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Chapter 1

Dynamic response of the
near-wall hot-wire/hot-film
system and near-wall
velocity measurements

1.1 Introduction and Contents of Study

Despite the recent progress made in the technique of PIV (Particle Image Velocime-
try) for use in velocity measurements and the availability of LDA (Laser Doppler
Anemometer) as another alternative since the 1970’s, hot-wire anemometry re-
mains the preferred choice for many researchers in turbulence measurements. The
smallness in size of the active hot-wire element measuring in microns not only en-
ables good spatial resolution of the velocity field, the correspondingly low thermal
inertia of the said wire promises fast response, thus permitting the high frequency
fluctuations of a turbulent flow to be followed faithfully.

Earlier, Perry & Morrison (1971) had shown that both their hot-wire and
DANTEC-made system yielded a frequency response of at least over 5 kHz when
subjected to direct velocity perturbation in a wall remote flow. The velocity per-
turbation test was carried out using the Karman vortex shed from one side of the
cylinder; the frequency response being obtained from the shedding frequency of
the vortex expressed in Strouhal number as a known function of flow Reynolds
number, Red (based on freestream velocity and diameter of cylinder), while the
amplitude response was deduced from comparisons of the intensity of streamwise
velocity fluctuations across the wakes of cylinders with different sizes at corre-
sponding downstream positions for a given Red = 140. Such a fast response for the
conventional hot-wire, as measured in terms of frequency without any amplitude
attenuation, is of prime consideration for many workers in turbulence research,

1



2 1. Dynamic response of the near-wall hot-wire/hot-film system . . .

where accurate time resolution of the flow field is of utmost importance.
Researchers, however, are only too aware that the performance of the same hot-

wire changes as it approaches the wall. The hot-wire, when operating under wall
remote conditions, is principally only subjected to convective heat loss whence the
latter can be made related to the prevailing convective velocity via the calibration
curve. In the presence of a nearby wall, there is additional heat loss from the wire
to the wall substrate. Of equal importance is the accentuation of the aerodynamic
interference effect due to the presence of the hot-wire prongs, which may alter the
flow field thereby resulting in larger convective heat loss.

The subject of increased aerodynamic interference effects in near-wall hot-wire
operations is discussed in Comte Bellot et al. (1971), Azad (1983) and in the
recent work of Chew et al. (1998a). Chew et al. (1998a) also systematically
investigated the other effects of wall substrate with different thermal conductivity,
wire length to diameter (L/d) ratio and the overheat ratio imposed. On the other
hand, the hot-wire having been calibrated under the usual free stream conditions
must be subjected to some form of wall corrections for near-wall applications (e.g.
see Bhatia et al., 1982). Alternatively, the hot-wire may be calibrated directly in
a known flow near to the wall with the wall effect being calibrated away. Khoo
et al. (1996) suggested two methods to account for the wall effect on near-wall
hot-wire measurements such that an accurate time-resolved streamwise velocity
measurement is still feasible.

Despite the recent spate of works in near-wall hot-wire operations, including
investigations of the effects of l+ (wire length in wall units) on turbulence mea-
surements in the viscous sub-layer (Khoo et al., 1997), and other numerous earlier
studies as found in Polyakov & Shindin (1978, 1979) and Zemskaya et al. (1979),
to name a few, there is still a dearth in the literature on the dynamic response of
a hot-wire operating in the vicinity of the wall. This is, to a very large extent, due
to the difficulties in implementing a suitable mode of generating a known fluctu-
ating flow field at a relatively high frequency near the wall. The hot wire, in the
presence of a nearby wall, may present itself as a system with a vastly different
thermal capacity and dynamic response, as compared to a wall-remote situation.

Khoo et al. (1995), in their attempt to determine the dynamic response of
a marginally-elevated hot-wire anemometer probe for near-wall velocity and wall
shear stress measurements, have for the first time, developed a viable means of
generating a known high frequency fluctuating velocity field for purposes of quan-
tifying both the frequency and amplitude response of the said hot-wire anemome-
ter. Khoo et al. (1995) found that a 5 μm diameter wire mounted at 50 μm
above the thermally less conducting epoxy-based wall substrate responded fully
to imposed fluctuations of up to 1600 Hz without any amplitude attenuation, so
was observed for another similar-sized wire but mounted at 12μm above the wall
substrate. Their attempts to impose an increasingly higher fluctuation so as to
determine the dynamic response in terms of the so-called “upper frequency limit”
(henceforth termed fD), when amplitude attenuation of imposed velocity change
begins or when the said wire cannot respond fast enough to the imposed frequency,
whichever occurs first, was thwarted by limitations due to excessive vibration ex-
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perienced in their the experimental setup. That being so, Khoo et al. were unable
to ascertain if there was any difference in the dynamic response of the hot-wire
mounted at different heights from the wall, and it may be noted too that their
successful tests of up to 1600 Hz were still way below the dynamic response of
a wall-remote hot-wire of at least O(5 kHz) as recorded by Perry & Morrison
(1971). The work of Khoo et al., however, has definitely indicated the feasibility
of imposing a known fluctuating flow very near to the wall for quantification of
the near-wall hot-wire response.

In a similar way, despite the importance of quantifying the dynamic response
of a hot element mounted very close or flushed with the wall as a wall shear
stress gauge for suitability in the study of turbulent wall shear stress fluctuations,
no attempt has been made thus far. Already, the hot-element wall shear stress
gauge is preferred over the traditional force balance surface gauge with its complex
mechanical linkages partly because of the perceived faster response characteristics
of the former to reflect faithfully the changing quantities expected in a turbulent
flow field although there is hardly any quantitative evidence to substantiate it. Still
if interest is primarily confined to measuring the mean quantity in a stationary
turbulent flow, the response characteristics of the wall shear stress probe may not
be a major issue unless the turbulence statistics of the wall shear stress fluctuations
are required or measurements are being made in a non-stationary turbulence field
where the mean value is a function of time.

There are, however, only some fairly qualitative works carried out in the
investigation of the response characteristic of a flush-mounted hot-element wall
shear stress gauge. Cook & Giddings (1988) found that the buried flush-wire and
Platinum-film gauges placed in a laminar oscillating flow produced on a flat plate
by a freestream velocity comprising a mean component and a superimposed sinu-
soidal variation indicate a wall shear stress variation that lags the true (numerically
obtained) variation even in the relatively low frequency range of between 3 to 20
Hz used in their experiments. They attributed the observed lag to “unsteady heat
conduction effects in the gauge substrate”. Since no attempt was made to cali-
brate the gauges for determination of the mean and oscillating components of the
wall shear stress, there is no comparison concerning the magnitude of wall shear
stress to ascertain the possibility of amplitude attenuation. In a subsequent follow
up work, Cook (1994) subjected different types of hot-element wall shear stress
gauges to unsteady turbulent flow; one of which a step-like flow was generated by
rapidly opening the valve between the evacuated vacuum tank and the test facil-
ity hence producing a steady downstream velocity. What is most interesting was
the observation of a wall remote hot-wire probe requiring only O(0.1) seconds to
attain the steady freestream velocity value whereas it took about O(0.3) seconds
for the cavity gauge to reach the steady wall shear stress quantity and up to O(40)
seconds for the quartz substrate and glue-on gauges to assume the steady state
value of the wall shear stress.

The results have two important implications. Firstly, even if the imposed
perturbation is not a true step-like flow, the output from the hot-wire in the
freestream would have indicated the nature of the flow and its response is clearly a
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few factors faster than the hot-element cavity gauge mounted on the wall. Secondly
and even more significant is the response indicated by the hot-element quartz
substrate gauge or the glue-on gauge coming close to two orders of magnitude
slower relative to the cavity gauge. Comparison among the hot-element gauges
suggests that the type of thermally conducting/insulating material on which the
hot element is mounted on may have far reaching consequences on its response.
Other works like Houdeville et al. (1984) have also carried out limited testing of the
various gauges and their results seem to support the use of the cavity gauge (where
the surface level hot element presides above a small cavity beneath presumably to
reduce substrate heat transfer) with better response characteristics as compared
to other substrate-type gauges. Despite all these efforts carried out to determine a
responsive wall shear stress gauge, no study, analytical or experimental, has been
made to provide the quantitative information pertaining to the associated response
characteristics.

The desire to fill the void in the literature on the quantification of the dynamic
response of a marginally-elevated hot-wire as a velocity probe and flush-mounted
hot-element wall shear stress gauge provides the motivation for the series of present
work. Comparisons are made between the dynamic response frequency and the
cut-off frequency according to the usual electronic perturbation test. Consequent
to the establishing of a viable near-wall hot-wire velocity probe, near-wall mea-
surements in the turbulent shear flow for both the channel and boundary layer
flows are then carried out to elucidate the flow physics.

1.2 Experimental set for determination of the dy-
namic response (fD) of hot-wire

1.2.1 Rotating disk

The basic design and construction of the rotating disk apparatus for the generation
of a known velocity near to a surface is given previously in great detail in Khoo
et al. (1995). Here, only the salient features are described with the improvements
made such that a much higher frequency of imposed fluctuations is possible without
excessive vibration which plagued the original set-up. The improved experimental
rig is shown systematically in Fig.(1.1).

A heavy flywheel is placed concentrically over the top rotating disk of 150
mm radius and the said disk is made to rotate via a spring loaded central shaft
enclosed within an external housing linked by a timer belt to a heavy duty DC
motor mounted firmly on a structural column for purpose of rigidity. The timer
belt and spring loaded shaft seek to minimize vibration from the motor, and the
latter, with its larger lateral extent, as compared to the previous setup which used a
relatively much smaller diameter shaft, also serve the function of reducing possible
inaccuracy when mounted perpendicularly to the flywheel. The top rotating disk
attached to the flywheel can be changed; in the first instance, a flat top disk was
set with different gap sizes (δ) in the range from below 200μm to over 400 μm
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for purpose of calibrating the hot-wire. According to Stewartson (1953), the flow
generated is given as

v = ωr
[
ε− (Re2

s/6300)(8ε + 35ε4 − 63ε5 + 20ε7) + O(Re4
s)
]

(1.1)

u = −ωr(Re2
s/60)(4ε− 9ε2 + 5ε4) + O(Re3

s) (1.2)

where ω is the angular velocity of the top rotating disk, Res ≡ ωδ2/ν is the
Reynolds number based on the gap size δ. u and v are the radial and azimuthal
velocity components, respectively, and ε ≡ z/δ is the non-dimensional vertical
coordinate with r as the radial coordinate.

During calibration, with the hot-wire mounted at a fixed height above the
bottom stationary disk, a known Couette-like flow in the azimuthal direction is
present since Res was made very small (Res <<1) as deduced from Eq.(1XXX).
In order to generate a known fluctuating flow, the top disk is replaced by a similar
sized modified perspex disk whose surface has 100 recesses of 45μm (δr) depth
machined radially from the outer edge to half the disk radius (see Figure 1.1),
similar to that carried out in Khoo et al. (1995).

The rectangular shaped recesses are distributed evenly on the disk. As dis-
cussed in Khoo et al., the placement of the hot wire at rm= 115 mm where the
local azimuthal extent of each recess lr (at r = rm) is 3.6 mm, hence giving a ratio of
lr/δr = 80, coupled with previous known works of flow over a backward facing step
which indicates flow separation at the step with reattachment occurring within 10
step heights thereafter (see Isomoto & Honami, 1989 and Shu et al., 1994), strongly
suggest the presence of two different Couette-like flows imposed by the modified
top disk with two effective surfaces separated by distances of δ and (δ + δr) from
the bottom stationary disk. It is reckoned that the disturbances caused by the
sudden change in gap size is largely contained within the reattachment region;
this scenario is further supported by the hot-wire output which shows fairly clear
‘square-wave’ like signals (see Figure 1.4) (Some discussions on the generation of
near Couette-like flow can also be found in Khoo et al., 1995). In this work, the
hot-wire is also mounted at rs = 95 mm and rl = 130 mm, equivalent to lr/δr of
53 and 102, respectively. In this way, the period of the fluctuating waveform as
deduced from the hot-wire output can be compared to the imposed fluctuation,
and the magnitude of the hot wire signal interpreted as velocity via the calibration
curve can be compared quantitatively to the amplitude of the fluctuating velocity
field. The presence of any amplitude attenuation of imposed velocity change or
the detection of the inability of the hot-wire to follow the imposed fluctuations,
whichever comes first, can be construed as the dynamic response frequency (fD)
of the hot-wire system.

To provide for a known fluctuating wall shear stress as dictated by the cor-
responding fluctuating flow field, the top flat disk is replaced by a modified disk
with 100 evenly distributed recesses of 45 μm (δr) depth machined on its surface
stretching from the disk edge at r = 150 mm to half the disk radius at r = 75 mm.
At the respective radial position of ri = rs (95 mm), rm (115 mm) and rl (140
mm) where the hot-element wall shear stress gauge is mounted, the presence of
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two Couette-like flows imposed by the modified top disk rotating at a tangential
velocity of ωri separated by two effective gaps of δ and (δ + δr) necessarily implies
the presence of two associated tangential wall shear stresses given as

τ = μ
ωri

δ
(1.3)

and
τ = μ

ωri

(δ + δr)
. (1.4)

In this way, the frequency of imposed fluctuation (fimp) and the magnitude of the
imposed wall shear stresses can be used for comparison to the measured output of
the wall shear stress gauge mounted at ri. With 100 recesses on the modified top
disk, the imposed frequency is

fimp =
ω

2π
× 100Hz (1.5)

The detection of the onset of amplitude attenuation of the imposed wall shear stress
change or the inability of the gauge to follow the imposed frequency fluctuation,
whichever occurs first, shall be considered as the dynamic response frequency (fD)
of the said gauge.

