976, Gibson and Launder 1978, Gibson and Younis 1982 ,1986a and b) 

and therefore only the main features will be repeated here.

Given the possible invalidity of the law of the wall for unsteady near-wall 

calculations, high-Reynolds-number models were nevertheless chosen, because of two 

considerations: the limited amount o f time available for the calculations to be performed 

and the notion that low-Reynolds-number models are not advanced enough to guarantee 

better results, as it has been shown by the unsteady-flow predictions attempted by Kebede 

et al. (1985).
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4.2 Reynolds-stress model

The equations of the ensemble-averaged Reynolds stresses, where buoyancy 

effects have been neglected, are of the general form :

3<UjUj> a<U;U;>i T - J JL a<uju;> 1 a<ujp> a<uiP>

at +<U|5^ r  ■ dx{ <uiujui> - v 3xi j
P 0Xj 3x]J -

__A__ A A
rate o f convection turbulent and viscous diffusion

change

<UjUi>
a<U;> 3<Ui>
---- + <UjUj>---------

dx dx

P y : stress production

+ <£
9uj du; 
—  + —* 
3xj 3xj

7tjj: pressure strain

3u; 0U;
2 v <—  T- *>

axj dxj
(4.4)

£jj: dissipation

It can be seen that the extra terms, found in the equations for the time-averaged stresses 

in Chapter 2, have disappeared, but the effect o f the oscillations on the stresses remains, 

through the ensemble-averaged terms. In the equation above, the rate-of-change, 

convection and production terms are exact and need not be further approximated. For 

steady flows the rate-of-change term is zero. The diffusion, pressure-strain and 

dissipation terms contain correlations, which require model approximations for the 

system to be closed.
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The turbulent-diffusion term can be modelled with the Daly and Harlow (1970)

gradient-transport m odel:

JL
Oxj <uiuj V  =

A .
3xi

k
-< uiuk>

3<u.u>  
1 J

3xk
(4.5)

Pressure and viscous diffusion are ignored in the belief that they are negligible.

The pressure-strain term acts in order to redistribute energy between the various 

components and to reduce shear stress. This term can be modelled as the sum of two 

processes: the interaction of turbulence with itself and the interaction of turbulence and 

mean strain. Therefore, the term can be approximated as :

^ij = ^ij,l + ^ij,2 (^*6)

In this study, Rotta's (1951) "return to isotropy" proposal has been used for the first part:

îj,! -  "Cj j* <u.u> - o 8;; k i j 3 y (4.7)

Rotta's model reflects the notion that, if there is no mean strain, anisotropic turbulence 

will tend to return to the isotropic state at a rate proportional to the anisotropy. Based on 

the idea of proportionality to the anisotropy o f stress production, the following model, 

proposed by Reynolds (1970), has been adopted for the second part:

nij,2 = 'C2 ^ij " 3 îj ^kk (4.8)

To account for the anisotropy close to the wall, additional wall-correction terms 

have been introduced to the pressure-strain model. For the first part, Shir (1973) 

proposed the following form :

"'ij.i = c 'i f <ukUm> V m  5ij ' 2 <V i > nknj ' 2 <ukuj> V i
L 1

ni ri
(4.9)

which Gibson and Launder (1978) extended to the second part:
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n 'i j ,2  = C 2 (4.10)
2 3 3

n k m ,2  nknm 5ij " 2 n k i ,2  " 2 n k j ,2  nkni ni ri

where n is the vector normal to the surface and r is the position vector. The function 

f(L/nj Tj) is normalised to unity value in the wall region and drops to zero for free

turbulence. The following linear relationship has been used (Launder et al. 1975):

k3/2
ni ri e

(4.11)

Another simplifying assumption is that the Reynolds number is high enough for 

the small-scale motion, responsible for energy dissipation, to be isotropic. The dissipation 

rate is equally spread among the normal-stress components and it is assumed zero for the 

shear stresses. Therefore, the dissipation rate o f <UjUj> is represented by :

ey = §e 5y (4.12)

Closure of the above system o f equations is achieved with the solution of the 

transport equation of the energy-dissipation rate, written in the form suggested by 

Launder et al. (1975) and used by nearly all later workers :

<Uk> il£._r JL
3xj e 3xi

k
-<uiuk> ik .

9xk
(4.13)

The shear stress which appears in P ^ , is directly obtained from its equation, rather than 

from an eddy-viscosity relationship. The values for the various constants in the above 

equations, proposed by Launder et al. (1975) and Gibson and Launder (1978) and in a 

later version by Gibson and Younis (1982 ,1986a, 1986b), can be found in Table 4.1.
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4.3 Heat-flux model

While the Reynolds-stress model described above can be regarded as established 

and it can be relied upon to give at least plausible results for shear flows in most 

circumstances, the equivalent heat-flux model is in a less satisfactory state that may be 

best described as tentative, partly because it has received much less attention and partly 

because the heat-flux measurements needed to validate predictions are more difficult and 

less accurate. The transport equation for the heat fluxes is of the general form :

3<Uj0>
3t

+ <Uj>
3<Uj0>

0Xj
JL
dxi

<UjUi0> - — 8ji <p0>
P

___ A___

rate of 

change

convection turbulent diffusion

9<T> „ d<U;>
<U ;U ;> T ----+ <U;0>

1 J 0Xj J 0Xj

Pi0l+Pi02: stress production

+ ; <p f a>
P ^xi

__________ A__________

7ij0 : pressure scrambling

- (v  + ^ ) < | ^ >  (4.14)
dxj oxj

__________ A__________

viscous destruction

The convection and production terms are found in their exact form and no 

modelling is required for them. The viscous destruction term in equation (4.14) has been 

neglected through the imposition of a local-isotropy assumption for high-Reynolds-
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number turbulence. The diffusion term has been modelled on the basis of a gradient-type

model, proposed by Launder (1976) :

JL <u.u.0> =i 1
_2_
3xj

k
- < uluk>

3<u.0>i
3xk

(4.15)

while the pressure transport term of the diffusion is considered unimportant and therefore 

neglected.

The pressure-scrambling terms are the equivalent of the pressure-strain terms of 

the Reynolds-stress equations. Their action is such that it tends to reduce the turbulent 

scalar fluxes. They are modelled as the sum o f two terms accounting for pure turbulence 

interactions and interactions between mean strain and fluctuating quantities :

niQ =  niQtl +  n iQ,2 (4.16)

The first part of the right hand side o f equation (4.16) is modelled according to Monin 

(1965)a s :

rcie,i = -C ie£ <Uje> (4.17)

This term can be seen to be the counterpart o f Rotta’s "return to isotropy" approximation 

for the pressure-strain term. The second term is modelled according to Launder (1975) 

as:

^9,2 = -C20 Pi02 (4.18)

The presence of the wall has been assumed by Gibson and Launder (1978) to have 

an effect on the turbulent heat fluxes, in analogy to the pressure-strain modelling wall 

corrections. Their proposal is incorporated here as :

^ie,i = - c ' i e f  <uke > nink f (4.19)
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where the f-function is the same as that used in the stress model. The mean-strain part of 

the wall correction disappears for boundary layers.

In conditions where buoyancy is important, the presence of the temperature 

fluctuation <02> in the turbulent heat-flux equations, makes the determination of this 

quantity important. Here, it has been calculated for reasons of model completeness. The 

temperature fluctuations were modelled according to the following transport equation 

(Launder 1976) :

a < 0 2>  TT a < 0 2>
.  + <Uj>~r----  -
dt dxj

- <uj02>
OX]

A A A

rate of convection turbulent diffusion

change

- 2 <U]0>
0<T>
3xj

___________ A___________

Pq : stress production

(4.20)
OX] OX]

________ A________

£0 : dissipation

The convection and mean-field production terms need no approximation. The 

diffusion term is modelled, as in the Reynolds-stress and heat-flux equations, using a 

gradient-type approximation:

^-<ui02> =
3xj 3xj Q

k
-< u iu k>

a<02>
9xk

(4.21)

Consistency with the treatment of turbulent-energy dissipation would suggest the 

solution of a modelled equation for the molecular destruction term Eq. But the difficulties 

are considerable, because two plausible time scales can be identified : k/e for the velocity
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field and <02>/Eq for the thermal turbulence. It is customary to express e© in terms of e, 

by the assumption of a constant thermal/mechanical time-scale ratio, R, which must be 

specified a priori:

<02>e
e« “ 2 k R (4.22)

There is no consensus on the precise value of R to be used in flow calculations. Launder 

(1976) cites values of 0.5 to 0.8, according to the flow considered. Data from grid 

turbulence analysed by Gibson and Dakos (1991) indicate that, in these circumstances, R 

may be as high as 2.0. For the present investigation the value of 0.38 was used to bring 

the predictions in line with the experimental data.

4.4 Solution of the equations

The mean-flow and turbulence-model equations were introduced in a computer 

code and solved numerically. A parabolic, finite-difference/finite-volume technique was 

used for the transformation o f the differential equations into algebraic ones. The 

equations were solved in transformed space, so that the computational grid could expand 

to match the physical extent of the boundary layer. A marching-integration technique in 

the x-direction (main flow direction), starting from experimentally obtained initial 

conditions, was used for the solution. The governing equations were numerically 

integrated to yield distributions of all the unknown variables at a plane, normal to the 

main flow direction, displaced from the previous one by a small interval. Typically the 

code used 45 cross-stream points and a forward step size ranging between 3 and 6% of 

the local boundary layer thickness. The original code and its subsequent unsteady-flow 

modifications, were written in FORTRAN 77 and ran on UNIX workstations and 

personal computers.
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Cs Cl C2 C’l C'j Q ^el Ce2 Ce c ie C20 C'ie C, R Source
0.22 1.8 0.6 0.5 0.3 0.15 1.45 1.9 0.11 3.0 0.33 0.5 0.13 0.8 Standard1
0.22 3.0 0.3 0.75 0.5 0.15 1.4 1.8 0.15 2.85 0.55 0.5 0.11 0.38 Modified2

Table 4.1 Values assigned to constants of the prediction models.

1 Commonly used set (Launder et al.1975, Launder 1975, Gibson and Launder
1978). Values presented here for comparison.

2 Modified set (Launder et al.1975, Gibson and Younis 1986, Malin and Younis
1990. For value of R, see text).
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CHAPTER 5

EXPERIMENTAL RESULTS AND COMPARISON WITH

PREDICTIONS

5.1 Development of velocity and temperature boundary layers in steady 

flow

5.1.1 Mean-flow field

Measurements of mean quantities are presented here for the case of locally

constant free-stream velocity. The boundary layers developed under a mild favourable

pressure gradient. The measurements were taken at four streamwise locations, shown in

Figure 3.2b. Mean values of the quantities measured, along with the symbols used at each

location, are shown in Table 5.1. The nominal free-stream velocity, measured at x = 1.42 

m was 22.85 m/s. The free-stream turbulence intensity, u'/Ue , was less than 0.4%

throughout the test section. The wall temperature was nominally 12.2° C above ambient.