1.2.2 Marginally elevated hot-wire as a velocity probe

The construction of the hot-wire probe follows closely to that of Chew et al. (1994)
and Khoo et al. (1995), albeit some modifications incorporating a micrometer
screw gauge for adjusting the height of the wire from the wall and the use of
different wall substrate materials. The probe consists of a KANOMAX-0251 single
hot-wire mounted within a cylindrical hollow plug with two small holes at the top
section for the protrusion of the said hot-wire prongs above the wall (see Figure
1.2).

Several identical plugs of different thermal conductivities were manufactured
such that the placement of the 5 μm diameter DANTEC-made platinum-plated
tungsten wire on the tip of the prongs enabled the wire to be exposed to the plugs’
top wall substrate made of the respective materials. Because the top section of the
plug which measures 7 mm in diameter is considerably bigger in extent compared
to the wire length of l = 1.2 mm mounted at the center of the plug (hence giving a
wire length to diameter ratio of at least 200 to ensure negligible heat loss through
the prongs (see Ligrani & Bradshaw, 1987; Chew et al., 1998a), it is reckoned that
the overall active wire element will be subjected to the immediate influence of the
particular wall substrate beneath. The whole plug was in turn mounted flush with
the wall of the bottom stationary disk during the experiments.

At the other end of the hot-wire probe, a micrometer screw gauge was attached
to enable adjustments of the required wire height above the wall. The respective
probe was then connected to a DISA 56C01 CTA unit. The CTA unit was linked
via the Keithley made DAS-20 data acquisition system to a microcomputer. Data
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Figure 1.2: Schematic diagram of the marginally elevated hot-wire anemometer.

acquisition was effected at rates between 5 to over 50 kHz, with the higher rates of
acquisition used for higher rates of imposed velocity fluctuation via the modified
top disk.

1.2.3 Flushed-mounted hot-wire and hot film as wall shear
stress probe

Two different types of hot-element wall shear stress gauges are used in the present
study. The first type is the commercially available DANTEC-made 55R45 and
55R46 flush-mounted hot-film shear stress probes whose active nickel-based ele-
ment, deposited on a quartz substrate, measures 0.2 mm by 0.75 mm. For the
55R45 gauge, a 0.5 μm thick quartz coating covers the active element as op-
posed to a 2 μm thick quartz coating for the 55R46 gauge. The second type is
the flush-mounted hot-wire where the 5 μm diameter DANTEC-made platinum
plated tungsten wire is placed in contact with the perspex wall substrate. The
construction of the latter is similar to that described in Section 1.2.2.

The required hot-wire is soldered onto the prongs and fine adjustment of the
wire height above the top surface of the perspex plug till it touches the wall is
achieved by means of a micrometer screw gauge which is attached to the probe.
A schematic of the probe is given in Fig.(1.3) for ease of reference. The respective
wall shear stress gauge was then connected to the DISA 56C01 CTA unit, which in
turn was linked to a micrometer via the Keithley-made DAS-20 data acquisition
system.
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Figure 1.3: Schematic diagram of the flush-mounted hot-wire wall shear stress
gauge.

1.3 The dynamic response of the hot-wire ane-
mometer

1.3.1 Near-wall hot-wire for velocity measurement

1.3.1(a) Calibration of the hot-wire probe

Calibration of the marginally-elevated hot-wire probe was carried out in the
same manner as in Khoo et al. (1995) with the flat rotating disk set at a fixed
distance of δ from the bottom stationary disk. By keeping Res <<1, for a range of
angular speeds, the imposed azimuthal velocity (v) given by Eq.(1.1) at the wire’s
location (z = h) can be correlated against the output voltage (E) of the hot-wire
via King’s law

E2 = A + Bvn (1.6)

where A, B and n are calibration constants. As noted in Chew et al. (1994) and
Khoo et al. (1996), calibration of the hot-wire in this manner effectively ensured
that the wall influence was accounted for or calibrated away.

To ensure consistency of results, calibration utilizing the flat top disk was
carried out before and after each series of experiments. If there was any drift of
the calibration constants by more than 2%, the results were discarded. Monitoring
of the air temperature was done simultaneously and the data was accepted only
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when the temperature variation was less than ±0.2◦C.

1.3.1(b) The frequency limit (f D) of a hot-wire mounted at 50 μm above perspex
wall

With the modified top disk set at δ = 300 μm from the stationary bottom disk,
typical voltage-time series for selected rotational speeds are shown in Fig.(1.4) for
a hot-wire mounted at rm = 115 mm and h = 50 μm above the perspex wall
substrate. For each rotational speed of Ω rpm, the imposed fluctuation frequency
(fimp) associated with 100 recesses of the modified top disk is evaluated as

fimp = 100Ω/60Hz(4) (1.7)

and duly reflected on the same figure.
The typical voltage signals taken w.r.t. time indicate a fairly well-defined

and regular “square-wave” series with relatively flat top and trough sections; the
respective series yields an average period which coincides with the imposed fre-
quency, hence implying that the hot-wire is responding faithfully to the frequency
of the externally imposed fluctuating flow field. As discussed at length in Khoo
et al. (1995), the presence of the flat top and trough voltage traces provides the
possibility that the probe can also respond to the full amplitude change in the
imposed velocity fluctuation. Shown in each of the voltage-time traces are the
calculated maximum and minimum voltages associated with the velocities at the
wire’s location (via the calibration curve) subjected to near-Couette flows with the
top moving surface mounted at δ and (δ + δr), respectively, from the stationary
bottom surface. The top surface is moving at the local tangential velocity given
by Ωrmπ/30 mm/s.

Figure 1.4 clearly depicts that, with the exception of case (a), the hot wire is
able to respond fully to the frequency and amplitude of the imposed fluctuating
flow field. For case (a), although the evaluated frequency coincides with fimp at
3000 Hz, there is obvious amplitude attenuation. There is a marked absence of
the flat top and trough sections of the periodic waveform and the resulting peak
and trough voltages cannot match the calculated voltages. This may suggest that
amplitude attenuation is the limiting factor in the determination of the dynamic
response of the hot-wire rather than just the consideration of the frequency per
se. In this respect, the results of Fig.(1.4) are replotted in Figure 1.5(a) with
other data showing the maximum and minimum velocities associated with the
“saturated” voltage measured corresponding to the relatively flat top and trough
portions of the voltage-time trace, respectively, via the calibration curve.

As argued in Khoo et al. (1995), the fairly sharp rise and fall of the voltage-
time trace with small disturbances of higher frequency accompanying the saturated
voltage readout are associated with the flow attachment effect following the move-
ment of a recess past the hot-wire. Discounting the rise and fall of the voltage-time
trace from the flat top and trough sections, only the voltage readouts in the center
half portion of each flat section are evaluated as velocities for computation of the
average maximum and minimum velocities. Also shown in Figure 1.5(a) are the
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Figure 1.4: The voltage-time trace of the hot-wire mounted at 50 μm above the
Perspex wall substrate for different imposed rates of rotation: (a) 3000 Hz, (b) 2490
Hz, (c) 2262 Hz, (d) 1993 Hz, (e) 1625 Hz, (f) 1335 Hz, (g) 1078 Hz. Calculated
maximum and minimum voltages for each imposed frequency are shown as broken
lines.
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Figure 1.5: Comparison between calculated velocity and measured velocity for
different rotation rates obtained from the hot-wire anemometer mounted 50 μm
above the Perspex wall substrate at rs = 95 mm, rm = 115 mm and rl = 130 mm.
Calculated velocities are represented as full lines according to equation (1XXX).
(♦) and (�) represent the maximum and minimum of mean velocity fluctuation re-
spectively. (b) Amplitude ratio, defined as amea/aimp, for the hot-wire anemome-
ter mounted 50 μm above the Perspex wall substrate at rs = 95 mm, rm = 115
mm and rl = 130 mm for different imposed frequencies.
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calculated velocities at the wire’s position obtained from Eq.(1.1) corresponding
to gap sizes of δ and (δ + δr) which are presented as solid lines passing through
the origin.

Figure 1.5(a) shows that the hot-wire mounted at h = 50μm from the perspex
wall substrate can respond fully to a fluctuating flow field without any amplitude
attenuation up to fimp ≈ 2500 Hz. Beyond 2500 Hz, the probe shows obvious
amplitude attenuation and the measured velocities depart increasingly from the
calculated velocities as fimp becomes even larger. Figure 1.5(b) shows the ampli-
tude ratio, defined as amea/aimp (i.e. ratio of the measured amplitude of velocity
fluctuation to the amplitude of the imposed velocity fluctuation), versus the im-
posed frequency. The dynamic response (fD) is defined as the upper frequency
limit where the onset of amplitude attenuation of the imposed velocity change
occurs, the threshold of which is set at amea/aimp = 0.9 (which is in line with
the experimental uncertainty of about 10% for evaluated amea/aimp), or when
the said wire is no longer able to respond fast enough to the imposed frequency,
whichever occurs first. Hence, from Figure 1.5(b), we may conclude that the dy-
namic response of the said hot-wire mounted at rm = 115 mm and a height of 50
μm above the perspex wall substrate is given as fD ≈ 2625 Hz corresponding to
a mean imposed convective velocity vD of 2.94 m/s. It is reasonable to infer that
for the same vD = 2.94 m/s, at an imposed frequency of less than fD = 2625 Hz,
the hot-wire will not have encountered any amplitude attenuation or at the very
most limited to a damping value less than 10%.

Figures 1.5(a) and 1.5(b) also show the results of the same hot-wire placed
at radial positions rs = 95 mm and rl = 130 mm. The voltage-time traces (not
shown) bear similar features to those depicted in Figure 1.4 for rm = 115 mm;
at lower imposed frequencies, distinct flat top and trough sections are discernible
whilst at much higher imposed frequencies, the resulting periodic peak and trough
voltages are not able to match the calculated voltages even though the evaluated
frequencies are identical to the respective imposed frequencies. From Figure 1.5(b),
it is observed that for h = 50 μm at rs = 95 mm, fD is found to be 2345 Hz
corresponding to a mean imposed convective velocity vD of 2.17 m/s. On the
other hand, the hot-wire placed at rl indicates a higher fD of 2750 Hz and the
corresponding mean velocity is vD = 3.48 m/s.

It can thus be seen that a hot-wire mounted at a fixed height of 50 μm above
the perspex wall substrate exhibits a distinct trend of increasing dynamic response
(fD) as the convective velocity increases. As the streamwise convective velocity is
closely related to the forced convective heat transfer from the wire, it may thus
be suggested that the dynamic response of a hot-wire system is also positively
correlated with larger convective heat loss from the wire-element.

The placement of the modified top disk at δ = 300 μm in the experiments,
together with a fixed δr = 45 μm, necessarily implied an amplitude of velocity
change (Δv/v) of 13% for the above dynamic response tests. In the present study,
we maintained a constant (Δv/v) of 13% throughout.

1.3.1(c) Wall effect on the dynamic response of a marginally-elevated hot-wire
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Further tests were carried out to investigate the influence of wall effect on
fD for a marginally-elevated hot-wire. To discount the influence of convective
velocity, it is imperative that the convective velocity at the wire’s location be kept
constant. However, in the determination of fD using the present experimental rig,
the convecting velocity at the wire’s location cannot be preset independently, as
both fD and the corresponding vD are obtained simultaneously. In this regard,
several tests at different r and h were carried out with the aim of achieving similar
values of vD. Shown in Figs.(1.6a) and (b) are the results for wires mounted at
h = 65 μm and rs = 95 mm, for which fD = 2390 Hz and vD = 2.9 m/s; for the
wire at h = 40 μm and rl = 130 mm, fD = 2690 Hz and vD = 2.7 m/s.

Also plotted on the same figure for comparison is the result previously presented
for h = 50 μm at rm = 115 mm, where fD = 2625 Hz and vD = 2.9 m/s. It is
evident that with the same nominal convective velocity at the wire’s location,
hence implying a similar convective heat transfer from the wire, the placement of
the wire closer to the wall from h = 65 μm to h = 50 μm and finally down to h =
40 μm has resulted in a monotonically increasing fD.

Conventionally, the closer the hot-wire is to the wall, the greater is the wall
influence. It is therefore appropriate to suggest that the increase in wall effect has
led to an improvement in fD of the said wire. It is also important to mention that
the wall effect is closely associated with greater heat transfer from the wire due to
the physical presence of the wall. This can be mainly attributed to direct radiation
heat transfer to the surrounding wall substrate or to the localized aerodynamic
interference of the flow around the wire w.r.t. the nearby wall, thus resulting in an
increase in convective heat transfer from the wire to the flow and the surrounding
wall substrate.

1.3.1(d) Summary of results of f D in semi-dimensionless plot

The findings from previous Sections 1.3.1(b) and 1.3.1(c) have shown that an
increase in heat transfer from the hot-wire, whether due to convective heat transfer
or to increasing wall effect, results in an improvement in fD. These results obtained
for the perspex wall substrate are reiterated in the semi-dimensionless plot of fD
versus h+ (i.e. height of wire expressed in wall units ν/Uτ ) in Fig.(1.7). Besides
the data for fixed heights of h = 25 μm and 50 μm, as well as for vD ≈ 2.9 m/s as
demarcated by the respective loci, other results obtained are also plotted together
with the “interpolated” loci indicating possible behaviour of the hot-wire mounted
at rl, rm and rs.

Several interesting features can be observed from Fig.(1.7). The hot-wire regis-
ters fD as 2690 Hz with vD = 2.7 m/s when positioned at rl = 130 mm and h = 40
μm (equivalent to h+ = 2.6). At about the same value of h+, corresponding to h =
50 μm and rs = 95 mm, the hot-wire exhibits fD as 2345 Hz with a correspondingly
smaller vD of 2.17 m/s. Since a similar value of h+ implies equivalent influence of
wall effect on the hot-wire, it becomes apparent that an increase in the convective
velocity on the wire with resulting greater convective heat transfer gives rise to
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Figure 1.6: Comparison between calculated velocity and measured velocity for
different rotation rates obtained from the hot-wire anemometer mounted 65 μm,
50 μm and 40 μm above the Perspex wall substrate at rs = 95 mm, rm = 115
mm and rl = 130 mm respectively. Calculated velocities are represented as full
lines according to equation (1XXX). (♦) and (�) represent the maximum and
minimum of mean velocity fluctuation respectively. (b) Amplitude ratio, defined
as amea/aimp, for the hot-wire anemometer mounted 65 μm, 50 μm and 40 μm
above the Perspex wall substrate at rs = 95 mm, rm = 115 mm and rl = 130 mm
for different imposed frequencies.
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Figure 1.7: Semi-dimensionless plot of fD for different values of h+ for marginally
elevated hot-wires placed above the Perspex and aluminium wall substrates.

an increase in fD. Another feature, already discussed in Section 1.3.1(c), which
is worth reiterating is that, for the same convective velocity of vD ≈ 2.9 m/s,
the hot-wire shows the trend of increasing fD with decreasing h+, the latter being
directly related to decreasing h. Since a smaller h+ implies larger wall influence
on the performance of a hot-wire with accompanying larger heat transfer from the
wire, this suggests that a larger wall influence has actually a positive effect on fD.
The above two features clearly support the notion of fD for a marginally-elevated
hot wire increasing with enhanced heat transfer.

Finally, the results obtained for fixed heights of h = 25 μm and 50 μm show
that as vD increases, fD increases. It is interesting to note that at a fixed elevation,
an increase in h+ is caused by an increase in vD. As already discussed, a larger h+

implies smaller wall influence with the tendency to cause a drop in fD. Therefore,
an increase in vD, with consequential increase in the convective heat transfer from
the wire, must have been sufficiently large to offset the effects of decreasing wall
influence (corresponding to increasing h+) such that the overall heat transfer is
still larger, as manifested by the corresponding rise in fD. The converse, i.e. the
dominance of decreasing vD on the convective heat transfer from the wire over the
effect of increasing wall influence hence resulting in an overall decrease in fD, is
also true.

1.3.1(e) Effect of wall substrate material on f D



1.3. The dynamic response of the hot-wire anemometer 17

The findings from Sections 1.3.1(c) and 1.3.1(d) have suggested that an increase
in heat transfer from the wire due to increasing influence of wall effect has actually
resulted in an increase in fD. In their investigation of the near-wall corrections for
single hot-wire measurements, Chew et al. (1995) found that a thermally more
conducting wall substrate brings about an overall larger wall effect on the hot-wire
resulting in larger heat loss to the wall, thereby necessitating a greater magnitude
of wall corrections. In this regard, it is deemed appropriate to perform another
series of tests to determine fD for a wall substrate of different thermal conductivity
to evaluate and further substantiate the effect of wall influence on the behaviour
of fD. A thermally more conducting Aluminium wall substrate, as compared to
the perspex wall substrate used previously, was selected for this purpose. The hot-
wire was mounted at a fixed height of h = 50 μm above the wall of the Aluminium
plug, which was in turn mounted at rs = 95 mm, rm = 115 mm and rl = 130 mm
on the bottom stationary disk for the determination of the respective fD.

Figure 1.8 shows the results for the measured maximum and minimum veloci-
ties versus imposed frequency for the hot-wire at rs, rm and rl for comparison with
the calculated velocities which are presented as straight lines passing through the
origin. The results of Fig.(1.5) and Fig.(1.8) can then be compared to investigate
the effects of wall substrate thermal conductivity on fD for wires sharing same
values of h and r.

For the case of the wire mounted at rm, with the modified top disc rotating
at 1575 rpm (equivalent to an imposed frequency of 2625 Hz), the wire above the
perspex wall shows signs of amplitude attenuation first, and fD is subsequently
found to be 2625 Hz (see Figure 1.5). On the other hand, under the same operating
conditions, the wire above the Aluminium wall did not show any indication of
amplitude attenuation at 2625 Hz; it was only at a higher rotating speed of the
top disc (at fD = 2740 Hz) did the said wire show signs of amplitude attenuation
(see Figure 1.8). It is therefore logical to conclude that relatively, a wire at a
particular height above a perspex wall exhibits a poorer dynamic response (as
characterized by fD) compared to a wire mounted at the same height above a
Aluminium wall.

The same behaviour can also be observed for hot wires mounted at rs and
rl for the two different perspex and Aluminium wall substrates (c.f. Fig.(1.5)
and Fig.(1.8)), thereby lending further support to the conclusion that an increase
in wall influence on hot-wire performance has correspondingly given rise to an
improvement in fD.

Results for the hot-wire placed next to an Aluminium wall at h = 50 μm
are also plotted in a semi-dimensionless form and shown in Fig.(1.7) for further
comparison to results for the hot-wire above a perspex wall. A locus is also drawn
through the former data points which supposedly should characterize the dynamic
response of the said wire at the same height but subjected to different imposed
convective velocities. The same argument holds for the locus passing through the
data points of the hot-wire mounted at h = 50 μm above the perspex wall. At any
given value of h+, the value of fD on the interpolated locus of the Aluminium wall
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Figure 1.8: Comparison between calculated velocity and measured velocity for
different rotation rates obtained from the hot-wire anemometer mounted 50 μm
above the aluminium wall substrate at rs = 95 mm, rm = 115 mm and rl =
130 mm. Calculated velocities are represented as full lines according to equation
(1XXX). (♦) and (�) represent the maximum and minimum of mean velocity
fluctuation respectively. (b) Amplitude ratio, defined as amea/aimp, for the hot-
wire anemometer mounted 50 μm above the aluminium wall substrate at rs = 95
mm, rm = 115 mm and rl = 130 mm for different imposed frequencies.
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substrate is almost always larger than the corresponding fD lying on the locus for
the perspex wall.

Previous works have shown experimentally (Khoo et al. (1996) and Chew et al.
(1998(a)) and numerically (Chew et al. (1995)) that a wire of the same diameter at
the same h+ exhibits a larger heat loss for the case of a thermally more conducting
wall as opposed to one with lower thermal conductivity. In other words, at the
same h+, the wall effect due to the Aluminium wall substrate is invariably greater
than the perspex wall substrate. It is therefore evident that the presence of a
thermally more conducting wall with larger wall effects has resulted in a larger fD
which is in accord with the conclusions arrived at in the earlier sections.

1.3.1(f) Concluding remarks for Section 1.3.1

Experiments were carried out using a specially designed apparatus consisting
of a modified top rotating disk with recesses cut on its surface and a bottom sta-
tionary disk to generate a known near-wall fluctuating flow field for purpose of
quantifying the dynamic response of marginally-elevated hot-wire probes. Results
have shown that while the hot-wire may be able to respond to the imposed fre-
quency, it is the amplitude of velocity change (Δv/v) which serves as the limiting
factor for the hot-wire to follow fully which leads to amplitude attenuation. For
a hot-wire mounted at height h = 50 μm from the perspex wall substrate , the
dynamic response frequency increases monotonically from 2345 Hz to 2750 Hz as
the nominal convective velocity (vD) changes from 2.17 m/s to 3.48 m/s. The
same hot-wire mounted at h = 25 μm exhibits a similar behaviour for fD, which
improves from 2170 Hz to 2580 Hz, with vD increasing from 1.00 m/s to 1.63
m/s. These findings suggest that an increase in the convective velocity, which is
synonymous with a larger convective heat transfer from the wire, results in an
increase in fD.

When the hot-wire is subjected to a constant convective velocity of vD ≈ 2.9
m/s at different heights of 65 μm, 50 μm and 40 μm above the perspex wall, fD
shows an increasing trend with corresponding values of 2390 Hz, 2625 Hz and 2690
Hz, respectively. The decreasing heights, when expressed in wall units, indicate a
decreasing h+ with increasing effect of wall influence. This suggests that fD im-
proves with larger wall effects. The influence of greater wall effects also invariably
implies more heat transfer from the wire due to localized aerodynamic influence
of the flow around the wire w.r.t. the nearby wall (Chew et al., 1995). This,
together with the above findings, suggest that the dynamic response frequency of
a marginally-elevated hot-wire increases with larger heat loss from the said wire
irrespective of whether the greater heat loss is due to forced convection or due to
wall effects.

Further experiments were also performed on a hot-wire mounted at the same
height h = 50 μm above a thermally more conducting Aluminium wall substrate.
It was found to exhibit a relatively better response characteristic compared to
its counterpart above a perspex wall substrate under identical operating condi-
tions. At the same h+, the hot-wire above the Aluminium wall indicates a con-
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sistently higher fD than that above the perspex wall. As the wall influence on a
marginally-elevated hot wire increases for a thermally more conducting wall, the
results support the general conclusion that fD increases with greater heat loss from
the wire, in particular the influence of larger wall effect. More importantly, a wall
possessing higher thermal conductivity ensures better response characteristics for
marginally-elevated hot wires utilized for near-wall velocity measurements.

Further discourse on this Section 1.3.1 can be found in Khoo et al. (1998a).

1.3.2 Flushed-mounted hot-wire and hot-film for wall shear
stress measurement

1.3.2(a) Calibration of the hot-element wall shear stress probe

The calibration of the respective hot-element wall shear stress probe was car-
ried out with the flat rotating disk set at a distance δ from the bottom stationary
disk. With Res <<1, the tangential wall shear stress (τ) according to Eq.(1.3) is
correlated against the output voltage (E) via the equivalent King’s law relation-
ship,

E2 = A + Bτn (1.8)

where A, B and n are calibration constants, for different rotation rates ω and gap
sizes δ. The methodology described is similar to that used in Chew et al. (1994).
It may be noted too that Shah & Antonia (1987) used an identical equation (1.8)
for their calibration except they carried out their calibration in a known turbulent
channel flow and both the voltage (E) and shear stress (τ) were interpreted as
mean quantities. In our experiments, calibration was carried out before and after
the tests with the modified top disk. If there was any significant drift of the
calibration constants by more than 2%, the results were discarded and repeated.
The air temperature was monitored during the experiments to ensure a variation
of less than ±0.2◦C.

1.3.2(b) The dynamic response (f D) of a flush-mounted hot-wire wall shear stress
gauge

The hot-wire was mounted physically in contact with the perspex wall substrate
as a wall shear stress gauge. The modified top disk was placed at a height of δ = 300
μm from the bottom stationary disk where the gauge was mounted throughout the
experiments. This implies an amplitude of imposed wall shear stress fluctuations
(Δτ/τ) of 13%, similar to the work in Section 1.3.1.

Figure 1.9 shows the various voltage-time traces of the said hot-wire positioned
at rm and subjected to the rotating movement of the modified top disk. At the
lower imposed frequency fimp � 1250 Hz (i.e. case (f) - (h)), the typical voltage
signal shows a fairly well defined regular series with relatively flat top and trough
sections whose average period coincides with the imposed frequency. As similarly
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Figure 1.9: The voltage-time trace of the flush-mounted hot-wire wall shear stress
gauge for different imposed rates of rotation: (a) 3033 Hz, (b) 2613 Hz, (c) 2250 Hz,
(d) 1948 Hz, (e) 1678 Hz, (f) 1250 Hz, (g) 1107 Hz and (h) 925 Hz. Calculated
maximum and minimum voltages for each imposed frequency are shown as full
lines.
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carried out in Section 1.3.1, on each voltage-time trace are the calculated maximum
and minimum voltages associated with the wall shear stress (via the calibration
curve) subjected to near-Couette flows with the top surface mounted at δ and
(δ + δr), respectively, from the bottom stationary surface and moving at a local
tangential velocity of ωrm. The concurrence of the flat top and trough sections
of the voltage-time traces with the calculated maximum and minimum voltages
for case (f) - (h) therefore indicates that the hot-wire can respond fully to the
frequency and the amplitude of the imposed fluctuating wall shear stress.

The next higher imposed frequency shown for fimp =1678 Hz (case (e)) shows
a marked absence of the flat top and trough sections of the voltage-time trace
and whose resulting peak and trough voltages are unable to match the calculated
voltages, although the average period of the waveform agrees well with the period
of the imposed fluctuations. There is clear amplitude attenuation for the above
case (e), and the same can be said for the other higher imposed frequencies depicted
in Fig.(1.9) from cases (a) to (d). Figure 1.9 therefore suggests that the upper
frequency limit whereby the hot-wire can respond fully to the imposed fluctuations
is essentially constrained by the occurrence of amplitude attenuation.

Results of Fig.(1.9) are replotted in Fig.(1.10) in terms of the calculated and
measured maximum and minimum wall shear stresses at each imposed frequency.
The measured maximum and minimum wall shear stresses correspond via the cal-
ibration curve to the relatively flat top and trough portions of the voltage-time
traces for the lower frequencies in cases (f) - (g), and the peak and trough voltages
for the higher frequencies in cases (a) - (e), and others. These measured mean
values are ensemble-averaged over many cycles. In the same Figure 1.10(a) are
the calculated wall shear stress quantities as obtained from Eqns. (1.3) and (1.4)
corresponding to the near-Couette flows with gap sizes of δ and (δ + δr), respec-
tively, and the top surface moving at a velocity of ωrm. These are represented as
solid lines which pass through the origin.