The streamwise variation of the dimensionless wall static pressure, Cp, and that of 

the free-stream velocity Ue, are shown in Figure 5.1a. The dimensionless wall 

temperature, Gp, is plotted in Figure 5.1b. The lowest temperatures were recorded at the 

beginning and end of the test section, because of the finite length of the heated plate and 

of the heating elements. Thermocouples positioned in the spanwise direction of the wall 

indicated temperature differences among them of the order of ±0.3° C.

Mean velocity profiles at four measuring stations are plotted in Figures 5.2 and

5.3. Reynolds numbers were in the range 2.15x10^ < Rex < 3.42x10^. The profiles are

plotted in wall coordinates in Figure 5.4 and are fitted by the law of the w a ll:
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u+ = oiiln(y+) + 5-2 (5.1)

for 50 < y+< 300.

The streamwise variations o f the boundary layer thickness, 8, displacement 

thickness, 8j, momentum thickness, 82, shape factor, H=81/82, an^ the skin-friction 

coefficient, Cf, are shown in Figure 5.5. Skin-friction coefficient values were obtained by 

the Clauser technique and by Preston tubes, as described in Chapter 3, and are compared 

with the values given by the Ludwieg-Tillmann formula :

Cf = 0.246 10-°-678 H R e52-0.268 (5.2)

and by the correlation quoted by Kays and Crawford (1980):

cf = 0.025 Re52-0-25 (5.3)

For the evaluation of Cf from relations (5.2) and (5.3), the measured values of H and Reg2 

(shown in Table 5.1) were used. Results obtained with the above relations are in good 

agreement with the experiment, as can be seen in Figure 5.5.

The mean-temperature profiles are plotted in Figure 5.6 and in wall coordinates in 

Figure 5.7. The temperature law of the w a ll:

T+ = 0 ^ 5 ln(y+) + 3'° (5A)

fits the measured data quite well in the region 100 < y+< 300.

Values for the streamwise variation o f the temperature-layer thickness, A, the 

enthalpy thickness, A2, and the Stanton number, St, are shown in Figure 5.8. The Stanton

numbers have been calculated from heat-flux meter measurements, as described in 

Chapter 3, and also by fitting the mean-temperature profiles to equation (5.4). The values 

obtained by both these methods agree quite well with the correlation quoted by Kays and 

Crawford (1980):
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St = 0.0125 P r0*5 ReA2-°*25 (5.5)

The temperature-layer thickness, A, is larger than the velocity-layer thickness, 5, and 

their ratio is in the range 1.12 -1.15. Exact values for the thicknesses are given in Table

The two-dimensionality of the flow was checked by integrating the momentum 

equation, as suggested by Coles and Hirst (1968):

The results of this integration, from xref = 1.42 m, are shown in Figure 5.9a. The left- 

hand side, PL, was evaluated using Cf values obtained by both the Clauser technique and 

the Preston method with two different total-head tubes. The maximum momentum 

imbalance was always below 9%, indicating that the effects of secondary flows were 

small.

The two-dimensionality of the temperature field was checked by integrating the 

enthalpy equation. If the integrals at the right hand side of the equation are evaluated and 

a Taylor series expansion is performed, with higher-order terms neglected, the following 

simplified equation is obtained :

5.1.

(5.6)

X

ti,, f  dx Pf cp ^ 2  (Tw ”T e)
TL= St----- = ------- ----------------------- 1= TR

/̂ 2ref ( Pf cp (Tw ~Te)) ref
(5.7)

The results of the integration, from xref = 1.42 m, are shown in Figure 5.9b. The 

imbalance between the left- and right-hand sides of the equation did not exceed 10%, a 

result comparable to the momentum imbalance.
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5.1.2 Turbulence quantities

Profiles o f the Reynolds stresses u2 , v2 and u v , obtained at x = 1.96 m and x

= 2.21 m, are plotted in Figures 5.10 and 5.11, where they are compared with the results

of similar measurements made by Verriopoulos (1983) in the same wind tunnel. Profiles 

of Ruv, v2 /  u2 and - uv /  q2 are plotted in Figures 5.12 - 5.14. These exhibit typical

boundary-layer values and, overall, agree well with VeITiopoulos, prior measurements.

Profiles of the temperature fluxes and variance are shown in Figures 5.15 and 

5.16. For the region y/8 < 0.3 of the boundary layer, low values of v0 were observed.

Similar behaviour, shown in previous results o f Verriopoulos (1983) and Gibson and 

Servat-Djoo (1989), were attributed to loss o f resolution of the triple-wire probe in the 

inner boundary layer. In this region the probe measurement volume was o f the same 

order of the distance from the wall and o f the larger turbulent scales and an order of 

magnitude larger than the Kolmogorov temperature scale. Close to the wall the 

contribution of small-scale motion to v' and 0* is more significant and therefore the 

effects are greater. With increasing distance from the wall, the spatial resolution of the

probe is improved. Gibson and Servat-Djoo (1989) indicated that the probable error near 

the wall might exceed 15%. The u0 measurements have been less affected. Estimated

values for the systematic error for these measurements, are given in Appendix A.

Profiles of the correlation coefficients for the longitudinal and the cross-stream 

heat fluxes, Ruq and Rvq respectively, are plotted in Figures 5.17 and 5.18. Values of 

0.65 and 0.52 are found for Ru@ and Rv@ in the region 0.2 < y/A < 0.8. The relative 

behaviour of u0 and v0 is better obtained from their ratio - u0 /  v0 , profiles of which

are plotted in Figure 5.19. The value of this ratio is approximately 2.1 as compared to 1.7 

and 1.9 for the Verriopoulos (1983) and Servat-Djoo (1987) results, respectively. This 

value increases for y/A < 0.3, because of the probe loss of resolution mentioned earlier.
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5.2 Effect of periodic free-stream velocity on the velocity boundary layer

A number of different free-stream conditions have been examined. Oscillation 

frequencies ranged approximately from 5 to 114 Hz and amplitudes from 16 to 3 % of the 

mean free-stream velocity. Measurements were made at two stream wise locations, x = 

1.96 m and x = 2.21 m. More details for the mean-flow conditions, along with the 

symbols used for each case, are presented in Table 5.2. In Table 5.3, a number of 

dimensionless parameters have been evaluated from data of Table 5.2. These parameters 

have been proposed in previous investigations (Cousteix et al. 1981b, Binder and Kueny 

1982, Ramaprian and Tu 1983, Mao and Hanratty 1986) in an effort to establish patterns 

in the unsteady flow behaviour. The most detailed classification is that of Ramaprian and 

Tu (1983) and is based on the parameter £2t, defined by equation (1.10). According to this 

classification, all of our measurements are in the regimes described as 3 (l<Q t<10) and 4 

(10<Qt<100), which are the most interesting, because interaction is expected there

between the oscillation and the turbulence generation mechanism.

5.2.1 Effect on the mean-velocity field

5.2.7.7 Flow development

The variation with frequency of the free-stream velocity is plotted in Figure 5.20. 
The time-averaged free-stream velocity Ue drops by approximately 18% with the

introduction of low-frequency free-stream oscillation, in comparison to the steady-flow 

velocity at the same fan speed. This decrease is a result of the increased flow resistance as 

the shutters rotate. With increasing frequency, the free-stream velocity increases slightly 

and it finally achieves a value 14% lower than that of the steady flow.

The change with frequency o f the relative amplitude of the oscillation, aye =

AUg/ Ue , is also plotted in Figure 5.20. Since the flow oscillations are not perfectly
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sinusoidal, as already mentioned in Chapter 3, the amplitude is determined from the 

following relation:

AUe = (<Ue>max-< U e>min)/2 (5.8)

Typical wave-forms of the free-stream velocity oscillation at different 

frequencies, measured at the streamwise stations L3 (x = 1.96 m) and L4 (x = 2.21 m), 

are plotted in Figure 5.21. At very low frequencies the amplitude was approximately 

16%. An increase in the frequency of the imposed oscillation brought about a decrease in 

the amplitude. This is an indication o f the response of the wind-tunnel air mass to the 

external oscillation. With increased frequency, pressure is not allowed sufficient time to 

build up before the shutters rotate to the 90° position, where they are fully open. The 

amplitude becomes therefore smaller and also the free-stream velocity is increased. At the 

frequency range of 60 Hz to 85 Hz, the relative amplitude was very small. The excitation 

of a number of frequencies, relevant to the wind-tunnel construction and geometry, is 

possibly responsible for this large decrease. These frequencies may absorb energy from 

the oscillation or interfere with it so that, at the test section, the measured oscillation has a 

much reduced amplitude.

5.2.7.2 Streamwise velocity

In Figure 5.22 profiles are plotted of the time-averaged velocity, as well as of the 

minimum and maximum ensemble-averaged velocities in the cycle. Quasi-steady flow 

velocity profiles, scaled from the normalised profiles of Figure 5.3 for the same free- 

stream velocities, are also shown. At low frequencies (and large amplitudes) the time- 

averaged velocity profile of the periodic flow deviates from that of the steady flow. The 

ensemble-averaged profiles show different behaviour at the two extremes of the cycle.

The minimum velocity does not differ significantly from its equivalent quasi-steady 

profile, while the maximum velocity has a substantially different profile, which is "fuller" 

in the inner part of the boundary layer. As frequency increases, the profiles become 

identical to those of the steady flow.
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As shown in Chapter 2 (equation 2.17), if the term tIV, arising from the periodic- 

flow field, is significant compared to the term uv , or if the Reynolds-stress distribution

is altered under the imposed oscillations, then the mean-velocity field will be affected. 

For our cases of 5.2 Hz and 8.0 Hz it may be assumed that the mean-flow characteristics

are altered by the large velocity amplitudes (approximately 16% and 11%), which cause 

an increase of the term HV.

Previous ecxperiments have not produced firm conclusions, as to whether the 

time-averaged velocity profile changes or not with imposed periodicity. The early 

experiments of Karlsson (1959) and Miller (1969) suggested that there is no effect on the 

mean profile for a large range of frequencies, amplitudes and free-stream velocities. 

Scrutiny of Miller’s results shows that what he regards as scatter in his data, can be 

interpreted as a real change in the profiles. Cousteix et al. (1981a and b) and Parikh et al. 

(1982) found no change in the time-averaged velocity profile, over their entire frequency 

range. The small amplitude of the imposed oscillations could have been responsible for 

this behaviour. On the other hand, Ramaprian and Tu (1983) find a definite change in the 

velocity profiles, for frequencies ranging up to approximately the bursting frequency. In 

this latter investigation however, the imposed oscillation amplitudes ranged from 15% to 

64%.