Shown in Figure 1.10(b) is the amplitude ratio of measured wall shear stress
change (amea) to the imposed wall shear stress change (aimp) for the determi-
nation of the dynamic response frequency (fD), which corresponds to the onset
of amplitude attenuation set at amea/aimp = 0.9. This is similar to that used
in Section 1.3.1 and in line with the experimental uncertainty of about 10% for
amea/aimp. It is apparent that for the flush-mounted hot-wire, fD is 1545 Hz and
the corresponding mean shear stress value (τD) is 0.64 N/m2. It is logical to infer
that at the same τD = 0.64 N/m2, the flush-mounted hot-wire when subjected to
a fluctuating wall shear stress with an imposed frequency of less than fD = 1545
Hz will not exhibit any amplitude attenuation or at most limited to a damping
value less than 10%.

Figure 1.10 also shows the respective results for the flush-mounted wire posi-
tioned at rs and rl (the voltage-time traces are not presented). The said figure
clearly shows that fD attains a value of 1240 Hz and a corresponding τD of 0.42
N/m2 for the wire placed at the smaller radial position of rs. At the larger radial
position rl, the wire registers a higher fD of 1760 Hz, with a corresponding τD

of 0.82 N/m2. The above results therefore suggest a trend of increasing fD with
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Figure 1.10: Comparison between calculated and measured wall shear stress ob-
tained for the flush-mounted hot-wire gauge mounted at rs = 95 mm, rm = 115
mm and rl = 130 mm for different rotation rates and δ = 300 μm. Calculations
are represented as full lines according to equation (4XXX) with effective gaps
given as δ and (δ + δr). Experimental data: (♦), (�) represent the maximum
and minimum of wall shear stress fluctuations respectively. (b) Amplitude ratio,
defined as amea/aimp, for the flush-mounted hot-wire shear stress probe at rs =
95 mm, rm = 115 mm and rl = 130 mm for different imposed frequencies.
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greater imposed wall shear stress. Since a larger wall shear stress (and hence a
larger velocity gradient) necessarily implies greater convective heat transfer from
the hot-wire, the findings suggest a positive correlation between enhanced heat
loss from the flush-mounted hot-wire and fD, which is a trend similarly observed
for the dynamic response of an elevated hot-wire as discussed at length in Section
1.3.1.

1.3.2(c) The dynamic response (f D) of the DANTEC-made 55R45 and 55R46

In reality, the above “flush-mounted” hot wires touching the perspex wall sub-
strate are offset by 2.5 μm from the wire center to the wall and it is conceivable that
(forced) convection remains the dominant mode of heat transfer as compared to
conduction heat loss, since the region of contact with the wall substrate is rather
limited. On the other hand, it would be interesting to determine the dynamic
response of a flush-mounted hot film with the active element completely buried
flush with the surrounding wall substrate. For the latter, it can be reckoned that
conduction heat transfer is the dominant mode with secondary contribution from
convective heat loss at the surface. In this respect, the commercially available
DANTEC-made 55R45 and 55R46 wall shear stress gauges are selected; the for-
mer has a 0.5 μm quartz coating as opposed to the latter with a 2.0 μm quartz
coating over the identical active hot element.

In the preliminary runs using the modified top disk with 100 recesses mounted
at δ = 300μm and rotating at only O(10) rpm, the 55R45 and 55R46 wall shear
stress gauges placed at rm exhibited great difficulties in following the amplitude
of imposed wall shear stress fluctuations. In direct comparison to the experiments
using the flush-mounted hot-wire under similar operating conditions where the hot-
wire did not encounter any difficulty pertaining to amplitude attenuation until a
much higher imposed frequency of 1545 Hz, it can be suggested that relatively,
the hot-wire possesses better response characteristics than either the 55R45 or
55R46 shear stress probes. Because the apparatus is not designed for very low
rotation rates, another modified top disk with only one recess of δr = 45 μm was
manufactured and employed to characterize the responsiveness of the hot-film wall
shear stress gauge. The same gap size of δ = 300 μm was maintained throughout.
The imposed frequency is given as

fimp =
ω

2π
Hz (1.9)

where ω is the angular velocity of the top disk in rad/s. With the 55R46 gauge
mounted at rm, the typical output voltage-time traces at different imposed fre-
quencies show similar behaviour and salient features as those depicted for the
flush-mounted hot-wire in Fig.(1.9) (except the timescale for the abscissa is sev-
eral orders greater), and are thus not presented here. The results are expressed in
terms of τ versus fimp in Figure 1.11(a). Figure 1.11(b) shows the corresponding
ratio of amea to aimp, and it can be deduced that fD assumes the value of 0.46 Hz
with τD = 0.02 N/m2. The results obtained for the same gauge mounted at radial
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positions rs and rl are also shown in the same figure. At the larger radial position
of rl, the 55R46 gauge exhibits a better response characteristic of fD = 0.59 Hz,
occurring at τD = 0.028 N/m2. On the other hand, the said gauge indicates fD

= 0.41 Hz at τD = 0.014 N/m2 when mounted at the smaller radial position rs.
From the above, the trend of fD increasing with larger τD is discernibly similar
to that found for the flush-mounted hot-wire. In other words, an increase in the
convective heat transfer at the surface of the wall results in an improvement in the
response characteristics of the flush-mounted 55R46 hot-film gauge.

The next series of tests is carried out for the 55R45 wall shear stress gauge
mounted at rs, rm and rl, and the corresponding results are plotted in Fig.(1.12).
Figure 1.12(b) shows that fD takes on the values of 0.63 Hz, 0.86 Hz and 1.15 Hz
corresponding to τD of 0.022 N/m2, 0.036 N/m2 and 0.054 N/m2, respectively. In
general, the trend of increasing fD with increasing τD is apparent for the 55R45
gauge, which bears resemblance in behaviour to the flush-mounted hot-wire and
55R46 gauges. It may be noted that under the same operating conditions for
both the 55R45 and 55R46 gauges mounted at the same radial position, say rm,
when the imposed frequency is increased, the 55R46 gauge experiences amplitude
attenuation first with fD = 0.46 Hz, while the 55R45 gauge does not indicate
any attenuation until a distinctly higher frequency, where fD = 0.86 Hz. This
observation, coupled with similar behaviour for the two gauges positioned at rs

and rl, strongly suggests that the 55R45 gauge responds relatively better than the
55R46 gauge.

For purposes of further comparison, results for the dynamic response frequency
of the three gauges are summarized and plotted in Fig.(1.13), where fD is plotted
against τD. The respective loci are traced through the data points corresponding
to each gauge to indicate the trend of fD with varying τD. The locus pertaining
to the 55R45 gauge is always above that for the 55R46 gauge within the common
range of τ shared by the 2 gauges, where the ratio of fD for the 55R46 gauge
to the 55R45 gauge averages out to be approximately 0.55. This implies that at
the same τ , fD for the 55R45 gauge is clearly superior to the 55R46 gauge. It
may also be noted that for the same τ , the flow conditions above the two said
gauges are identical. Because the 55R45 gauge has a thinner quartz substrate
coating of only 0.5 μm, as compared to the 55R46 gauge which has a 2.0 μm
quartz coating over the hot element of similar size, it can be construed that there
is a correspondingly larger heat loss through the quartz coating to the flow for the
55R45 gauge, which resulted in a better response as characterized by fD. This
can be further explained in terms of the thermal resistance; the lower the thermal
resistance of the wall substrate as for the case of the 55R45 gauge which has a
thinner quartz coating, the better is the resultant response characteristic. This
deduction about a more responsive flush-mounted hot film as a wall shear stress
gauge resulting from larger heat loss from the active element is very similar to
the conclusion arrived at in Section 1.3.1 for the marginally-elevated hot-wire as
a probe for velocity measurements (where the response increases with increasing
heat transfer irrespective of the origin).

If one is allowed to extrapolate the results for the flush-mounted hot-wire into
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Figure 1.11: Comparison between calculated and measured wall shear stress ob-
tained for the DANTEC 55R46 gauge mounted at rs = 95 mm, rm = 115 mm
and rl = 130 mm for different rotation rates and δ = 300 μm. Calculations are
represented as full lines according to equation (4XXX) with effective gaps given
as δ and (δ + δr). Experimental data: (♦), (�) represent the maximum and min-
imum of wall shear stress fluctuations respectively. (b) Amplitude ratio, defined
as amea/aimp, for the DANTEC 55R46 gauge at rs = 95 mm, rm = 115 mm and
rl = 130 mm for different imposed frequencies.
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Figure 1.12: Comparison between calculated and measured wall shear stress ob-
tained for the DANTEC 55R45 gauge mounted at rs = 95 mm, rm = 115 mm
and rl = 130 mm for different rotation rates and δ = 300 μm. Calculations are
represented as full lines according to equation (4XXX) with effective gaps given
as δ and (δ + δr). Experimental data: (♦), (�) represent the maximum and min-
imum of wall shear stress fluctuations respectively. (b) Amplitude ratio, defined
as amea/aimp, for the DANTEC 55R45 gauge at rs = 95 mm, rm = 115 mm and
rl = 130 mm for different imposed frequencies.
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Figure 1.13: Dynamic response frequencies versus wall shear stress at onset of
amplitude attenuation for the flush-mounted hot-wire wall shear stress gauge and
the DANTEC 55R45 and 55R46 wall shear stress probes mounted at rs = 95 mm,
rm = 115 mm and rl = 130 mm.

the lower range of τ , common to the 55R45/55R46 gauges, it may be suggested that
the performance of the former is still about two orders better than the latter two
gauges at the same τ . Intuitively, it is conceivable that since the flush-mounted hot-
wire is positioned almost in full contact with the convecting fluid, any changes in
the flow velocity or velocity gradient at the wall will be felt almost instantaneously
by the wire, with appropriate response from the CTA unit. For a flush-mounted hot
film (like the 55R45 and 55R46 gauges) “buried” within the wall substrate, or even
a hot-wire “buried” beneath the wall substrate, any variation in the flow conditions
would probably be manifested only as a change in the boundary conditions on the
top surface of the wall substrate for unsteady heat conduction to occur from the
hot element linked to the CTA unit. For the latter, the thermal inertia of the wall
substrate surrounding (and in full contact) with the active element would probably
be featured prominently in the response characteristics of the flush-mounted hot
film.

With conduction heat loss as the primary mode of heat transfer, the thermal
conductivity of the surrounding substrate would also exact an influence on the
response as observed for the 55R45 gauge vis-à-vis the 55R46 gauge which is
diagnosed above. It can thus be postulated that the response of the said hot-film
gauges would not be as fast as the flush-mounted hot-wire, where the dominant
mode of heat loss is via direct (forced) convection. Indirect evidence is provided in
the work of Cook et al. (1988) where they found both the “buried” flush-wire and



1.3. The dynamic response of the hot-wire anemometer 29

hot-film gauges exhibiting responses which lagged behind the imposed oscillating
wall shear stress variations even at relatively low frequencies between 3 and 20
Hz. In fact, Cook et al. commented that the “buried” flush wire tended to yield a
marginally larger magnitude of phase lag than the platinum film gauges. We may
suggest that as the hot-wire is “buried” within the substrate, the dominant mode
of heat loss becomes conduction, thus resulting in a behaviour which is very similar
to that of a flush-mounted hot film. A full discourse of this subject can only be
satisfactorily resolved with further work like a direct numerical simulation of an
unsteady flow to examine the heat transfer from a hot element placed separately
above and beneath the wall substrate and its relation to the ensuing response
characteristics.

1.3.2(d) Further comparison of the responsiveness of the flush-mounted hot-wire
wall shear stress gauge and DANTEC 55R45 and 55R46 wall shear stress gauges

Because of the inordinately vast difference in the dynamic response of the
hot-wire and the hot-film (55R45 and 55R46) wall shear stress gauges, a further
series of experiments were carried out to confirm qualitatively the difference in
the response characteristics. The hot-wire was mounted at rm = 115 mm on the
bottom disk and diametrically opposite, the 55R46 was mounted at the same radial
position. The top flat disk was placed at δ = 300μm and made to rotate at 100
rpm for a period of time until the voltage outputs from both gauges indicated
steady state condition (Vss). The top disk was made to stop by turning off the
power supply to the DC motor; due to the back emf induced in the motor, the disk
stopped within about O(1) second. The respective non-dimensional voltage-time
traces evaluated as

V̄ (t) =
V (t)− Vo

Vss − Vo
(1.10)

(where Vo is the voltage corresponding to the null state) from the Yokogawa-made
(DL1540) digital oscilloscope are plotted in Fig.(1.14). Noting that the viscous ac-
tion of the fluid medium (i.e. air) would require about δ2/ν ∼ O(0.01 sec) for the
flow within the gap to come to a halt, therefore the time lag of the flow field
following the rotating disk motion is effectively immediate. From Fig.(1.14), the
time required for V̄ (t) to reach null state for the hot-wire wall shear stress gauge
is about 1 second, hence implying a very fast response characteristic. More impor-
tantly, the comparison with the 55R46 gauge requiring up to about 160 seconds to
reach the null state strongly suggests a qualitative time ratio of about two orders
of magnitude, which is in broad agreement to that obtained by comparing the
dynamic response frequencies.

Further tests were carried out under the same conditions but with the 55R46
gauge replaced by the 55R45 gauge. Since the voltage-time trace of the hot wire
output is fairly repeatable, the later result is plotted staggered with the former
result on Fig.(7XXX) for comparison. It is apparent that the 55R45 gauge takes a
shorter time of about 90 seconds to reach the null state after the rotating top disk
comes to a halt, as compared to the 55R46 gauge. The ratio of the time interval
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Figure 1.14: Dimensionless voltage-time trace for the flush-mounted hot-wire wall
shear stress gauge and DANTEC 55R46 and DANTEC 55R45 gauges subjected
to a sudden stoppage of the flat top disk rotating at 100 rpm.

required to reach null state for the 55R45 gauge, compared to the 55R46 gauge
works out to be 0.56, which is in fair agreement with the ratio of the respective
dynamic response frequencies of about 0.55. This test seeks to provide a qualitative
yet independent check on the results obtained in the earlier sections on the dynamic
response frequencies of the various wall shear stress gauges.

1.3.2(e) Concluding remarks for Section 1.3.2

Experiments were performed using a modified top rotating disk above a sta-
tionary bottom disk where different flush-mounted hot-element wall shear stress
gauges were mounted, with the objective of determining the respective dynamic
response frequency (fD). It is found that the flush-mounted hot wire in contact
with the wall substrate has a much higher frequency response of up to two orders of
magnitude compared to the DANTEC-made 55R45 and 55R46 flush-mounted hot-
film gauges. Despite its better performance, the fD of the flush-mounted hot-wire
is still discernibly lower than the marginally-elevated hot-wire used in near-wall
velocity measurements as reported in Section 1.3.1. The perceived deterioration
in the fD for the flush-mounted hot-element wall shear stress gauge may have
accounted for the relatively lower values of turbulence intensity and other higher
order moments of wall shear stress fluctuations as observed by Cook (1994) for his
three gauges compared to the equivalent near-wall velocity turbulence statistics
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extrapolated to the wall, as reported in Alfredsson et al. (1988).
Further discourse on this Section 1.3.2 can be found in Chew et al. (1998b).

1.4 The dynamic response (fD) vis-à-vis electronic
perturbation test

The square-wave voltage perturbation test has been and may continue to be the
preferred means from which the response of a hot-wire system can be determined in
terms of the cut-off frequency. This can be partly attributed to the ease by which
such a test can be carried out with any commercial CTA unit and abetted in no
small way by the experimental difficulties encountered in carrying out a dynamic
test. The latter invariably requires the imposition of a fluctuating velocity of
sufficiently high known frequency and amplitude directly on the hot-wire so as to
obtain the frequency response of the system.

One of the practical direct means incorporates the use of a high-frequency vi-
brating table with controllable frequency to which the hot-wire was attached. The
latter, however, suffers from response problems associated with the vibration of
the hot-wire relative to the prongs and the technique was quickly abandoned (Bell-
house & Rasmussen, 1968). Comte-Bellot (1977) employed radiative heating of the
hot-wire or hot-film sensor using a sinusoidally amplitude- modulated laser beam
from an Argon laser to quantify the frequency response of the sensor. Although
the use of laser enables heating frequencies as high as 100 kHz, quantification of
the amount of heating based on the output voltage of the anemometer is not so
straightforward. The quantification of the amount of heating required is deemed
necessary in determining whether the sensor has suffered from any (heat) ampli-
tude attenuation. Another factor which has to be considered is that perturbations
in the heating of the sensor may not be strictly synonymous to perturbations in the
flow velocity, and it is the latter which is of relevance in quantifying the dynamic
response of a velocity-measuring probe.

It is the intention of this Section 1.4 to compare systematically the dynamic
response of a near-wall hot-wire system as obtained from direct velocity pertur-
bation with that shown by the usual voltage perturbation test, and to ascertain
experimentally if these are similar in magnitude and trend. There are two main
types of voltage perturbation tests, namely the square wave perturbation and the
sine-wave perturbation; these will be studied in Sections 1.4.1 and 1.4.2, respec-
tively.

1.4.1 Square wave perturbation test (fS)

1.4.1(a) Square wave perturbation test (f S) for the hot-wire and hot film: Some
preliminaries
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Initial trials were performed to determine if the placement of the marginal-
ly elevated hot-wire probe above the wall in various geometrical configurations,
whether in the vertical, horizontal or upside down positions, will affect the fre-
quency response as deduced from the square-wave test (fS). It was found that
there was no noticeable difference in the value of fS which suggests that the effects
of buoyancy and natural convection surrounding the active element are fairly neg-
ligible. In this respect, all subsequent tests were carried out with the hot element
mounted above a horizontal wall.

The test configuration to study the effects of different wall temperature and
imposed overheat ratio on fS incorporates the use of the Aluminium plug. The
plug was inserted into a through-hole previously drilled on a copper plate with
two thermocouple junctions soldered to the inner radius of the copper annulus.
The construction is illustrated in Fig.(1.15). Here the overheat ratio is defined
conventionally as TW /TA, where TW and TA are the temperatures of the hot-
wire and the surrounding ambient air, respectively. A heater with pre-adjusted
temperature was brought into contact with the copper annulus and the steady state
temperature registered by the thermocouple was taken to be the temperature of
the Aluminium wall substrate to which the hot-wire was exposed. In the same
way, by changing the wire temperature, different overheat ratios can be imposed
to determine its influence on fS for a given wall substrate temperature.

Figure 1.15: A schematic diagram of the plug and the copper sheath used in the
square-wave test.

For measurements under mean flow conditions, the hot-wire was placed in the
gap formed between a flat bottom stationary disk and a flat top disk rotating at
an angular velocity ω. According to the analysis by Stewartson (1953), the flow
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field in the gap is previously given in Section 1.2.1 and is repeated here as
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where (vr, vθ, vz) are the velocities in the cylindrical (r, θ, z) coordinate system,
ε (≡ z/δ) is the non-dimensional vertical coordinate normalised using the gap
spacing (δ) between the two disks and measured from the stationary bottom disk,
and Reδ (≡ ωδ2/ν) is the flow Reynolds number. By keeping Reδ small (Reδ <<
1), the flow approaches a Couette-like flow in the azimuthal direction. This feature
was further substantiated by Khoo et al. (1998b) using DNS (direct numerical
simulation) and used in the previous experimental works of Khoo et al. (1995),
Chew et al. (1994) and Brown & Davey (1971) for purpose of near-wall hot-wire
calibration. In our application, the hot-wire is subjected to different imposed
mean velocities by rotating the top disk at different angular velocities. For all the
runs, the hot-wire was connected to a DANTEC 56C01 CTA unit. The output
from the latter was fed into a YOKOGAWA model DL1540 digital oscilloscope
for monitoring and recording the response of the hot-wire subjected to a square-
wave voltage perturbation input. The same CTA unit was used in Section 1.3.1.
Adjustment was made to the CTA unit until a “marginally flat low-frequency
response as well as the highest cut-off frequency” (Freymuth, 1977) as depicted in
Fig.(1.16) was obtained. Here, τS is the optimum (minimum) time interval for the
pulse (with some 13-15% undershoot w.r.t. the maximum) to decay to 3% of the
maximum value as advocated by Freymuth (1977). Freymuth suggested that the
frequency response (fS) of the optimised hot-wire system (-3 dB point) is given by

fS =
1

1.3τS
. (1.14)

The expression was used by Freymuth & Fingerson (1977) in their evaluation of
the overall hot-wire response subjected to different free-stream convective velocities
for eventual comparison to cylindrical hot-film probes. It may also be noted that
DANTEC suggested a rather similar procedure for tuning and optimising the CTA
unit w.r.t. the hot-wire probe although no mention was made about the evaluation
of the associated frequency response.

For operation of the flush-mounted hot-film used as wall shear stress probe,
(specifically the DANTEC-made 55R45 and 55R46), the manufacturer recom-
mended a lower overheat ratio compared to the hot-wire. In this case it was set at
1.4, similar to that used in the velocity/flow perturbation experiments of Section
1.3.2. The hot- film probe was mounted in the rotating disk apparatus where the
presence of a Couette flow in the azimuthal direction necessarily prescribed the
associated velocity gradient and hence the imposed wall shear stress. The hot-film
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Figure 1.16: The square-wave-test frequency-response estimate for hot-wire sen-
sors; from Brunn (1995).

probe was then connected to the same 56C01 CTA unit used in Section 1.3.2 and
subjected to a square-wave voltage perturbation test. The output from the CTA
was viewed using the YOKOGAWA made digital oscilloscope. When properly ad-
justed for optimum operation, the typical voltage-time trace is shown in Fig.(1.17)
where fS (the response frequency using the -3 dB point criteria) is nominally given
as

fS ≈ 1
τS

, (1.15)

which is obtained empirically by Freymuth & Fingerson and subsequently substan-
tiated by Freymuth (1981) (see also Bruun, 1995). Here, τS corresponds to the
time interval at the voltage level “midway between the minimum and maximum
of the resonance” after the initial peak as reckoned by Freymuth (1981); in Moen
& Schneider (1993, 1994), τS is evaluated as the time interval from the voltage
rise till the first minimum and the difference is not expected to be very significant
and limited to about 10% variation. Huang et al. (1995) used the same definition
for τS as Moen & Schneider, but instead modified the expression for the cut-off
frequency to fS = 1/(1.5τS).

One feature worth noting is the presence of the “tail” in the voltage-time
trace after the resonance which is effectively absent in the typical optimised hot-
wire response. This has been attributed to unsteady conduction heat loss to
the wall substrate (e.g. see Davis, 1970) although, as seen above in Moen &
Schneider and Huang et al. and many others like Kreplin & Eckelmann (1979), its
effect is routinely disregarded by researchers in the evaluation of fS without any
explanation. Cook & Giddings (1988) have also commented that “indeed, time-
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Figure 1.17: The square-wave-test frequency-response estimate for hot-film sen-
sors; from Brunn (1995). See also Freymuth and Fingerson (1977).

dependent heat conduction in the substrate appears to be an important factor in
gauge response” in their study of the response of hot-element wall shear stress
gauges in laminar oscillating flow. In this Section 1.4.1, we shall primarily adopt
this widely accepted practice of evaluating fS (i.e. Fig.(1.17) and Eq.(1.15)) since it
also provides an avenue for comparison to published works. However, for purpose
of further qualitative comparison, we shall also evaluate (fS)withtail taking into
account the tail end response of the hot film. Because of the large experimental
uncertainty incurred in determining the exact time taken for the output voltage to
reach the null state due to the nature of the asymptotic decay, it is suggested that
the time interval (τS)withtail corresponding to the state when the output voltage
has decreased to 10% of the maximum value be used for evaluation of (fS)withtail in
conjunction with Eq.(1.15). It may be noted in Moen & Schneider (1994) where
the square-wave tests were carried out for their flush-mounted hot-film sensors,
it was mentioned that the characteristic “tail” in the output voltage is due to
“high-order behaviour observed in the system; the voltage did return before the
beginning of the next square-wave however”.

1.4.1(b) fS for the near-wall hot-wire at different heights

Under conditions of forced convection where a known mean velocity (V) is
imposed on the marginally-elevated hot-wire, the frequency response to a square-
wave perturbation is obtained for different V and wire elevations. (The overheat
ratio was set at 1.8 throughout, similar to the velocity perturbation experiments
of Section 1.3.1.) The results are shown in Figure 1.18(a) with the wire height
expressed non-dimensionally in wall units (h+) for the abscissa.

For any given wire’s physical height above the Perspex wall substrate, it is
apparent that as V increases, fS increases monotonically. This implies that as
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Figure 1.18: The square-wave frequency response fS of a hot-wire mounted at
various heights h above Perspex and aluminium wall substrates subjected to a
tangetial convective velocity V plotted against dimensionless wall units h+. The
overheating ratio of the hot-wire is 1.8 and the nominal wall temperature is 24◦C.
(b) A semi-dimensionless plot of the dynamic frequency response fD for various
values of h+ for marginally elevated hot-wires placed above Perspex and aluminium
wall substrates.
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the (forced) convective heat transfer from the wire becomes larger, the response
characteristics in terms of fS becomes better. This trend is consistent with the
results provided by Freymuth and Fingerson (1977) for their hot-wire placed under
free stream conditions where an increase in velocity from 0 to 9.1 m/s (30 ft/s) to
91.4 m/s (300 ft/s) is accompanied by a continuous improvement in fS . Although
Moen & Schneider (1994) only obtained fS for their hot-film sensors in stagnant
air, their final remark that “the steady flow that exists prior to the perturbation is
likely to offset the results in a significant manner” attest to the importance of forced
convection. Conventionally, the effect of wall influence on hot-wire operation is
indicated by the dimensionless variable h+ as can be deduced from works on wall
proximity correction for hot-wire measurements (see Bhatia et al., 1982; Hebbar,
1980 and Khoo et al., 1996). These works show that the wall influence on near-wall
hot-wire operation increases with smaller h+, hence requiring a large correction
factor. By keeping h+ fixed, (i.e. similar wall effect on the wires), the increase in
fS with increasing V in Figure 1.18(a) necessarily implies that an enhanced forced
convection leads to an improvement in fS , all other factors being equal.

When some of the results in Figure 1.18(a) are presented in Table 1.1 for a given
typical mean flow velocity of 3.0 m/s with wire’s height decreasing from 100 μm
to 50 μm (equivalent to a change of h+ from 4.37 to 3.09), fS shows a discernible
and continuous increase from 18.76 kHz to 20.63 kHz. Using the argument that
the nominal heat transfer from the hot wire due to forced convection is directly
related to the mean convective velocity which is kept constant, it is reasonable to
suggest that the increase in fS with decreasing h+ can be attributed directly to
the increase in wall effect with accompanying greater heat loss from the wire to
its surroundings (see also Chew et al., 1995, for a discourse on the effect of wall
influence on h+ behaviour and its relation to additional heat loss to the flow and
nearby wall substrate.) Shown correspondingly in Figure 1.18(a) is the locus of
constant convective velocity at 3.0 m/s. Other loci of constant velocity ranging
from 1.5 m/s to 4 m/s are also provided which clearly indicate the distinctive
trend of increasing fS with decreasing h+ hence further attesting to the above
suggestion. In Figure 1.18(a), the results for a hot-wire mounted at h = 50 μm
above an Aluminium wall substrate are provided for further comparison to its
counterpart mounted above a Perspex wall substrate at the same wire height. At
the same h+, the effect of wall influence pertaining to the Aluminium substrate on
hot-wire operation is greater than the thermally less conducting Perspex substrate.
This has effectively resulted in a higher fS for the former in full accord with the
above suggestion.