Figures 5.23a - e show the variation o f the ensemble-averaged velocity profiles in 

the boundary layer during the cycle. Each cycle is divided into accelerating (trough to 

peak) and decelerating (peak to trough) parts. The time-averaged profile is also plotted 

for comparison. The most obvious differences can be seen at low frequencies and large 

amplitudes of oscillation (Figures 5.23a, b). In the deceleration part, the shape of the 

ensemble-averaged velocity is very similar to that of the time-mean profile. On the other 

hand, in the initial stages of the acceleration, the outer boundary layer is moving "faster" 

than the rest of the flow and the increased momentum is gradually transferred to the rest 

of the boundary layer at later stages in the cycle. The differences from the time-averaged 

velocity profile become less noticeable for the medium and high frequencies of 50.3, 93.2
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and 114.3 Hz (Figures 5.23c - e), where the flow develops in such a way that the 

ensemble-averaged profiles are almost identical to the corresponding quasi-steady ones. 

These results support the notion that the boundary layer responds in different ways to 

different imposed free-stream velocity oscillations. In fact the boundary layer seems to 

react like a mechanical system demonstrating inertia effects.

Figure 5.24 shows the phase, 9un=(Pu - 9Ue, of the local stream wise velocity in 

comparison to the free-stream velocity. The first observation is that small differences 

occur within the boundary layer, in the range ± 10°, for the cross-stream locations and 

frequencies measured. At low frequencies (5.2 Hz, 8.0 Hz) and close to the wall, <U> is 

seen to lead <Ue>. As distance from the wall increases, the velocity lead gradually

diminishes to lag behind the free-stream velocity. At the medium frequency of 50.3 Hz, 

the phase lead near the wall continues to exist, but is slightly diminished. The phase lead 

decreases monotonically as y increases. For the high frequencies (93.2 Hz, 114.3 Hz), a 

small lag near the wall is followed by a quite rapid drop to the free-stream values, as 

distance from the wall increases.

The behaviour of the relative amplitude of velocity, aUn=AU/AUe, is shown in

Figure 5.25. In our measurements an overshoot of the free-stream amplitude is shown for

low frequencies. This overshoot may be attributed to the possibility that, for low 

frequencies, the production term tIV (5 U /By), indicating transfer of energy from the

mean to the oscillating field, increases in the outer boundary layer (0.3 < y/8 < 1), as 

Brereton and Reynolds (1987) have also shown. As the frequency of the imposed 

oscillation increases, increased relative amplitudes occur near the wall. At the highest 

frequency, the amplitude near the wall is larger than that at the free-stream. It is also 

interesting to observe that, as frequency increases, variation with distance from the wall is 

restricted in the near-wall region.
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52.1.3 Boundarv-laver thicknesses

The variation of the time-averaged boundary-layer thicknesses with frequency is 

shown in Figure 5.26. The general trend is very clear: with increased frequency of 

oscillation, the boundary-layer thicknesses are reduced. A tentative explanation can be 

based on the notion that the boundary layer behaves like a mechanical system. Such a 

system possesses a certain inertia. Increasing the frequency of the externally imposed 

oscillations reduces the time available for the boundary layer to respond. The decrease of 

the thicknesses might suggest that the boundary layer "adjusts" to the increased 

frequencies by lowering its inertia, so as to meet the reduced response times.

Figure 5.27 shows the cyclic variation of the momentum thickness and the shape 

factor, normalised by their respective time-averaged values. The boundary-layer 

thicknesses oscillate with the same frequency as the free-stream velocity, but are 

distinctively out of phase with the free-stream oscillations. A small periodic variation is 

also observed for the shape factor H. The amplitude of the variation is around 3% at 5.2 

Hz but drops to less than 1% at the higher frequencies (50.3 Hz - 114.3 Hz), as can be 

also seen in Table 5.4. <H> leads <8j> by an angle which varies with frequency. The

time-averaged values of H increase with increasing frequency, reflecting a tendency for 

the profiles to become less "full".

The phase, (pgin, and amplitude, a5jn, of the displacement thickness, in 

comparison to those of the free-stream velocity, are given in detail in Table 5.4. 

Measurements of Cousteix et al. (1981b) suggested a periodic oscillation of the phase 

shift and amplitude as a function of Strouhal number. The periodicity of this oscillation, 

expressed in Strouhal number units, had a value of about 5. It was also suggested that the 

oscillation was damped with increased frequency. Comparison with their results, shown 

in Figure 5.28, shows reasonable agreement for ag^ at low values of Strouhal number, 

but not so for (pgjn. The damping of the boundary-layer oscillations, observed by

Cousteix et al. at higher frequencies, is not evident in our results.
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The present measurements seem to support the assumption of periodicity with 

respect to Strouhal number, Srx. Because the measurements are relatively far-spaced, 

with respect to Srx, the exact pattern o f the dependence o f the boundary-layer 

characteristics on this variable is not totally clear. It is also quite probable that the phase 

shift depends strongly on pressure gradient.

52.1.4 Skin friction

The shear stress at the wall has been determined by the Clauser technique and by

surface hot-film measurements. The variation o f the time-mean values of the skin friction 
coefficient, Cf, with momentum-thickness Reynolds number is shown in Figure 5.29.

For comparison, steady-flow results, acquired by the use of the correlation given by 

equation (5.3), have been plotted in the same graph. Results agree well, showing no 

discernible difference from the equivalent steady-flow values. This finding is consistent 

with conclusions of previous investigations.

Ensemble-averaged velocity profiles are plotted in wall coordinates in Figure 

5.30. The hot-film method was used to calculate the friction velocity. The graph shows 

that the law of the wall does not agree with the measurements. A logarithmic region is 

found in the velocity profiles, exhibiting periodic expansion and contraction during the 

cycle. The logarithmic law would perhaps be accurate, if  a local shear stress were used 

instead of the wall shear stress.

The cyclic variation of wall shear stress, <TW>, is shown in Figure 5.31 where 

both the logarithmic-law and hot-film values are given. The cyclic variation of <Ue> is 

also plotted for comparison. Exact values for the phase difference, <pTwn, and the 

normalised amplitude, atwn, of the wall shear stress in comparison to the free-stream 

velocity, are given in Table 5.5. Results confirm the conclusion that the law of the wall is 

inaccurate for unsteady flows. It has been suggested by Simpson (1977) that the existence 

of a logarithmic region would imply a constant velocity phase shift in this region. This 

constant phase shift is not verified by the hot-film measurements. The results show that

124



increasing frequency causes an increase in the phase shift, with the wall shear stress 

finally leading the free-stream velocity. This behaviour is qualitatively consistent with the 

findings of Binder and Kueny (1982), Ramaprian and Tu (1983) and Cousteix and 

Houdeville (1988) for surface hot-film measurements. The amplitude aTwn is of the order

unity for the hot-film measurements, increasing after 50 Hz to finally reach a value of 

around 1.85 for the highest measured frequency (115 Hz). The Clauser-method 

assessment had shown aXwn to be approximately twice the values of the hot-film

measurements. A more complete picture of the phase behaviour can now be seen back in 

Figure 5.24, where a rapid change in the phase shift exists at the lower boundary-layer 

region. Our measurements for the highest frequency indicate a phase lead in the region of 

20°, a value which agrees with the findings o f Ramaprian and Tu (1983), but not those of 

Binder and Kueny (1982) and Cousteix and Houdeville (1988), who find a maximum 

phase shift of 45°.

The above results show the law of the wall to be inaccurate for the determination 

of the ensemble-averaged skin-friction coefficient. This means that the law is not valid 

for high frequencies of oscillation, since the scaling parameter used, <Oj>, is not equal to 

the actual friction velocity. The frequency above which the law is not valid was put at Srx

= 5 by Cousteix and Houdeville (1988), but our measurements suggest an even lower 

number, since discrepancies exist even for our lowest-frequency measurements, which 

correspond to Srx = 3.76. On the other hand the time-averaged behaviour is adequately 

described by the law of the wall, as the results for the average skin friction coefficient Cf

show, at least for the range of frequencies and amplitudes investigated here.

5.2.2 Effects on turbulence

Profiles of the time-averaged stresses u2 , v2 and -uv are shown in Figures 5.32a 

- c and compared to the equivalent steady-flow values. The normalised distance from the
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A first indication that the imposition o f periodicity affects the structure of 

turbulence is given from the comparison o f u2 with the steady-flow values. A rather

surprising change is noted here, with the lower (5.2 Hz, 8.0 Hz) frequencies showing 

larger values for u2 from both the steady-flow and the higher-frequency results. The

amplitude of the oscillation appears to be a more important parameter than the frequency.

Results for the medium (50.3 Hz) and high (93.2 Hz, 114.3 Hz) frequency results are

very closely grouped and show a small increase in comparison to those of the steady- 

flow. For v2 , results for all frequencies are higher than those of the steady flow, but

agree with each other. The normalised values o f shear stress show no frequency-related 

effects and they are identical to the steady-flow results.

Figures 5.33a - c show the time-averaged normal and shear stresses, normalised 

by the square of the time-averaged friction velocity. The shear-stress profiles effectively 

coincide for all frequencies, but deviate from the steady-state profile in a way that 

suggests that the turbulent shear stress is not increased by oscillations to the same degree 

as the wall shear stress. In the outer regions o f the boundary layer the changes are less 

pronounced.

These results differ from those of previous investigations which, with the 

exception of Ramaprian and Tu (1983), indicate no change for the time-averaged values 

of turbulence intensity. The present results suggest that a different turbulence production 

mechanism might be responsible for this behaviour, as is indicated by the periodic-field 

terms in equations (2.19) and (2.20). In a recent analysis Brereton and Reynolds (1987), 

identifying closely the extra production terms which arise from imposed periodicity, have 

shown that the production term indicating the mechanism responsible for energy transfer 

from the periodic to the random field, -uv(3tt/3y), has a very distinctive frequency-

dependent behaviour, assuming larger values for smaller frequencies. The observed

increase in the mean turbulent intensity for the present investigation, could be the effect
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of an energy exchange mechanism due to the imposed oscillatory motion. The 

consistently higher values for the u2 quantity for the low frequencies show that energy is

being transferred, especially to that component of turbulence, through a procedure 

different from the standard, since uv remains unchanged. Of course there is also the

slight change, observed in the normalised U profile, which will give different values for 

3 U /3y, but it is not considered to be so significant, since the same term also contributes 

to the production of uv and this was shown not to be altered.

The differences in the behaviour of u2 and v2 are probably caused by the

different relative amplitudes of the <U> and <V> velocity components. The periodic term 

dV/dy assumes values of the same order o f 3 V /3y at all frequencies, because V is very

small. Therefore its contribution to the production of v2 (equation 2.19b) should 

generally be more significant than that o f 3tl/3y compared to 3 U /By in the equivalent 

transport equation (2.19a) for u2 .

The response of turbulence to the higher frequencies implies that there is no 

alteration caused by imposing oscillations of which the frequency is of the same order of 

the estimated bursting frequency (equation 1.8). The ratio fosc/fb, for the measurements

presented here, reached a value of 0.7. More details can be found in Table 5.2. This 

finding is in agreement with results o f previous investigations (Tardu et al. 1986,

Brereton and Reynolds 1987, Cousteix and Houdeville 1988) that the mean bursting 

frequency is not affected by the forced oscillations, as had been asserted in the early 

stages of investigations into unsteady shear flows (Mizushina et al. 1973, Ramaprian and 

Tu 1981).

The ensemble-averaged profiles of the Reynolds stresses show significant 

departures from steady-flow shapes, even displaying crossovers and differences in the 

accelerating and decelerating phases of the flow, as is shown in Figures 5.34a - d. The 

term "crossover" denotes crossing of ensemble-averaged profiles of different phase 

positions in the cycle. Qualitatively, the same behaviour can be observed for all the
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frequencies, but it is best seen in Figure 5.34a, where the amplitude of the oscillation is 

almost 16%. The sequence of events can be summarised as follows : as the flow in the 

free-stream is accelerating, there is ever increasing turbulence intensity and shear stress in 

the near-wall region, with decreasing values in the outer part. The velocity gradient 

3<U>/9y, as can be asserted from Figure 5.23a, increases in the inner layer and decreases 

in the outer layer as the flow reacts to the change of its condition. High values of 

3<U>/3y cause turbulent activity to increase in the outer layer to values higher than its 

time average. While the flow is decelerating the reverse is true. Energy is transferred in a 

wave from the inner to the outer boundary layer. The distinctive peak of the stresses close 

to the wall, which can be clearly seen at the beginning of the acceleration part of the 

cycle, is reduced in magnitude and moves away from the wall during half of the cycle 

and in the opposite direction during the other half. The qualitative picture is the same for 

the normal and the shear stresses. Increased frequency concentrates the effects mainly in 

the inner parts of the boundary layer, even though the outer boundary layer also oscillates 

but with smaller amplitudes (Figures 5.34c - d).

The response of ensemble-averaged mean-field and turbulence quantities at 

different values of y is shown in Figure 5.35, for the case of free-stream velocity 

oscillating at 8.0 Hz. Close to the wall, the turbulence lags the local mean velocity by a 

small angle. With increasing distance, the lag angle is gradually increased until a point 

where a minimum in the amplitude is observed. As the distance from the wall increases, 

very clear periodic behaviour is once again assumed.

After digital filtering of the data, the phase and amplitude o f the Reynolds stresses 

were obtained. These are shown for three frequencies in Figures 5.36a - c, as a function 

of the phase and amplitude of the local velocity. The Reynolds stresses are generally in 

phase with one another and lag the velocity by an angle which decreases with frequency. 

For the low frequency (8.0 Hz) oscillation, the phase lag increases gradually with 

distance from the wall. A small discontinuity, observed close to the boundary-layer edge, 

is most probably caused by oscillations of the boundary-layer thickness, which force the
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probe to be at different relative positions during the cycle. For the 50.3 Hz and 93.2 Hz 

flows, the phase difference decreases with distance from the wall. The relative amplitude 

variation is practically the same for all the stresses. The amplitude of the stresses' 

oscillation is always larger than that o f the velocity and it increases with distance from 

the wall, at least for the 50.3 Hz and 93.2 Hz oscillations. Its behaviour is more 

complicated at 8 Hz, as can be seen in Figure 5.36a, but it is still larger than the velocity 

amplitude.

Profiles of the time-averaged shear-stress correlation coefficient, Ruv, are plotted

in Figure 5.37. Its value, for the low frequencies of oscillation (5.2, 8.0 Hz), is lower by 

about 20% than that of the steady flow. Increasing frequency causes the near-wall values 

to increase, to a maximum of approximately 6% below the steady-flow value, while the 

value at the outer boundary layer drops rapidly towards zero. The cyclic variation of 

<RUV> = <-uv>/ <u 'xv'>  is shown in Figure 5.38 for four frequencies and three distances

from the wall. This quantity remains virtually constant with time. Profiles of the ratio of 

the time-averaged normal stresses v2 /  u2 are shown in Figure 5.39. The

disproportionate increase of u2 compared to v2 is apparent at low frequencies. At these 

frequencies, large values of u2 , which is in the denominator of the ratio, result in low 

values for v2 /  u2 . As frequency increases the ratio approaches its steady-flow value.

Figure 5.40 shows that <v2>/<u2> remains effectively constant throughout the cycle, at 

all frequencies. The results shown in Figures 5.37 - 5.40 suggest that, even though the 

time-mean turbulent structure of the boundary layer is affected by the oscillations, 

especially at low frequencies, its variation with time is very small.

Increased levels o f turbulence in the outer regions of the boundary layer, for the 

low frequency - high amplitude imposed oscillations, have been observed. These levels 

were up to twice those of the steady flow at the same y positions. This apparent increase 

in turbulence activity is attributed to the oscillation of the boundary layer thickness, 

which forced the measuring probe to be at different positions in the boundary layer 

within a cycle. Given that small, same-sign values are being measured for the stresses at
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the edges of the boundary layer, their mean value at a "mean" boundary layer position 

would be higher than usual. The above argument would suggest that the effect was more 

emphasised at high amplitudes of oscillation, which in fact agrees with the observations.

5.3 Effect of periodic free-stream velocity on heat transfer

A number of different free-stream conditions have been examined. Oscillation 

frequencies ranged approximately from 8 to 93 Hz and amplitudes from 11 to 3 % of the 

mean free-stream velocity. All the measurements were made at x = 1.96 m. Details of the 

mean-flow conditions, along with the symbols used for each case, are presented in Table

5.2. Temperature-field data are given in Table 5.6.

5.3.1 Effect on the mean-temperature field

5.4.1.1 Mean temperature

Figure 5.41 shows that time-averaged temperature profiles change slightly, but 

distinctly, from the steady-state shape, becoming fuller at all frequencies for the inner 

part of the boundary layer, thus causing BT/By to increase. The temperature profiles 

indicate either a possible change of the values o f v0 or large values of V§ , as suggested

by the mean-temperature equation (2.18). The minimum and maximum values for the 

ensemble-averaged temperature are shown in Figure 5.42. A small oscillation of the 

temperature profiles can be seen. The variation with distance from the wall, of the phase 

difference, cpjn, and the normalised amplitude, aTn, o f <Tn> for all of the frequencies

measured, are shown in Figure 5.43. These quantities were larger at the low (8.0 Hz) 

oscillation frequency. With increasing frequency, the oscillations were confined in areas 

nearer the wall. The maximum values o f aTn were small and were obtained after the

effects of the boundary-layer variation were taken into account. The phase lag, between 

the free-stream velocity and the temperature, varied with distance from the wall for the
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low (8.0 Hz) frequency, while for the medium (50.3 Hz) and high (93.2 Hz) frequencies 

it remained almost constant.

In a quasi-steady flow, a lower free-stream velocity would imply lower heat 

convection between the plate and the flow and an increase in the temperature difference

between the free-stream and the wall. Thus, the temperature and velocity peaks would be 

at a 180-degree phase difference or in phase, if  the temperature difference (Tw -Te) were

plotted. Our measurements show that velocity and temperature difference are not in 

phase. The delay of the temperature field reaction to the velocity variation, apparently 

depends as much on the frequency as on the amplitude of the external oscillations.

5.4.12 Temperature-layer thicknesses and Stanton number

The dependence of the time-averaged temperature-layer thicknesses on frequency

is shown in Figure 5.44. The thicknesses, like those o f the velocity boundary-layer, 

become smaller as frequency increases. The rate of decrease of A2 with frequency, was

smaller than the rate of decrease o f §2 , so that the ratio A2 /  82 changed from 

approximately 1.2 for the steady flow to an average value of 1.4 for the unsteady flow.

The cyclic variation of <A2> for different frequencies is compared to that of <&2> 

and <Ue> in Figure 5.45. The relative amplitude of <A2>, in comparison to that of <Ue>, 

depends on the frequency of oscillation. At 8.0 Hz the amplitude of <A2> is about 0.5 

times that of <Ue>, it increases to about 1.1 times at 50.3 Hz and then drops to 0.7 times 

at 93.2 Hz. The enthalpy layer is seen to be lagging behind, be in phase with and be 

leading the free-stream velocity as frequency increases. The phase difference is of the 

order of ± 45°.

Time-averaged Stanton numbers are shown in Figure 5.46. Measurements of heat

flux from wall-law fitting and from surface meters seem to be in quite good agreement, 
as in fact were Cf results for equivalent methods. The correlation described by equation

(5.5), which was found to fit very well our steady-flow results, is also plotted for
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comparison. An increase of about 8% -10% over the steady-flow values, is evident for 

all of the imposed frequencies. The larger Stanton numbers indicate an enhancement of

the local heat flux. The increase is consistent with the observed change of shape of the 

mean-temperature profile, which would cause increased 3 T /3y in the inner temperature

layer for the unsteady flow. The change of the thermal conductivity, caused by the 

slightly different steady- and unsteady-flow conditions, cannot account for more than 

0.3% of the variation. Therefore, this increase must be attributed to a change in the local 

heat-transfer coefficient.

5.3.2 Effect on temperature fluctuations and fluxes

The effects of the free-stream velocity oscillations on distributions of time- 

averaged turbulence quantities 02 , u0 , v0 can be seen in Figure 5.47. Compared with

the steady-state results, there is an increase o f all mean quantities when plotted against a 

normalised distance from the wall. This increase is higher for the low frequency of 

oscillation, but it gets smaller with increasing frequency. Here again, as was the case for 

the velocity field, the 8.0 Hz results are substantially above those of all the other 

measurements, both in steady and in unsteady conditions. The 50.3 Hz and 93.2 Hz 

results are higher than those of the steady flow by about 5%-10%.

The increase of v0 in comparison to the steady flow, is partly attributed to the 

production term - v2 3 T /3y, because both v2 and 3 T /3y distributions are different in

steady and unsteady flows. We have seen that the amplitude of the temperature 

oscillations (Figure 5.43) changes with distance from the wall. At 8.0 Hz that amplitude 

and its variation with distance from the wall, were larger than those at the higher 

oscillation frequencies. Therefore, the term 30/3y would be more important for the low 

frequency than for the higher ones and it can be assumed that in the transport equation 

(2.22b) of v0 , the production term - v2 30/3y is also responsible for extra energy

transfer. Apparently the organised oscillations contribute significantly to the time-

132



averaged turbulence quantities in accordance with their frequency and amplitude, with 

this contribution becoming smaller with increasing frequency. Increased values of v0

should produce increases in u0 and 02 because v0 appears in the production terms of

both these quantities, as can be seen in equations (2.22a) and (2.23). The production 

terms - v0 d U /dy and - v0 dU/dy suggest that the increase of the value o f u0 must be

further enhanced at frequencies where dtydy is large. This agrees with the measurements,

shown in Figure 5.47, where the increase is larger at 8.0 Hz. The same is true for the 

measured values of 02 , which are affected by processes represented in the transport

equation (2.23) by the terms - v0 d T /dy and - v0 dS/dy .