It is equally interesting to note from Figure 1.18(a) that an increase in V for
a wire of fixed height, which translates directly into increasing h+, has a trend of
increasing fS as noted earlier. This characteristic is irrespective of the adjacent wall
substrate material. It can therefore be further argued that the effect of an increase
in V with larger convective heat transfer must be sufficiently overwhelming to
shadow the effect of decreasing wall effect (or increasing h+) with the consequential
result of increasing fS . As noted earlier, decreasing wall effect or heat loss to the
wall leads to a decrease in fS . A discussion of the results displayed in Figure
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Physical height of the
hot-wire from wall sub-
strate h (μm)

Height of hot-wire in
terms of dimensionless
wall units h+

Square-wave frequency
response (kHz) fS =
1/(1.3τS)

50 3.09 20.63
60 3.39 19.76
70 3.66 19.24
80 3.91 19.14
90 4.15 18.87
100 4.37 18.76

Table 1.1: A comparison of the square-wave-test frequency-response fS for hot-
wires mounted at various heights from a Perspex wall substrate with the same
imposed mean flow velocity of 3 m s−1.

1.18(b) will be deferred till Section 1.4.1(d).
The main conclusion drawn is that fS increases with greater heat transfer

from the hot-wire, and this is irrespective of whether it is due to forced/natural
convection or effects of wall influence. It may be mentioned that in a given flow,
the placement of a hot-wire closer to the wall will necessarily see its response (fS)
decrease due to a decrease in the convective velocity in the near-wall region. This
effect will be mitigated to some extent by the increase in heat transfer from the
wire due to increasing wall effect.

1.4.1(c) fD for flush-mounted hot-wire and hot-film wall shear stress probes

The typical response of a hot-wire after optimization is shown in Fig.(1.16). As
the hot-wire is lowered until contact is made with the Perspex wall substrate, the
optimized response output as depicted in Fig.(1.19) still bears close resemblance
to Fig.(1.16) and hence fS is still evaluated according to Eq.(1.14).

The response characteristics of the “flush-mounted” hot-wire subjected to dif-
ferent flow conditions as indicated by the variation in the imposed wall shear stress
(τ) at the wall is shown in Figure 1.20(a). (Whereas for an elevated hot-wire, the
amount of forced convection and its influence on fS is measured by the convect-
ing velocity, in this case an equivalent indicator is the wall shear stress.) Again,
the overheat ratio was maintained at 1.8, similar to the direct flow perturbation
experiments in Section 1.3.2. Figure 1.20(a) shows explicitly that as τ increases,
fS increases monotonically. This is perhaps not surprising in view that a larger fS
associated with increasing convective heat loss from the flush-mounted hot-wire as
τ increases is consistent with our results for the elevated hot-wire. The range of
fS experienced by our flush-mounted hot-wire is in the same order of magnitude
as that estimated by Shah & Antonia (1987), who reported a frequency response
of 25 kHz for their 5 μm Wollaston wire mounted in contact with a Perspex wall.
It was not reported, however, whether Shah & Antonia had used the factor of
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Figure 1.19: The output waveform for a flush-mounted hot-wire wall shear-stress
probe subjected to a square-wave voltage-pertubation test at an imposed wall
shear stress of 1.34 N m−2.

1.3 in the evaluation of fS nor was it mentioned whether the test was carried out
with the hot wire subjected to a mean flow. The observed differences can also be
attributed directly to the instrumentation employed, i.e. the use of different types
of hot-wire and CTA units.

Unlike the output waveform for an optimised hot-wire where the decay to null
state is fairly rapid, the typical response for an optimised hot-film wall shear stress
probe (DANTEC 55R45 and 55R46) is shown in Fig.(1.21) for stagnant air.

Evaluating τS according to the definition depicted in Fig.(1.17) and Equation
(1.15) gives fS = 595 kHz and 538 kHz for 55R45 and 55R46, respectively. If one,
however, measures the time constant associated with the “tail” of the output volt-
age (see Section 1.4.1(a)), the 55R45 probe takes a relatively longer time of about
0.14 ms (±10%) while the 55R46 probe requires an even larger period of about
0.26 ms (±5%). These are equivalent to (fS)withtail ≈ 7.1 kHz and 3.8 kHz, re-
spectively, assuming the validity of Eq.(1.15). The latter calculations should only
be viewed as a broad indicator incorporating the “tail” of the output voltage-time
trace which has often been associated with continual heat loss to the surrounding
wall substrate (see Davis, 1970) or other “higher order behaviour observed in the
system” (Moen & Schneider, 1994). Shown in Figure 1.20(a) is the variation of fS
(with and without “tail”) against the imposed wall shear stress (τ) for the wall
shear stress probes. Within the range of τ investigated, it is apparent that both fS
and (fS)withtail are rather independent of the prevailing wall shear stress. A similar
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Figure 1.20: The square-wave frequency response fS for a flush-mounted hot-wire
wall shear-stress gauge and for commercially available DANTEC 55R45 and 55R46
hot-film wall shear-stress gauges subjected to various values of the wall shear stress
τ . (b) The dynamic frequency response fD for a flush-mounted hot-wire wall shear-
stress gauge and for DANTEC 55R45 and 55R46 wall shear-stress probes subjected
to various values of the wall shear stress τ .
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Figure 1.21: The output waveform of the DANTEC 55R45 hot-film wall shear-
stress probe subjected to a square-wave voltage-pertubation test in stagnant air.
(b) The output waveform of the Dantec 55R46 hot-film wall shear-stress probe
subjected to a square-wave voltage-pertubation test in stagnant air.
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observation was reported by Kreplin & Eckelmann (1979), who noted that their
quartz-coated DISA 55A93 flush-mounted hot-film wall shear stress gauge (pre-
decessor to the 55R45 probe) exhibited a square-wave frequency response which
remained constant with or without a flow. Regardless of the criterion used to
establish fS , the 55R45 model indicates a better response than the 55R46 counter-
part. Since the 55R45 gauge has a thinner top surface quartz coating compared to
the 55R46 gauge, it can be construed that the former whose active element is in
the midst of a thermally more conducting surroundings, hence experiencing a rel-
atively larger overall heat transfer has given rise to the observed behaviour. This
trend is consistent with the findings reported by Huang et al. (1995) and Moen
& Schneider (1993) that the respective hot-film element mounted on a thermally
more conducting substrate material has exhibited better response characteristics
in terms of fS .

1.4.1(d) Comparison of f S and f D

(i) Marginally elevated hot-wire velocity probe

Results of the velocity perturbation tests in Section 1.3.1 are reproduced in
Figure 1.18(b) as fD versus h+. For purpose of completeness, some of the salient
features are discussed below. At the same wire height of h = 25 μm or 50 μm
above the Perspex wall substrate, an increase in the convective velocity (with an
accompanying increase in h+) results in a continual rise in fD. This trend bears
close resemblance to that observed for the square-wave voltage perturbation test.
In Section 1.3.1, it was suggested that the increase in convective heat transfer for
the elevated hot-wire has given rise to an improvement in fD which is identical
to the suggestion put forth for the behaviour in fS (see Section 1.4.1(b)). From
Figure 1.18(b), it can be further observed that for the hot-wire set at different
heights above the wall substrate, but exposed to the same convective velocity of
V = 2.9 m/s (thereby implying similar nominal convective heat loss), the wire
mounted at 40 μm exhibits a higher fD compared to that at 50 μm, followed by
the lowest value of fD registered at h = 65 μm. The wire’s height in terms of
wall units indicates that fD increases with decreasing h+. This suggests that an
increase in wall effect with greater heat transfer from the wire due to localised
aerodynamic interference of the flow around the wire w.r.t. the nearby wall has
resulted in better response characteristics of the hot-wire expressed in terms of fD.

The results of square-wave voltage perturbation test have also indicated a re-
markably similar behaviour for fS (see Table 1.1 and Section 1.4.1(b)). At the
same h+ = 2.6 (Figure 1.18(b)), which can be constructed as having similar level
of wall influence for the wires mounted at h = 40 μm and 50 μm above the Per-
spex wall substrate, the wire at the lower height with higher prevailing convective
velocity has seen an improvement in fD. The said fD increases from 2345 Hz to
about 2750 Hz. Similar behaviour for fS is apparent from Figure 1.18(a). The
increase in convective heat transfer from the wire at the same h+ (with similar



1.4. The dynamic response (fD) vis-à-vis electronic . . . 43

wall effect) has therefore enabled an improvement in the response characteristics
of the hot-wire whether evaluated in terms of fS or fD.

Generally, the results from the velocity perturbation test which gives rise to fD
have indicated very similar behaviour to fS in terms of trends. An increase in heat
transfer from the wire, whether due to convective heat loss or to increasing wall
influence, results in an improvement in both fS and fD. The effect of wall influence
is further exemplified from the results of the hot-wire placed at h = 50 μm above
the Aluminium wall substrate for comparison to its counterpart above the Perspex
wall substrate. Both the trends of fS and fD indicate better performance at the
same h+ for which the wall effect pertaining to the Aluminium wall substrate is
obviously higher.

The finding of similar trend in the behaviour of fS and fD may lull us into the
possible belief that the square-wave voltage perturbation and velocity perturbation
tests are equivalent. Therefore, it is timely and important to make a quantitative
comparison too. Presented in Tables 1.2 and 1.3 are the respective values of fS
and fD obtained under identical parametric conditions. Because the hot-wire used
in conjunction with the CTA unit is the same, possible contributory factors such
as equipment employed which may account for the differences in the results of fS
and fD can be effectively ruled out.

Table 1.2 shows the comparison for the cases of a hot-wire mounted at different
heights of h = 25 μm and 50 μm above both the Perspex and the Aluminium wall
substrates with varying convective velocities, and Table 1.3 presents the results for
different values of h with the convective velocity kept fixed at 2.9 m/s. Although
Tables 1.2 and 1.3 depict similar trends for fS and fD, there is a great difference in
the absolute magnitude for the corresponding cases. The ratio of fS to fD for the
respective cases is generally in the region of an order of magnitude. There must
be some fundamental differences between the square-wave voltage perturbation
and the velocity perturbation tests. Further discussion on the possible causes is
deferred to Section 1.4.1(e).

(ii) Flush-mounted hot-wire as wall shear stress probe

By lowering the height of the hot-wire until contact was made with the Perspex
wall substrate, the flush-mounted hot-wire was used as a wall shear stress probe.
The modified rotating disk apparatus of Section 1.3.1 was employed to generate
two known quantities of fluctuating wall shear stress for the purpose of obtaining
the associated dynamic response frequency (fD) in Section 1.3.2. The results are
reproduced in Figure 1.20(b). With the imposed wall shear stress increasing from
0.42 N/m2 to 0.82 N/m2, fD assumes a continuous and perceptible improvement
from 1.2 kHz to 1.8 kHz. This behaviour has the same trend as that discerned for
fS (see Figure 1.20(a)).

Despite the similarities between the observed trend for fD and fS , it is equally
important to compare the absolute magnitude of frequency. Results of the fre-
quency are tabulated in Table 1.4 for similar parametric conditions of imposed τ .
It is clear that fS is much larger than fD with a ratio of at least an order of mag-
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nitude for the corresponding cases. The large difference in magnitude observed
justifiably raises the issue of the equivalence between fS and fD, of which further
discussion on the subject is deferred to Section 1.4.1e).

(iii) Hot-film wall shear stress probes: DANTEC 55R45 and 55R46

Results of the dynamic response frequency (fD) as in Section 1.3.2 for DANTEC
55R45 and 55R46 are shown in Figure 1.20(b). The feature of better frequency
response for the 55R45 gauge as compared to the 55R46 gauge when measured in
terms of fS is replicated for the fD characteristic. Upon comparing the magnitudes
of fS and fD, Table 1.4 shows that fS is at least up to 5 orders of magnitude greater
than fD. (The ratio of (fS)withtail to fD is still 3 orders of magnitude or more.) It
is thus timely to examine carefully the implications of the frequency responses fS
and fD, which constitutes the subject of discussion in the following section.

1.4.1(e) Plausible inherent differences between f S and f D

Freymuth (1977) carried out an analysis of the constant temperature hot-wire
anemometer in an effort to study the frequency response and associated elec-
tronic testing. After linearizing the governing equations, and assuming that there
are only small deviations of u (output voltage), r (resistance of hot-wire) and v
(forced convection velocity at the wire’s location) from the steady state operating
conditions of U, R and V, respectively, the dynamic (response) equation becomes

MM”
G

d3u

dt3
+ My

d2u

dt2
+ Mx

du

dt
+ u = Sv + Mz

(
γUt

c/H
+

dUt

dt

)
. (1.16)

Here M”is a constant pertaining to the amplifier, G is the amplifier gain, γ is
a function of the resistance in the bridge, c is the thermal inertia of the wire,
H(V) is a heat transfer function dependent on the flow velocity which accounts
for convective heat loss from the wire to the surroundings, and (M, Mx, My, and
Mz) are further functions of the electrical resistances, G, M”and H(V). S is the
sensitivity of the anemometer and simplifies to

S ≈ U0

2
1
H

dH(V )
dV

(1.17)

where U0 is dependent on the resistances in the anemometer, the temperature
coefficient of resistance of the wire α and the heat transfer function H(V). The first
source term on the RHS of Eq.(1.16) represents the (small) velocity v perturbation
effect while the second term accounts for the input electronic test signal Ut. It is
interesting to note from Eq.(1.16) that for purely electronic testing utilising square-
wave voltage perturbations as input (i.e. setting v = 0), the cut-off frequency (fS)
is as much a function of the prevailing convective velocity as verified by the results
in Section 1.4.1(b). In the present application of the hot-wire mounted close to
the wall, H(V) is also likely to be dependent on the nearby wall substrate thermal
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conductivity. It is thus not surprising that the findings in Section 1.4.1(b) show
that fS is indeed influenced by the wall substrate material. (In this analysis, we
have assumed Eq.(6XXX) as derived by Freymuth for a wall remote hot-wire in
a freestream to be equally valid for near-wall applications by interpreting H(V)
as the overall heat transfer function responsible for heat loss from the wire to the
surroundings. In this respect, the said equation may still be used to elucidate the
main physics for a flush-mounted hot-wire.) Therefore, it is important to realise
that fS does not just measure the response of the electronic system per se without
consideration of the actual hot-wire operation.