Profiles of 0 7  0T, u0 /  Qw and v0 /  Qw are plotted in Figure 5.48. At 50.3 Hz

and 93.2 Hz, the wall quantities and the thermal-turbulence quantities show similar 

increase, so that their ratios tend to their respective steady-state values. At 8.0 Hz the

increase of the turbulent fluxes is significantly higher than that of the wall heat flux. The 

largest increase of about 40% appears in u0 , as it did for u2 , while 02 and v0 are

increased by approximately 15% - 20%.

Ensemble-averaged profiles o f <02>, <u0> and <v0> are shown in Figures 5.49a - 

c for three different frequencies. Their behaviour is similar to the behaviour of the 

ensemble-averaged Reynolds stresses, but it differs in phase. Figure 5.51a shows that the 

effects of oscillation are stronger in the inner half of the boundary layer. Turbulence 

levels appear to be increasing during the acceleration phase o f the cycle and decreasing 

during the deceleration phase. Crossovers of profiles at different phase angles appear 

here, as they did for the ensemble-averaged Reynolds stresses. At 8.0 Hz the amplitude of 

<u0> near the wall appears to be larger than that of <02> and <v0>. As the frequency 

increases (Figures 5.49b, c) the amplitudes become more equal.

The periodic energy transfer within the cycle, from the inner to the outer part of 

the boundary layer, appears for the thermal turbulence as it did for the Reynolds stresses.
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The wave-like transfer seems to be restricted mainly in the region for which y/ 8 < 0.4. 

During the deceleration period of the cycle, the heat-flux and temperature variation 

profiles become lower than their time-averaged values and their peaks move away from 

the wall. When the free-stream velocity is accelerating, their values increase and the peak 

of their profiles occur nearer the wall.

An overall picture of the response of <02>, <u0> and <v0> at 8 Hz and at 

different y positions, is shown in Figure 5.50. For comparison, the variation o f <U> is 

also plotted. The differences from the velocity-field oscillations are visible and will be

discussed in greater detail later. The amplitude of <02> is smaller than that of <u0> and 

<v0>, but its value, relative to the local 02 , increases with distance from the wall. It is

also obvious that at positions close to the edge of the boundary layer, the relative 

amplitude of the turbulence quantities becomes larger than that of the local velocity, even 

though their time-averaged values become very small. This apparent increase is thought 

to be a combination of three different processes. These are the periodic turbulence 

generation, the variation in the temperature-layer thickness, which forces the measuring 

probe to be at different relative positions in the layer and finally the increased relative 

error introduced by the sampling procedure when the time-averaged values are small 

(Appendix A).

The data were filtered digitally (as described in Chapter 3), so that more accurate 

estimates of the phase and amplitude might be established for the temperature fluxes and 

variance. The results are shown in Figures 5.51a - c. At 8.0 Hz, <02> leads <U> by a 

decreasing angle as the distance from the wall increases, while <v0> lags behind <U> by 

an increasing angle with distance from the wall and it seems to be following closely the 

variations of <v2>. A rapid phase change is observed close to the edge of the boundary 

layer which, as for the Reynolds stresses, is thought to be caused by the periodic variation 

of the boundary-layer thickness. The streamwise heat-flux lags the local mean velocity 

throughout the boundary layer. Close to the wall, <02> lags behind <U> by an angle 

which is increasing with frequency. This phase lag monotonically decreases towards the
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edge of the boundary layer. The heat fluxes show behaviour similar to that of the 

Reynolds stresses, with decreasing phase differences as the oscillation frequency 

increases.

The relative amplitudes of the temperature variance and fluxes are also shown in 

Figures 5.51a - c. Our previous observations (Figure 5.50), that with increasing distance 

from the wall the relative amplitudes for the temperature variance and fluxes become 

equal to each other and larger than those of the local velocity, are verified here. At 8.0 

Hz, the variation o f the amplitudes with distance from the wall is complex and differs for 

the temperature variance and each of the fluxes. At higher frequencies (50.3 Hz, 93.2 Hz) 

and with increasing distance from the wall, the three turbulent quantities exhibit similar 

monotonic increases of their relative amplitudes. It should be also noted that at these 

higher frequencies, the amplitude of the turbulent quantities is almost always larger than 

that of the velocity at the same distance from the wall.

Profiles of the correlation coefficients Rue and RV0, which are plotted in Figures 

5.52 and 5.53, show significant frequency dependence. Ruq increases from 0.65 for the

steady flow to approximately 0.8 at 8.0 Hz, indicating an increased coupling of the 

temperature and velocity fluctuations. The value falls as frequency increases, even though 

it remains higher than that of the steady flow. For Rvq, the increase is proportionally

smaller. For y/ 5 < 0.4, the results are almost identical for all three frequencies, but 

further away from the wall the low (8.0 Hz) frequency values are higher than those 

obtained at 50.3 Hz and 93.2 Hz. The increases of the correlation coefficients reflect the 

changes of the turbulence structure, caused by the imposition of periodicity in the free- 

stream velocity and found especially at the low frequencies of oscillation.

The relative behaviour of the longitudinal and the cross-stream heat fluxes is 

shown in Figure 5.54, through the value - u0 /  v0 . There seems that there is higher

streamwise heat flux at 8.0 Hz, while at 50.3 Hz and 93.2 Hz the increase, observed in
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Figure 5.47, is equal for both the streamwise and the cross-stream components of the heat 

flux, so that their ratio is the same as that of the steady-flow case.

Figures 5.55a - c show the variation with time of <Ruq>, <Rvq> and -<u0>/<v0>. 

Their values are shown to be time dependent, especially at 8.0 Hz. This periodicity was 

expected because the oscillations of the stresses, the heat fluxes and the temperature 

variance (Figures 5.36 and 5.51) were of different amplitudes and phases, especially for 

the 8.0 Hz case. The combination of any two o f the above periodic phenomena under 

such circumstances, should produce a periodic oscillation, as in fact is observed here.

This effect is in its own right quite significant and it has many implications concerning 

the increase of heat transfer. For instance, increased time-averaged heat transfer could be 

achieved by imposing such a free-stream velocity wave-form, that a larger part of the 

period would coincide with the parts o f increased ensemble-averaged heat transfer and 

hence improve the overall mean value.
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5.5 Comparison of unsteady-flow results with computer predictions

5.5.1 Model assessment in steady flow

The turbulence and heat-flux closure models, incorporated into a computer code 

as described in Chapter 4, have been used to predict the flow development. Measured 

profiles of time-averaged velocity, temperature, Reynolds stresses, heat fluxes and 

temperature variance have been prescribed as the initial conditions for the calculations. 

The experimental value of 20 N/m was introduced for the favourable pressure gradient, 

dp/dx. The temperature difference between the free-stream and the wall was set at 12 °C. 

Two sets of constants have been tried for the turbulence models. The first one was the 

"standard" set from the models of Launder et al. (1975), Launder (1975) and Gibson and 

Launder (1978), while the second incorporated the modifications proposed by Gibson and 

Younis (1982, 1986 a and b). The latter set was finally chosen, as it provided slightly 

better agreement to our measurements. A list o f the values for the model constants used 

for the predictions, can be seen in Table 4.1.

Results were acquired at positions corresponding to the measuring stations L2 (x 

= 1.69 m), L3 (x = 1.96 m) and L4 (x = 2.21 m). Predictions for the bulk flow quantities 

are shown in Figure 5.56. Agreement with measured quantities is very good and only the 

Stanton number seems to deviate significantly from the measurements, being over

predicted by up to approximately 10 %.

Profiles of the measured and predicted Reynolds stresses at station L3 (x = 1.96 

m), are shown in Figure 5.57. It can be seen that very good agreement has been achieved 

for the normal stresses, while the shear-stress predictions deviate slightly from the 

measurements in the region y/5 < 0.5. In the latter case the lower values of the 

measurements are most probably caused by the cross-wire resolution error, discussed 

earlier in this Chapter.
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Measurements and predictions of the temperature variance and fluxes are shown 

in Figure 5.58. The u0 values are quite well predicted, while for v9 there is a

significant deviation from the measurements in the region y/8 < 0.6. The measuring- 

probe resolution error offers a possible explanation for part of this discrepancy. For the 

temperature variance, the value of R (equation 4.22) has been adjusted to 0.38, so that 

better agreement with the experimental values would be achieved. This did not affect in 

any way the rest of the predictions, because buoyancy effects were not taken into 

account. The comparison of measurements and predictions for the temperature field 

shows that, in general, the heat-flux model performs worse than the Reynolds-stress 

model.

5.5.2 Unsteady-flow predictions

Predictions were obtained for frequencies of 8.0 Hz, 50.3 Hz and 93.2 Hz. The 

free-stream velocity oscillation was approximated by a curve-fit of the measured values. 

Bearing in mind that no streamwise evolution of the flow was allowed, predictions were 

obtained at fixed values of boundary-layer thicknesses, corresponding to the measured 

steady-flow thickness at station L3 (x = 1.96 m).

Predictions for the boundary-layer thicknesses, are shown in Figure 5.59. Results 

here should be compared with measurements in Figure 5.27. The model predicts quite 

well the boundary-layer behaviour at 8.0 Hz. At the other two frequencies, the measured 

values differ from the predictions, both in phase and in amplitude. The turbulence models 

used, are based on steady-flow assumptions, which explains why the low-frequency flow, 

being closer to the quasi-steady region, is better predicted.

Ensemble-averaged profiles o f <u2> for 8.0 Hz and 50.3 Hz, typical examples of 

the two flow regimes encountered in our measurements, are shown in figures 5.60a and b 

respectively. The predictions show generally good agreement with measured values. At

8.0 Hz the measurements are under-predicted, especially for the decelerating part of the
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cycle, but the qualitative behaviour o f the stress profiles is consistent with the 

experiments. The peaks in the turbulence activity close to the wall and the energy transfer 

to the outer boundary layer can be very clearly seen in the sequence of profiles. The same 

general behaviour can be pictured for the 50.3 Hz frequency. The effects of periodicity 

for the latter case only extend up to y/5 ~ 0.4, with the outer regions practically frozen to 

their time-averaged value.