A careful examination of Eq.(1.16) reveals that both the velocity and electronic
perturbation tests routinely introduced to determine the response characteristic
of the system, can be considered as separate source terms which appear on the
RHS of the equation. The respective source terms are quite different in form
and composition with S encompassing the derivative of H(V) w.r.t. V and which
governs the velocity perturbation test unique to the first term. In the different
perturbation tests, one can be considered to be solving for u to obtain the overall
time characteristic with the appropriate source term. If Eq.(1.16) is assumed to be
linear with the coefficients on the LHS independent of u and the coefficients of v
and Ut on the RHS independent of time, classical control theory (e.g. Ogata, 1990)
reveals that the frequency response of the system depends only on the coefficients
on the LHS This in turn affects the location of the poles in the transfer functions
relating u to v and Ut. Freymuth (1977) considered the two source terms on the
RHS of Eq.(1.16) separately, and obtained two dimensionless equations governing
the anemometer’s response to velocity and electronic testing, respectively. As the
coefficients on the LHS are exactly the same, it is thus not surprising that the
cut-off frequency deduced from both perturbation tests are identical, although
Freymuth did not explicitly state the equivalence of the two tests. If, on the
other hand, the coefficients of v (i.e. S) and Ut, which are functions of H(V) are
somehow dependent on the imposed frequency of velocity perturbations (see also
Guo & Hyung 1997), then the respective source terms on the RHS of Eq.(1.16)
must be solved separately together with the LHS to obtain the associated response
of the overall system. Furthermore, since S is uniquely dependent on dH/dV, it is
very unlikely that the introduction of additional poles and zeros into the transfer
function relating u and v will be identical to the overall transfer function relating
u and Ut. As a consequence, both perturbation tests will yield entirely different
cut-off frequencies.

Freymuth (1978) carried out a similar analysis of the cylindrical hot-film sensor
for use under free stream conditions. The equivalent response equation is given as

u

[
1 + Mxωc

(
p

ωc

)1/2

+ Myω2
c

(
p

ωc

)3/2

+
MM”

G
ω3

c

(
p

ωc

)5/2
]

= Sv + MzUt

[
γ

c/H
+ ωc

(
p

ωc

)1/2
]

(1.18)

which is a 2 1
2 order system. Here all the shared symbols are identical to that
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pertaining to Eq.(1.16), ωc is the critical frequency introduced by Weidman &
Browand (1975), and u = ûept, with p characterising the frequency of input vari-
ables v or Ut. H(V) is still taken to be the heat transfer function of the film
exposed to the effective (convective) velocity in a free stream. The output voltage
waveform subjected to an electrical step input for the cylindrical hot-film sensor
(see Fig.(1.17) or Freymuth & Fingerson, 1977) and flush-mounted hot-film sensor
(Section 1.4.1(c) and Fig.(1.19)) take on a similar form. This suggests that the pri-
mary feature and characteristic of the latter are essentially captured by Eq.(1.18).
Previous studies by Moen & Schneider (1994) and Huang et al. (1995) have also
reported similar output waveforms for their respective flush-mounted hot-film wall
shear stress sensors. It is also conceivable that for an electronic step input, the
2 1

2 -order system of Eq.(1.18) which gives rise to the transient response reflected
in Fig.(1.17) for a hot-film sensor is different from Fig.(1.16) for a hot-wire sensor
with a 3rd-order system equation as put forth by Freymuth (1981). Following
the same argument as for the hot-wire sensor, due to the possible dependence of
H(V) on frequency, and the uniqueness of the term dH/dV in S, the introduction
of additional poles and zeros into the transfer function linking u to v is unlikely
to be similar to the poles and zeros of the overall transfer function relating u to
Ut. To a hot-film user, the direct test which yields fD is a far better indicator and
more direct reflection of the probe’s responsiveness to imposed wall shear stress
fluctuations.

1.4.1(f) Concluding remarks for Section 1.4.1

Experiments using the electronic square-wave voltage perturbation test were
systematically performed for the first time to evaluate the response frequency (fS)
of near-wall hot wires. In addition, two commercially available flush-mounted wall
shear stress gauges were tested. A fixed wire height above the wall substrate, an in-
crease in the convective velocity leads to an increase in fS . For a hot-wire exposed
to a constant convective velocity, fS increases with decreasing heights from the
wall substrate. This is also equivalent to a decreasing h+ with increasing effect of
wall influence, hence suggesting that fS improves with greater wall effects. A hot-
wire mounted at the same height h = 50 μm above a thermally more conducting
Aluminium wall substrate exhibits a higher value of fS compared to its counter-
part above a Perspex wall substrate under similar operating conditions. These
findings strongly suggest that fS increases with increasing heat transfer from the
wire, regardless of whether it is due to forced/natural convection or effects of wall
influence. For a flush-mounted hot-wire, an increase in the imposed wall shear
stress yields a corresponding increase in fS . The value of fS (with and without
“tail”) for the DANTEC 55R45 wall shear stress gauge is consistently higher than
that for the 55R46 gauge, hence indicating the better frequency response of the
55R45 gauge.

Results of the frequency response according to square-wave voltage perturba-
tion tests (fS) were then compared to those obtained using velocity perturbation
tests (fD) in Section 1.3.1 and Section 1.3.2. Although fS and fD show similar
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trends for the near-wall hot-wire and hot-film probes, fS is consistently greater
than fD. The magnitudes of fS and fDare vastly different, being an order of mag-
nitude for the marginally-elevated and flush-mounted hot wires. For the hot-film
wall shear stress probes, this (ratio) difference is up to five orders of magnitude
(without “tail”) and three orders of magnitude (with “tail”). From a user’s point
of view, however, the dynamic frequency response (fD) should serve as a more
accurate indicator of the overall frequency response of the hot-wire/film system,
since fD signifies the onset of amplitude attenuation when the hot-wire/film is
subjected to direct velocity or shear stress perturbations.

The large differences in magnitude between fS and fD show that the square-
wave voltage perturbation test may not be all-sufficient in establishing the re-
sponse frequency of a near-wall hot-wire or flush-mounted hot-film shear stress
probes. Plausible inherent differences between fS and fD may be explained using
the response equation for a hot-wire anemometer (Freymuth, 1977) and a hot-film
anemometer (Freymuth, 1978). The sensitivity of the anemometer S depends on
the heat transfer function (H) and the derivative of H with respect to the velocity
V (dH/dV), which are likely to be frequency dependent. As a result, S may intro-
duce additional poles and zeros into the transfer function which relates the output
voltage to the perturbation velocity, thus rendering this transfer function to be
different from that which relates the output voltage to the perturbation voltage.
This is physically manifested as a difference in cut-off frequencies deduced from
both types of perturbation tests.

Further discourse on this Section 1.4.1 can be found in Khoo et al. (1999).

1.4.2 Sine-wave perturbation test (fsine)

Although the square-wave test serves as a convenient means of quantifying some
frequency response of a wall-remote hot-element system, one must exercise extreme
caution in interpreting and associating it with the dynamic response especially in
near-wall application. Freymuth (1979) noted that a constant temperature hot-
wire anemometer has essentially two or two groups of attenuation frequencies when
subjected to velocity, voltage or temperature perturbations. The first attenuation
which occurs at low frequencies is due to end conduction heat loss for hot wires
of low aspect ratios, which results in an attenuation in heat transfer fluctuations.
One of the first thorough investigations on this issue was performed by Bremhorst
& Gilmore (1978). A similar low-frequency attenuation has also been observed
by Bellhouse & Schultz (1967), Bellhouse & Rasmussen (1968) and Comte-Bellot
(1977) for non-cylindrical hot-film probes and have been termed as “side loss”
effects.

The heat transfer from a hot-element sensor essentially consists of two main
components. The first and desirable component is the heat flux that is convected
directly from the heated sensor into the surrounding fluid. The second component
is the heat flux that is first conducted to the prongs or wire-supports for the case of
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hot wires and to the surrounding wall substrate for the case of hot film sensors, and
this heat flux is subsequently convected into the surrounding fluid. Alternatively,
one may generally view the second component as the additional heat loss to the
wall substrate or due to the presence of the wall such that the occurrence would be
absent for wall-remote applications. As the frequency increases from steady-state,
the conduction fluctuations are first attenuated due to the attenuation of heat
waves along the wire or substrate. This continues until a sufficiently high frequency
when only the first desirable component of the heat flux associated with convective
heat transfer remains. This first attenuation due to the so-called “end/side loss”
occurs at low frequencies, after which the attenuated response extends to high
frequencies before the second and final attenuation. The latter is attributed to
the finite frequency response of the electronic feedback control components in
the anemometer. It is imperative to note that the second attenuation bears no
reference or relevance to the first attenuation and they are completely separate
effects (Freymuth & Fingerson 1977 and Freymuth 1979).

From the above discussion, it is perhaps reasonable to suggest some possible
association between the lower magnitude dynamic response frequency (fD) ob-
tained in Sections 1.3.1 and 1.3.2 and the range of frequencies at which the first
attenuation occurs. On the other hand, the frequency corresponding to the sec-
ond attenuation is reflected by the square-wave test results (fS) which yield the
much higher magnitude cutoff frequency of the anemometer. For the marginally-
elevated or flush-mounted hot-wire probes used in Sections 1.3.1 and 1.3.2, the wire
length to diameter ratio was consistently greater than the conventionally accepted
value of 200 so as to reduce end conduction losses through the prongs (Ligrani &
Bradshaw 1987 and Chew et al., 1998a). It is thus suggested that the amplitude
attenuation corresponding to fD is attributed to the effect of additional heat loss
to or due to the presence of the wall.

In this Section, an extensive series of sine-wave tests will be carried out system-
atically for the marginally-elevated hot-wire and wall shear stress sensors investi-
gated previously. The sine-wave test results are analyzed over the entire frequency
range of interest to detect/seek the (causality) presence of any attenuation occur-
ring below the high cutoff frequency which may correspond to fD in the dynamic
velocity or wall shear stress perturbation tests. The high cutoff frequency which
is obtained from the sine-wave test (fsine) can also be compared to that obtained
using the conventional square-wave test (fS) to investigate the equivalence or con-
sistency of the two electronic perturbation tests for near-wall hot-element probes.

1.4.2(a) Sine wave perturbation test (fsine) for the hot-wire and hot film: Some
preliminaries

In the square-wave voltage perturbation test, the output response of the an-
emometer subjected to an instantaneous rise (or fall) in the input test signal is
used to determine a characteristic time which quantifies the frequency response
of the hot-element system. However, it is not possible to merely employ a sin-
gle characteristic time (or frequency) to study or assess the relative response of



52 1. Dynamic response of the near-wall hot-wire/hot-film system . . .

a system over a range of frequencies. In contrast, for the sine-wave voltage per-
turbation test, an entire range of frequencies of sine-wave voltage perturbation is
used to investigate the response or flatness of the system over the whole frequency
range. This is similar to dynamic perturbation testing, where varying frequencies
of dynamic perturbations are employed to obtain the dynamic frequency response
of the system.

In order to perform a sine-wave test, a sinusoidal test signal output Et from
a Kenwood model FG-273 function generator was fed into the bridge, as shown
in Fig.(1.22). The frequency of the sinusoidal test signal Et was varied over a
wide range of frequencies, while its amplitude was kept constant. Corresponding
to each input frequency, the sinusoidal output response E of the anemometer was
displayed on the digital oscilloscope and the amplitude (e) of the output was
noted. The amplitude of the sinusoidal output e was subsequently plotted against
the corresponding frequency f in logarithmic scales to obtain the test response of
the hot-wire or hot-film system (see Figure 1.23(a)).

Figure 1.22: The circuit of the constant temperature anemometer.

For a wall-remote hot-wire sensor, the upward positive sloping region of the
sine-wave response curve should have a slope of unity. This upward sloping line
should extend to infinity ideally if the gain of the amplifier is infinite and there
are no reactances in the amplifier or bridge. However, the reactances which are
present limit the response to a finite frequency and the actual sine-wave response
curve exhibits a decaying trend at high frequencies. The cutoff frequency of the
anemometer can then be determined from the value of the frequency at which
the actual sine-wave response curve drops 3 dB below the ideal response curve, as
depicted in Figure 1.23(a). This cutoff frequency obtained from the sine-wave test
(fsine) should correspond to the square-wave frequency response (fS), as validated
by the wall-remote hot-wire model proposed by Freymuth (1977). (In the present
work, it was carried out for near-wall hot-wire and flush-mounted hot-film probes.)
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Moreover, Freymuth & Fingerson (1977) commented that a 3 dB drop in the actual
sine-wave response curve below the ideal one would correspond to the same drop
for sinusoidal velocity fluctuations. Figure 1.23(b) illustrates the presence of low-
frequency bulging effect obtained by Freymuth & Fingerson from the sine-wave
tests conducted on a conical film sensor.