The same qualitative behaviour, as was seen in Figures 5.60, is shown in Figures 

5.61a and b for the shear stress <uv>. This similarity would be expected, taking into 

account the significance of this quantity as a production term for the normal stress <u2>. 

The agreement between the measured and predicted values is not very good, the 

predictions being higher by approximately 20-25%. The deviation is larger here than it 

was for the steady flow.

Comparison of the measured and predicted values for the ensemble-averaged heat 

flux <v0>, are shown in Figures 5.62a and b for 8.0 and 50.3 Hz respectively. Behaviour 

similar to that of the Reynolds stresses is observed here. The "wave-like" energy transfer 

between the near-wall region and the outer part of the boundary layer is shown in the 

predictions. Measurements and predictions at 8.0 Hz agree well for 0.2 < y/8 < 0.8, while 

in the region above y/8 = 0.8, there is a quite large deviation between the two. The 

deviation is most probably caused by the oscillating boundary-layer thickness, as was 

explained in the measurements section.

Predictions for the phase and amplitude of the ensemble-averaged velocity are 

shown in Figure 5.63. Comparison with the equivalent measured values, presented in 

Figures 5.24 and 5.25, shows good agreement for the low-frequency results. The largest 

deviations occur near the wall, since the predictions rely on the validity of the law of the 

wall. Finally, in Figure 5.64, predictions are shown for the phase and amplitude of <u2>, 

<v9> and <02> at 8.0 and 50.3 Hz. Comparison with the measured values, in Figures
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5.36a - b and 5.51a - b, shows very good agreement for the low frequency (8.0 Hz) 

results, but not for the higher frequency.

Results show that the turbulence models used are quite adequate for the prediction 

of the qualitative behaviour of low-frequency oscillations, even though the increase of 

some of the time-averaged turbulence quantities has not been predicted. Deviations occur 

because of the interactions, not yet modelled, between the periodic oscillations of the 

velocity and the turbulence structure o f the flow. Because of the large changes of the 

velocity field in the near-wall region, low-Reynolds-number models are probably more 

suitable for the prediction of unsteady flows. The heat-flux model has performed worse 

than the Reynolds-stress model, showing difficulty in predicting even the steady-flow 

values.
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Station Sjmboi x(m )

u a

(m/s)

8

(mm)

8,

(mm)

*2

(mm) H

c *1000f

log-law

c *1000 f

Preston

0)

c *1000 r

Preston

(2)

R e.82

A

(mm)

A
2

(mm)

suiooo

log-law

SUIOOO

HFMs

(3)

ReA2

LI o 1.42 22.85 23.74 3.72 2.67 1.395 3.10 3.22 3.19 3902 26.76 3.16 1.81 1.85 4626

L2 V 1.69 23.02 26.60 4.17 3.01 1.383 3.02 3.17 3.13 4445 30.50 3.48 1.76 1.81 5135

L3 □ 1.96 23.20 31.18 4.72 3.45 1.369 2.98 3.11 3.09 5128 35.60 4.03 1.74 1.76 5800

L4 A 2.21 23.38 33.22 4.97 3.65 1.360 2.93 3.06 3.03 5475 38.10 4.21 1.65 1.70 6305

Table 5.1 Steady-flow characteristics.

(1) Preston tube 1: external diameter 0.0021 m, measurements at designated stations + 0.03 m
(2) Preston tube 2 : external diameter 0.0009 m, measurements at designated stations + 0.03 m
(3) Heat Flux Meters measurements at 1.53m, 1.73m, 1.94m, 2.18m 

Temperature field measurements at designated stations +0.03 m



IMI
Station Heating Symbol Frequency (Hz) Amplitude u

t 8 f
b 5, 82 H Re82 c *1000 

f
c *1000 
r

(% ofU e) (m/s) (mm) (Hz) (mm) (mm) log-law hot-film

LA Off ▼ 5.2 15.7 19.29 32.57 118.5 4.25 3.13 1.356 3870 3.22 3.21

L3 on V 8.0 11.2 19.63 30.84 127.3 3.90 2.88 1.356 3619 3.22 3.19

L3 on O 50.3 3.2 19.72 25.87 152.5 3.76 2.72 1.380 3442 3.28 3.16

L3 on A 93.2 3.2 19.98 23.89 167.3 3.20 2.31 1.385 2958 3.44 3.36

L3 off A 114.3 2.9 19.82 23.44 169.1 3.34 2.39 1.396 3036 3.27 ~ (* )

Table 5.2 Time-averaged, unsteady-flow characteristics. 

(*) A value o f 3.23x10*3 was recorded at 115.0 Hz.



Station Heating Frequency

(Hz)

Srx Sr§ is+ (>) G t? ) co+xlOOO

(3)
L4 off 5.2 3.8 0.055 48.5 2.8 0.851

L3 on 8.0 5.1 0.079 39.8 3.9 1.264

L3 on 50.3 31.4 0.415 16.1 20.5 7.731

L3 on 93.2 54.9 0.700 12.3 33.8 13.305

L3 off 114.3 67.4 0.849 10.7 42.0 17.443

Table 5.3 Comparison of various dimensionless parameters in unsteady flow. 
Quantities evaluated using data of Table 5.2.

ls Ut /2v
0 )  ls+ = — where ls = "W— , suggested by Binder and Kueny (1982). 

2co§
(2) £2t = ----- , suggested by Ramaprian and Tu (1983).

(3) co+ = ^ , suggested by Mao and Hanratty (1986).

Station Heating Frequency

(Hz)

^Sln

(deg)

a8ln

(deg)

AH/H (%)

L4 off 5.2 -12 1.54 70 3.2

L3 on 8.0 21 1.06 28 1.5

L3 on 50.3 101 0.59 240 0.9

L3 on 93.2 -17 1.55 180 0.5

L3 off 114.3 -34 1.65 85 0.8

Table 5.4 Unsteady-flow oscillating boundary-layer characteristics
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Station Frequency 9 ™  (^ g ) a _xwn 9 ™  (deg) aTwn

(Hz) log-law log-law hot-film hot-film

L4 5.2 6 2.06 -11 1.07

L3 8.0 6 2.10 -5 1.18

L3 15.0 — — -2 0.91

L3 50.3 7 2.20 0 0.86

L3 93.2 -6 2.52 12 0.93

L3 110.0 — — 17 1.41

L3 114.3 -6 2.82 — —

L3 115.0 — — 20 1.85

Table 5.5 Wall shear-stress measurements in unsteady, unheated flow.
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Station Frequency (Hz) T  -T
m • A (mm) Aj(m m) Re

A2
S t*1000 S t *1000

(log-law) (HFMs)

L3 8.0 13.4 37.75 4.32 5446 1.88 1.89

L3 50.3 13.1 29.28 3.55 4483 1.95 2.02

L3 93.2 13.2 31.86 3.38 4322 2.04 2.05

Table 5.6 Time-averaged, unsteady-flow temperature characteristics. 

(hfm) : Heat-Flux Meter, located at x = 1.94 m



0.0 0.5 1.0 1.5 2.0 2.5

x  (m )

Figure 5.1 a) Streamwise variation of wall static pressure and free-stream velocity - Steady 
flow.
b) Streamwise variation of wall temperature - Steady flow.
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u/ue
Figure 5.2 Streamwise development of mean velocity profiles - Steady flow.
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Figure 5.3 Normalised mean velocity profiles at 4 streamwise stations - Steady flow. Symbols as in Table 5.1.



Figure 5.4 Streamwise development of mean velocity profiles in wall-law coordinates - Steady flow.



<5
(m m )

H

0.0040

0.0035 -

0.0025

0.0020

---------------- ,---------------- [—-------------- !-----------------|

c ? — ------------ -_____ r ?  ¥w------------ — o

O W all-law fit
V P reston  (2.1m m ) ------  Equation (5.2)
▼ P reston  (0.9m m )

___________i___________i_
------Equation (5.3)
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Figure 5.5 Streamwise development o f velocity boundary-layer thicknesses and skin-
friction coefficient - Steady flow. The skin-friction coefficient is compared to 
correlations given by equations 5.2 and 5.3.
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T -Tw e

Figure 5.6 Stream wise development of mean temperature profiles - Steady flow.
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Figure 5.7 Stream wise development of mean temperature profiles in .wall-law coordinates • Steady flow.
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Figure 5.8 Streamwise development o f temperature boundary-layer thicknesses and
Stanton number - Steady flow. Stanton number is compared to correlation given 
by equation 5.5.
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Figure 5.9 a) Streamwise momentum balance - Steady flow.
b) Streamwise enthalpy balance - Steady flow.
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2 , 2 
u /U

v 2/U

- u v / U

0.0 0.2 0.4 0.6  0.8 1.0 1.2

Figure 5.10 Profiles of Reynolds stresses normalised by the local free-stream velocity .
Values on ordinate are equal to Cj/2, as this was derived from the Clauser 
method. - Steady flow.
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Figure 5.11 Profiles of Reynolds stresses normalised by the local friction velocity, as this 
was derived from the Clauser method - Steady flow.
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Figure 5.12 (top) Profiles of the shear-stress correlation coefficient Ruv = - uv / u’ v' 

Figure 5.13 (middle) Profiles of the ratio v2 / u2

Figure 5.14 (bottom) Profiles of the ratio -uv / q2 . All measurements in steady flow.
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0.0 0.2 0 .4  0.6 0.8 1.0 1.2

y / 6

Figure 5.15 Steady-flow profiles of temperature fluxes and variance normalised by Ue(Tw- 
Te) and (Tw-Te)2 respectively. Values on ordinate are Stanton numbers 
obtained from temperature logarithmic law. Measurements at station L3 (x = 
1.96m).
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Figure 5.16 Steady-flow profiles of temperature fluxes and variance normalised by Qw [= St 

Ue (Tw-Te)] and 0T respectively. Measurements at station L3 (x = 1.96m).
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Figure 5.17 (top) Profiles of the correlation coefficient Ruq = - u 0  /  u ' 0'.

Figure 5.18 (middle) Profiles of the correlation coefficient Rv0 = v0 /  v' 0'.
Figure 5.19 (bottom) Profiles of the ratio of the longitudinal to cross-stream 

heat flux. All measurements at station L3 (x = 1.96m).
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u

u e (steady)

Figure 5.20 Frequency dependence of a.) time-averaged free-stream velocity in comparison 
to local steady-flow free-stream velocity and b.) oscillation amplitude, aue-
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Figure 5.21 Ensemble-averaged free-stream velocity during a cycle. Symbols as in Table 5.2.
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Figure 5.22 Time-mean and ensemble-averaged velocity profiles at the extremes of 
oscillation . Comparison to quasi-steady profiles.
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Figure 5.22 Concluded
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Figure 5.23a
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Ensemble-averaged velocity profiles within a cycle. Profiles every 20° in the cycle. 5.2 Hz (x = 2.21m)
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Figure 5.23b 8.0 Hz (x = 1.96m)
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Figure 5.23c 50.3 Hz (x *= 1.96m)
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Figure 5.23d 93.2 Hz (x = 1.96m)
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Figure 5.23e 114.3 Hz (x = 1.96m)
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Figure 5.25 Normalised amplitude aUn of ensemble-averaged velocity profiles. Symbols as in Table 5.2.
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Figure 5.26 Frequency dependence of time-averaged boundary layer thicknesses.
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Figure 5.27 Variation, for different frequencies, of ensemble-averaged momentum thickness and shape factor with time.
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Figure 5.27 Concluded



Figure 5.28 Variation of displacement-thickness phase, cp5jn, and amplitude, agjn, with 
Strouhal number. Comparison with results of Cousteix et al. (1981b).
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Re62

Figure 5.29 Variation of time-averaged skin-friction coefficient, Cf, with momentum-thickness Reynolds number, Re§2 (values in Table 5.2).

Unsteady-flow measurements orresponding to open symbols, were obtained with the Clauser method. Comparison to the correlation given by
equation 5.3.



100 ' 1000 +y
Figure 5.30 Ensemble-averaged velocity profiles in a cycle compared to the logarithmic law. Station L3 (x = 1.96m) - 8.0 Hz. For the 

determination of U+ and y+, hot-film values of <uT> were used.
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Figure 5.31 Time dependence of ensemble-averaged, wall shear-stress during a cycle. Logarithmic law (LL) and surface hot-film (HF)
measurements.
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Figure 5.32 Time-averaged profiles of Reynolds stresses, normalised by the local ffee-
stream velocity,
a) Station L4 (x = 2.21m).
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Figure 5.32 b) Station L3 (x = 1.96m) (heated).
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Figure 5.32 c) Station L3 (x = 1.96m) (unheated).



Figure 5.33 Time-averaged profiles of Reynolds stresses normalised by the friction velocity,
a) Station L4 (x = 2.21m).
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Figure 5.33 b) Station L3 (x = 1.96m) (heated).



Figure 5.33 c) Station L3 (x = 1.96m) (unheated).
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Figure 5.34 Ensemble-averaged profiles of Reynolds stresses normalised by the local free-
stream velocity,
a) 5.2 Hz (x = 2.21m).
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Figure 5.34 b) 8.0 Hz (x = 1.96m).

186



Figure 5.34 c) 50.3 Hz (x = 1.96m).
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Figure 5.34 d) 93.2 Hz (x = 1.96m).
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Figure 5.35 Evolution of ensemble-averaged Reynolds stresses in a cycle. Measuring probe at different cross-stream locations. Station L3 (x
1.96m)-8.0  Hz
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Figure 5.36 Phase difference and relative amplitude of Reynolds stresses, in comparison 
the local velocity. Digitally-filtered data. All measurements at x = 1.96m. 
a) 8.0 Hz
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Figure 5.37 Time-averaged profiles of the shear-stress correlation coefficient Ruv = 

-uv /  u* vf . Symbols as in Table 5.2.



p h ase  (d e g re e s)

Figure 5.38 Ensemble-averaged profiles of the shear-stress correlation coefficient <RUV> =
<-uv>/<u'xv'>. Measurements at 5.2 Hz (x = 2.21m), 8.0 Hz (x = 1.96m), 50.3
Hz (x = 1.96m), 93.2 Hz (x = 1.96m).
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Figure 5.39 Time-averaged profiles of the ratio u2 /  v2 . Symbols as in Table 5.2.
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Figure 5.40 Ensemble-averaged profiles of the ratio <v2>/<u2>.Measurements at 5.2 Hz (x 
= 2.21m), 8.0 Hz (x = 1.96m), 50.3 Hz (x = 1.96m), 93.2 Hz (x = 1.96m).
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Figure 5.41 Time-averaged, normalised temperature profiles. Measurements at L3 (x 
1.96m).
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Figure 5.42 Ensemble-averaged temperature profiles. Extremes of cycle. 
Measurements atL3 (x = 1.96m).
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Figure 5.43 Phase difference cprn (top) and normalised amplitude a jn (bottom) of ensemble- 
averaged temperature profiles. Measurements at L3 (x = 1.96m).

199



6 -

5 -

^2
(mm)

I---------------

0

-------- j-------------------------,-------------- ---------- ,------------------------

O

-
O

•

•
•

"  O  A 

•  * 2

________________I__________ ,.J ________________ I_________ I________________

0 20 40 60
frequency  (Hz)

80

40

30

A
(mm)

20

10
100

Figure 5.44 Variation of temperature boundary layer thickness, A, and enthalpy 
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Figure 5.45 Time-dependence of enthalpy thickness during a cycle. Comparison to 
momentum thickness and free-stream velocity. Measurements at L3 (x 
1.96m).
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Figure 5.46 Development of time-averaged Stanton number with enthalpy-thickness
Reynolds number (values in Table 5.6). Unsteady-flow measurements at L3 (x
= 1.96m). Comparison to the steady-flow correlation given by equation 5.5.
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Figure 5.47 Time-averaged profiles of temperature fluxes and variance normalised by
Ue(Tw-Te) and (Tw-Te)2 respectively. Values on ordinate are Stanton numbers 
obtained from temperature logarithmic law. Measurements at L3 (x = 1.96m).
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Figure 5.48 Time-averaged profiles of temperature fluxes and variance normalised by Qw

[= St Ue (Tw-Te)] and 0T respectively. Values on ordinate are Stanton numbers 

obtained from temperature logarithmic law. Measurements at L3 (x = 1.96m).

204
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Figure 5.49 Ensemble-averaged profiles of temperature fluxes and variance normalised by 
Ue(Tw-Te) and (Tw-Te)2 respectively. Measurements at L3 (x = 1.96m). 
a) Low (8.0 Hz) oscillation frequency.
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Figure 5.49 b) Medium (50.3 Hz) oscillation frequency.
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Figure 5.49 c) High (93.2 Hz) oscillation frequency.
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Figure 5.50 Variation in a cycle of ensemble-averaged profiles of temperature fluxes and variance. Measuring probe at different cross-stream
locations. Measurements at station L3 (x = 1.96m) - 8.0 Hz.
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y/<5

Figure 5.52 (top) Time-averaged profiles of the correlation coefficient Ruq = - u0 /  u ' 0'.

Figure 5.53 (middle) Time-averaged profiles o f the correlation coefficient Rvq = v0 /  v' 0'.
Figure 5.54 (bottom) Time-averaged profiles of the ratio of the longitudinal to cross-stream 

heat fluxes. Symbols as in Table 5.2.
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Figure 5.55 Ensemble-averaged profiles of the longitudinal heat-flux correlation coefficient 
<Ruq>=-<u0>/<u'x 0'>, the cross-stream heat-flux correlation coefficient 

<Rv0>=<v0>/<v'x0’> and of the ratio of the longitudinal to cross-stream heat

fluxes -<u0>/<v0>.
a) Low (8.0 Hz) oscillation frequency.
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Figure 5.57 Predictions of Reynolds stresses (dotted line). Comparison to 
experimental data at Station L3 (x = 1.96m).



Figure 5.58 Predictions of temperature variance and heat fluxes (dotted line).
Comparison to experimental data at Station L3 (x = 1.96m).
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Figure 5.60 Predictions of streamwise normal-stress variation during a cycle.
Comparison to experimental data at L3 (x = 1.96m).
a) 8.0 Hz
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Figure 5.61 Predictions of shear-stress variation during a cycle. Comparison to
experimental data at L3 (x = 1.96m).
a) 8.0 Hz
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Figure 5.62 Predictions of cross-stream heat-flux variation during a cycle. Comparison
to experimental data at L3 (x = 1.96m).
a) 8.0 Hz
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Figure 5.63 Predictions of relative phase and amplitude of the organised velocity 
oscillations. Compare to measurements at Figures 5.24 and 5.25.
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Figure 5.64 Predictions of relative phase and amplitude of the turbulence oscillations. Compare to measurements at Figures 5.36 and 5.51.



CHAPTER 6

CLOSURE

6.1 Conclusions

Detailed hot-wire, cold-wire and hot-film measurements of mean and turbulence 

quantities have been made for a heated flat-plate boundary layer, which was subjected to 

periodically varying free-stream velocity. Time- and ensemble-averaged values have been 

reported for mean velocity and temperature, Reynolds stresses, heat fluxes, temperature 

variance and wall shear stress. Time-averaged wall heat-flux results have also been 

obtained from heat-flux meters. Measurements were taken for a number of different 

oscillation frequencies and amplitudes. Results have been compared to steady-flow 

measurements made in the same wind tunnel. The suitability of Reynolds-stress and heat- 

flux turbulence models in predicting unsteady flows has also been assessed. The 

conclusions drawn in this thesis are to be regarded as tentative. Much more remains to be 

done, before the behaviour of turbulence under forced unsteadiness can be fully 

understood. The main findings of the investigation can be summarised in the following :

1. Theoretical investigation of the equations of motion for a periodically 

oscillating turbulent flow has showed that energy is transferred from the periodic to the 

mean and turbulent fields. The identification of extra terms, which originated from the 

organised velocity disturbance and could affect the velocity and temperature fields, has 

provided some insight into the mechanisms maybe responsible for differences in 

unsteady-flow behaviour.

2. It is difficult to distinguish the effect of frequency from that of amplitude, 

because these quantities could not be varied independently of each other with the rotating
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vanes arrangement. Previous measurements, reviewed in Chapter 1, suggest that energy is 

transferred from the periodic to the mean and turbulent fields, especially for frequencies 

up to 0.2 f̂ , while at higher frequencies the energy transfer is almost negligible. This

decrease might be caused by the fact that the time scale introduced by the unsteady 

motion becomes small compared to the time scale of the energy-containing eddies. The 

present results are consistent with previous experimental evidence. For low frequency 

oscillations (5.2 Hz and 8.0 Hz with amplitudes of 16% and 11%) time- and ensemble- 

averaged velocity profiles deviate substantially from their quasi-steady behaviour. On the 

other hand, the effects of high-frequency oscillations (50.3 Hz to 114.3 Hz) appear to be 

slight. This may be also influenced by the small amplitude (3%) that the oscillator 

generated at this frequency range, even though previous experimental evidence suggests 

that unsteady-flow effects should be negligible on the mean flow, for amplitudes even up 

to 15%.

3. The time-averaged unsteady-flow temperature profiles deviated from those of 

the steady state, but no specific frequency dependence was found. The ensemble- 

averaged temperature profiles showed variation with time. The amplitude of the 

temperature oscillations was small (below 2%), compared to the velocity oscillations, and 

depended on frequency. The temperature was found to lag the velocity by an angle in the 

region of 100° - 150°. The mean temperature was therefore found to react to the 

oscillations in a different way than that of the mean velocity.

4. Time-averaged mechanical and thermal boundary-layer thicknesses decreased 
with increasing frequency. The ratio A2 / 82 changed from approximately 1.2 for the

steady flow to an average of 1.4 for the unsteady flow. The phase and amplitude of the 

boundary layer thicknesses oscillation was found to depend on frequency in a complex 

way, not inconsistent with previous experimental data.

5. Measurements, made by hot-film and Clauser methods, showed Cf to increase 

with frequency, in accordance with the decrease of the boundary-layer thicknesses. The
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law of the wall has been shown to be inaccurate for the determination of <TW>. Hot-film 

measurements have shown <xw> to lag <Ue> at low frequencies (5.2 -15.0 Hz), to be in 

phase with <Ue> at 50.3 Hz and to lead it, by an increasing angle, as frequency increased

(93.2 - 115.0 Hz). The phase difference was small (in the region of -10° to +20°). The 

amplitude of <xw> was approximately equal to that of <Ue> and increased with 

frequency, to reach a value 1.85 times that of <Ue> at 115.0 Hz.

6. Only time-averaged measurements were made for the wall heat-flux. The 

Stanton numbers derived from the temperature law of the wall and from surface-mounted 

heat-flux meters, were in good agreement between them. The Stanton number was found 

to increase for the unsteady flows. The change was in the region of 10% over the steady- 

state values and indicated an increase in the wall heat flux.

7. At low frequencies (5.2 Hz, 8.0 Hz) and large amplitudes (16%, 11%) of 
oscillation, u2 showed an increase of about 15% in comparison to the steady-flow

values. This increase disappeared with increasing frequencies and decreasing amplitudes,

so that in the range of 50.3 Hz to 114.3 Hz, with amplitudes around 3%, results for the 
steady and unsteady flows were almost identical. In unsteady flows v2 was higher than

at the steady flow, but no specific frequency dependence was found, while uv remained

virtually unaffected by the imposition of the free-stream velocity oscillations. Turbulent 

energy was shown to be transferred between the inner and outer boundary layer in a 

wave-like manner. The peak of the ensemble-averaged stress profiles moved periodically 

close and away from the wall and the profiles at different cycle phases crossed each 

other. At low frequencies, and especially at 5.2 Hz, the profiles' oscillations were evident 

throughout the boundary layer, while for frequencies over 50 Hz they were confined 

mainly in the inner part of the boundary layer (y/ 5 < 0.4). The stresses were found to lag

behind the velocity. The lag angle depended on frequency of oscillation and distance 

from the wall.
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8. The time-averaged turbulent heat-fluxes and temperature variance at 8.0 Hz, 

were about 30% to 40% higher than the steady-state results. The quantity most affected 

was the streamwise heat-flux. The increase was less at the higher frequencies (50.3 Hz,

93.2 Hz) and lower amplitudes, but the results were still 10% to 15% higher than those of 

the steady flow. The periodic energy transfer from the inner to the outer boundary layer 

was evident here, as was in the case of the Reynolds stresses. The amplitude of <02> 

oscillations, compared to that of <Ue>, increased with frequency. At 50.3 Hz and 93.2 Hz

the oscillations were confined to the inner boundary layer and the phase and amplitude of 

the heat fluxes tended to follow those of the Reynolds stresses. The phase and amplitude 

of <02> was found to depend on frequency and distance from the wall.

9. No evidence was found in the present investigation, that high frequencies of

oscillation, close to the estimated bursting frequency of the flow, have any significant 
effect on the flow. In our measurements the ratio fosc/fb reached a value of 0.7.

10. Attempts to calculate the effects of ffee-stream periodicity on heat and 

momentum transfer in the boundary layer were not entirely satisfactory and more work 

needs to be done in this area. Second-order turbulence closures were thought to be 

necessary as a means of distinguishing potentially different effects of periodicity on the 

velocity and temperature fields. Equations were therefore solved for the Reynolds stresses 

(<u2>, <v2>, <w2>, <uv>) and scalar fluxes and variance (<u0>, <v0>, <02>) as well as 

those of the mean field (U, T), and, for simplicity, in the first instance in one-dimensional 

form. This level and complexity of turbulence modelling was to some extent influenced 

by the use of wall functions to determine the wall shear and heat flux. The present 

measurements have shown that the usual law of the wall is not generally valid in unsteady 

flow so that this aspect of the calculations must be suspect, although we do not expect 

defects in near-wall modelling necessarily to overwhelm the response of the outer flow, 

particularly at the lower end of the frequency range. It seems possible that a damped 

mixing-length description of the near-wall turbulence might be an improvement, though 

this surmise remains to be tested.
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6.2 Recommendations for further work

The present experimental investigation shows that the effect of the amplitude of 

the oscillation is more important than most researchers have so far realised. A more 

thorough examination of the effects of amplitude should be made, with a system that 

would provide independently variable amplitudes for any fixed frequency of oscillation. 

Results tend to suggest that there is a threshold in the amplitude magnitude, above which 

significant changes occur on the time-averaged quantities.

Measurements of wall shear-stress with surface-mounted films, are scarce in the 

literature. The present investigation results show rather large differences with those of 

other researchers. More experiments are needed, so that a sufficient data-base would be 

created, from which definite conclusions would be drawn.

There has been an unsuccessful effort during this investigation to acquire 

ensemble-averaged wall heat-flux results. Detailed measurements are needed, to show the 

behaviour of the wall heat flux with time and to assess the ability of the temperature law 

of the wall to depict it. Most probably, the logarithmic law would be also invalid for 

flows other than quasi-steady.

The results show that significant changes in phase and amplitude of oscillation 

occur in the near-wall region. Unfortunately, because of the dimensions of the measuring 

probe, measurements for the thermal turbulence in this region were not made. Future 

experimental work should be conducted in thicker layers, so that information would be 

derived of the flow behaviour near the wall.

Unsteady-flow modeling should consider the extra forces, arising from the 

periodic field and resulting in energy transfer between this and the mean and turbulent 

fields. The triple velocity decomposition should become a starting point for this effort. 

The behaviour of the periodic components of velocity and temperature was shown to 

affect the Reynolds stresses and heat fluxes. Future work for turbulence and heat-flux
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models, should take into account the complicated behaviour of the mean-field oscillations 

with frequency. Also the phase shift, which exists between the mean and turbulent fields 

and is also a function of frequency, should be considered. Wall functions were shown to 

be unable to predict the correct flow behaviour in oscillating velocity conditions. For the 

treatment of the near-wall region, low-Reynolds-number models should be used.
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APPENDIX A : MEASUREMENT ERRORS

A number of sources contribute to the overall error associated with the hot- and 

cold-wire measurements. The various sources have been investigated and their 

contributions analysed by Verriopoulos (1983). A list is provided here (Table A.l) of 

error distribution to the various measured quantities.

In unsteady-flow measurements error appears also because of the nature of the 

sampling technique. Cycle-to-cycle variations affect the overall evaluation of the mean 

and turbulent quantities. Each cycle is divided into a number M of equally spaced parts. 

The higher the number of parts the more accurate the measurements. The following 

analysis has been based on the assumption that 90 parts, at 4-degree intervals, have been 

used for each cycle. There are two potential error sources here. The first one is the 

uncertainty in the definition of the cycle start. This uncertainty is in the region of ± 4 

degrees. The second is a consequence of two factors: the not-perfect repeatability of the 

unsteady phenomena and the finite sampling rate that can be imposed. The period of the 

oscillation has a statistical distribution around a mean value. This, for our purposes, can 

be transformed in a distribution of number of parts per cycle (Figure A.l). In order to 

reduce the measuring time, measurements were kept if 89<M<91. The resulting error has 

been calculated on the basis of the measured distribution of M. Results are shown in 

Figure A.2. Error depends on phase in the cycle and amplitude of oscillation.
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Source: Statistical
uncertainty

±1% error in 
|tan\|/|

Probe
misalignment

±1°

Probe spatial 
resolution

±3% error in 
cold-wire 

constant Pc
Type: Random Random Random Systematic Systematic

u2 ±1% ± 0.5% ± 0.8% -2.0% 
(y/8 < 0.2)

na

V2 ±1% ±2.0% ± 2.6% -2.0% 
(y/8 <0.2)

na

uv ±1% ± 1.3% ±4.5% -3.0% 
(y/8 <0.2)

na

±1% na - - -4.0% 
(y/8 <0.4)

± 6.0%

u0 ±1% ± 0.5% — -4.0% 
(y/8 <0.4)

± 3.0%

v0 ± 1 % ± 1.0% — -4.0% 
(y/8 <0.4)

± 3.0%

Table A.l Errors associated with triple wire measurements.

Notes : Definitions of \|f and [3C can be found in equations (3.2) and (3.4). 

-- = Error not evaluated, na = not affected.
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N um ber 
of cy cles

P a r ts  p e r  cy cle

Figure A.l Typical distribution of parts per cycle for a given nominal period

(M=90). Approximately 1500 cycles have been sampled.

Figure A.2 Calculated error for mean and rms values based on the distribution of 
Figure A.l. a=[<f>- f ]/[<fmax>- f ]• The error is shown as percentage

E rror
(%)

°f [< w > -n
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APPENDIX B : EQUATIONS FOR THE EVALUATION OF MEAN 

VELOCITIES, REYNOLDS STRESSES, HEAT FLUXES AND 

TEMPERATURE VARIANCE

Combination of equations (3.2), (3.3) and (3.19) produced the instantaneous 

velocity, Ud, obtained from the hot wires and recorded by the data-acquisition system. 

The instantaneous temperature, Ta, was obtained from a similar procedure (equation 

3.21). The actual flow quantities were then evaluated by manipulation of the above 

quantities as follows (k =1,2, the two wires of the cross-wire):

Udk2 =  Udk2 - U dk2 (B.l)

udlud2 = - Udl U(j2 (B.2)

e 7 = T ? - i ; 2  (B.3)

u dk®a =  ^ d k ^ a  “ U ^ Ta (B.4)

From the above four basic equations, the following relation for the actual 

measured quantities are obtained :

Ud2 tamft - Udl tan\{/2 

tamj/j - tan\|/2

Udl ~ Ud2
tanxj/j - tan\j/2

(B.5)

(B.6)

----  (Udl - ud2)2
\2  — ------------------------

(tanx̂ i - tan\j/2)2 (B.7)

__ ( ud22 - v2 tan2v 2) - ( Udl2 - v2 tan2̂ )
uv = ------------------------------------------------  (B.8)

2 (tan\j/i - tan\j/2)

u2 = ud22 - v2 tan2\|/2 - 2 uv tan\j/2 (B.9)
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