1.4.2(b) Comparison for (high) cutoff frequency obtained from sine-wave (fsine)
and (fS)

(i) DANTEC-made 55R45/55R46 flush-mounted hot-film wall shear

stress probes

Figure 1.24 shows the sine-wave test results for the 55R45 and 55R46 flush-
mounted hot-film wall shear stress probes obtained in the absence of a flow. For the
55R45 probe, overheat ratios between 1.2 and 1.6 were used, whereas for the 55R46
probe, the overheat ratio had to be kept below an upper limit of 1.4 according
to the manufacturer. For each probe, when the overheat ratio was held constant,
the sine-wave test response was relatively independent of the magnitude of the
prevailing wall shear stress over the entire range of frequencies investigated (not
shown). The imposed wall shear stress (τ) ranged from 0 to 1.0 Pa in the tests.
This implies that the cutoff frequency (fsine) does not have a strong dependence on
τ . When the square-wave test was performed at a fixed overheat ratio, the output
waveform and hence the square-wave frequency response (fS) was also found to be
invariant when τ was varied. The independence of fS with τ has also been noted
by Kreplin & Eckelmann (1979), who reported that their quartz-coated DISA
55A95 gauge (a precursor of the 55R45 probe) operating at an overheat ratio of
1.02 displayed a square-wave frequency response which remained constant with or
without a mean flow.

Presented in Table 1.5 are the values of the cutoff frequencies evaluated using
the sine-wave and square-wave tests subjected to different overheat ratios. For each
probe, both fsine and fS increase monotonically with the overheat ratio. Moen &
Schneider (1994) have reported a similar trend of fS increasing with the overheat
ratio for their flush-mounted hot-film sensors operated in stagnant air. Table 1.5
also shows that the 55R45 gauge possesses a higher cutoff frequency than the 55R46
gauge, regardless of the type of voltage perturbation test used. The 55R45 gauge,
which possesses a thinner top surface quartz coating than the 55R46 gauge, has its
active element in the midst of surroundings with lower thermal resistance. It can
thus be construed that the higher cutoff frequency of the 55R45 gauge is due to
the enhanced overall heat transfer to the surroundings. This is also supported by
the earlier observation that the cutoff frequency increases with increasing overheat
ratio resulting in enhanced overall heat transfer to the surroundings.

It is evident that for each overheat ratio, fsine and fS bear the same order
of magnitude, with fS assuming a consistently higher value than fsine by 10 to
20%. This difference might be due to the current CTA unit employing an in-built
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Figure 1.23: The cut-off frequency (fsine) obtained from the sine-wave test response
of a hot-wire anemometer. (b) The bulging effect observed with sine-wave testing
for non-cylindrical hot-film sensors (the experimental results were obtained from
Freymuth (1980) with a cone sensor.
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Figure 1.24: Sine-wave test responses of DANTEC 55R45 and 55R46 flush-
mounted hot-film wall shear stress probes subjected to various overheating ratios.

amplifier with a shaped gain which renders the square-wave test output for the
hot-film gauges to resemble that of a wall-remote hot-wire probe. It should be
noted that Freymuth’s (1977) derivation of Eq.(1.14) for evaluation of fS has not
taken into account the variation of the amplifier gain with frequency, thus the
factor of 1.3 may not be strictly applicable in this case. From Table 1.5, it is
apparent that the difference between the cutoff frequencies yielded by both types
of voltage perturbation tests reduces dramatically if a factor of 1.5 is used, and fS
is evaluated as

fS =
1

1.5τS
. (1.19)

A similar factor of 1.5 has been just used by Huang et al. (1996) in evaluating
the square-wave frequency response (fS) of their micro-electro-mechanical system
(MEMS) based thermal shear stress sensors without any explanation. (It may
be noted in Berger et al. (1963) that if the anemometer system is adjusted to a
second order response, the factor of 1.5 applies.)

(ii) Flush-mounted hot-wire wall shear stress probe

The sine-wave test response of a flush-mounted hot-wire with and without an
imposed τ is shown in Fig.(1.25). The presence of τ at 0.56 Pa compared to null
value results in a rightward and downward shift of the output response curve.
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The cutoff frequency (fsine) increases correspondingly from 42.5 kHz to 44 kHz.
In contrast to the commercial hot-film wall shear stress probes, the increased τ
has improved the frequency response of the flush-mounted hot-wire probe slightly.
Similar to the trends depicted by the sine-wave test, an imposed τ = 0.56 Pa
was found to improve the square-wave cutoff frequency fS (evaluated using (1))
from 47.4 kHz (at τ = 0) to 50.2 kHz. Such a trend is consistent with Freymuth’s
(1977) model for a wall-remote wire where fS increased monotonically with velocity
(i.e. corresponding to an increase in heat transfer H from the wire). For the
flush-mounted hot-wire probe, H is interpreted as the overall heat transfer to the
surroundings which increases with τ . For the said hot-wire, it is again evident
that Eq.(1.14) results in values of fS which are higher than fsine. Application of
Eq.(1.19) culminates in values of fS which compare more favourably with those of
fsine.

(iii) Marginally-elevated hot-wire velocity probe

Presented in Fig.(1.26 are the sine-wave test response curves of a hot-wire
placed at an elevation (y) of 50 μm above a Perspex wall substrate and exposed to
varying magnitudes of convective velocity (V). The overheat ratio of the wire was
held constant at 1.6. Values of fsine obtained are summarized in Table 1.6. For
y = 50 μm, an increase in V from 0 to 1.5 m/s leads to a corresponding increase
in fsine from 33 kHz to 39 kHz. (Although the elevation of the hot-wire is kept
constant, the effects of wall influence experienced by the wire, as quantified by the
height of the wire in wall units y+ (≡ yuτ/ν) varies.) To assess the effects of V and
y+ on fsine, the sine-wave test response of a hot-wire mounted at an elevation y =
100 μm and exposed to V = 0.75 m/s was obtained and plotted on Fig.(1.25), and
the value for fsine tabulated in Table 1.6. For the same y+ (signifying equivalent
effects of wall influence), an increase in V results in a corresponding increase in
fsine. On the other hand, a decrease in y+ (which implies more significant wall
effects) leads to an increase in fsine when V is kept constant. These observations
are consistent with those obtained for fS , where enhanced heat loss from the wire
either brought about by an increase in V or a decrease in y+ results in higher
values for fS .

Similar to the flush-mounted hot-wire, fS evaluated using Eq.(1.14) was found
to be higher than fsine for each corresponding parametric condition (see Table
??XXX). Once again, Eq.(1.19) leads to values of fS which are in better agreement
with fsine.

1.4.2(c) The low frequency attenuation from the sine-wave test (fbulge)

(i) DANTEC-made 55R45/55R46 flush-mounted hot-film wall shear

stress probes

Although the square-wave test can be performed easily, the sine-wave test is
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Figure 1.25: Sine-wave responses of flush-mounted and marginally elevated hot-
wire.

able to yield more precise information pertaining to the flatness of the frequency
response over the entire range of frequencies tested. Figure 1.24 shows the sine-
wave frequency response of the DANTEC 55R45 and 55R46 probes subjected to
different overheat ratios. At frequencies below approximately 100 Hz, a distinctive
bulging effect appears in the test response curve for all overheat ratios investigated.
This bulging effect, corresponding to the first amplitude attenuation at low fre-
quencies, was observed by Freymuth & Fingerson (1977) for non-cylindrical cone
and wedge-shaped sensors used for velocity measurements.

It would be useful to identify where this low-frequency attenuation of the ther-
mal waves (which appears as a bulge in sine-wave tests) occurs. However, there
appears to be some uncertainty in locating the exact frequencies at which this at-
tenuation begins and ends. We have thus adopted the following methodology for
obtaining a characteristic frequency representing the range over which the flush-
mounted hot-film sensor suffers from this low-frequency amplitude attenuation. As
shown in Fig.(1.23b), the said frequency (fbulge) at which the amplitude response
to sine-wave testing has risen by 3 dB above the straight line rising portion of
the amplitude response curve (as the frequency is decreased) is used in the char-
acterization. (In essence, this procedure follows that of Freymuth (1977, 1981a)
and other workers in characterizing the (high) cutoff frequency of a hot-wire or
hot-film anemometer by utilizing the value of the frequency at which the ampli-
tude response to sine-wave electronic testing has dropped 3 dB below the region
of flat response which corresponds to the ideal straight line rising portion of the
amplitude response curve.) The results of fbulge for the 55R45 and 55R46 probes
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Probe Frequency charac-
terizing bulging ef-
fect fbulge (Hz)

Dynamic frequency
response fD (Hz)

Overheating
ratio

55R45 20 0.75 1.2
16 0.8 1.4
17 0.73 1.6

55R46 17 0.43 1.2
22 0.45 1.4

Table 1.7: The frequencies (fbulge) characterizing the bulging effect observed in
the sine-wave test response curve and the dynamic frequency response (fD) for the
DANTEC 55R45 and 55R46 hot-film wall shear stress probes. NB: the wall shear
stress τ was varied between 0 and 1.0 Pa and was found to have no influence on
the values of fbulge for the same probe operating at the same overheating ratio.

at different overheat ratios are presented in Table 1.7. It can be seen that fbulge is
range-bound between 16 and 22 Hz, with no seemingly clear trend within limits of
experimental accuracy. This suggests that the bulging effect is fairly independent
of both the overheat ratio and the thickness of the quartz coating above the ac-
tive heated element. As mentioned in Section 1.4.2(b), corresponding to the same
probe operated at the same overheat ratio, the sine-wave response is independent
of the magnitude of τ . Therefore it can be concluded that fbulge is not affected by
the prevailing flow conditions.

In Section 1.3.2, it was already established that the dynamic frequency response
(fD) of the hot film wall shear stress probes is of the order of 1 Hz. If we further
assume an average value of 20 Hz for fbulge, it is possible to relate fbulge and fD by
a causal relationship given by

fbulge ∼ 20fD. (1.20)

This broad relationship would be invaluable to users who have no access to dy-
namic testing facilities, but have the means to perform sine-wave electronic testing.
We wish to emphasize that from a user’s point of view, it is the dynamic response,
i.e. the response of the sensor to actual wall shear stress perturbations that is of
prime concern when the probe is employed for turbulent wall shear stress measure-
ments. Therefore, in view of the complexities in conducting a separate dynamic
perturbation test, the sine-wave electronic test can serve as an invaluable proxy
or indicator to estimate fD by invoking the above causal relationship.

Although fS and fsine are comparable in magnitude and consistent, both are
approximately 5 orders of magnitude greater than fD. Users of non-cylindrical
hot-film thermal sensors who persist, whether knowingly or otherwise, in relying
solely on the square-wave test to substantiate the use of such probes for high
frequency turbulence measurements are likely to obtain erroneous results. This
is exemplified by the work of Alfredsson et al. (1988) who employed near-wall
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hot-wire/film probes to obtain near-wall turbulence statistics in a turbulent air
boundary layer flow at a Reynolds number (based on boundary layer thickness
and free stream velocity) of 28,000. The same DANTEC 55R45 probe yielded a
value of 0.095 for the intensity of streamwise wall shear stress fluctuations (τ ′/τ̄),
whereas a marginally-elevated hot-wire probe gave a value of 0.39. Here τ̄ and τ ′

denote the mean and RMS value of the wall shear stress fluctuations respectively.
Alfredsson et al. further reported a fS quantity of more than 10 kHz for both the
55R45 hot-film and marginally-elevated hot-wire probes, although Section 1.3.2
has shown clearly that fD is about 2 kHz for the latter compared to the extremely
low values of O(1) Hz for the former. Alfredsson et al. did not report any sine-
wave testing. Instead, they discussed about the frequency response by comparing
the streamwise wall shear stress power spectra obtained from the 55R45 probe and
their marginally-elevated hot-wire sensor. It was found that the power spectrum
yielded by the 55R45 probe grossly underestimated the latter. Corresponding to
a frequency of 10 Hz, the power spectrum obtained from the 55R45 probe was up
to 90% lower. In contrast to the square-wave test which only emphasizes the high
cut-off frequencies, the sine-wave test is further able to reveal the effects of low-
frequency thermal wave attenuation effects for non-cylindrical hot-film sensors.
From the causality condition proposed above, fbulge is still a closer and better
approximation to fD as compared to fS or fsine.

It is appropriate to mention a word of caution in the use of the sine-wave test.
Huang et al. (1996) did evaluate the frequency response of their micro-electro-
mechanical system (MEMS) based thermal shear stress sensors using both the
sine-wave and square-wave voltage perturbation tests. The cutoff-frequencies (9
kHz for their sensor with a cavity and 130 kHz for their sensor without a cavity)
yielded by both tests were found to be consistent, similar to our observation for the
near-wall hot-wire/film sensors. However, a close examination of their sine-wave
test response revealed that it has been plotted on a linear-log plot rather than a
classical log-log plot. Such a procedure is not sufficiently sensitive to reveal the
bulging effect due to the attenuation of thermal waves at low frequencies.

(ii) Flush-mounted hot-wire wall shear stress probe and marginally-

elevated hot-wire velocity probe

Sine-wave tests were first performed on a wall-remote hot-wire subjected in turn
to a stationary fluid and a uniform flow at 12 m/s, so that detailed comparisons
can be subsequently made w.r.t. the results for a near-wall hot wire at y = 50
μm (see Figure 1.26). In Fig.(1.26), the response of a wall-remote hot-wire bears
close resemblance to the corresponding results of Freymuth & Fingerson (1977). In
particular, the flatness is vindicated by the positive sloping region of the response
curves bearing a gradient close to unity. Although the near-wall hot-wire still
exhibits a continuously upward increasing trend for frequencies ranging between
100 Hz and tens of kHz, differences exist between the observed response and its
wall-remote counterpart. The response curve of the near-wall hot-wire shows a
bulging effect similar to that observed for the flush-mounted hot-film wall shear
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stress gauges. However, the observed bulging effect for the near-wall hot wire is
very much weaker than that for the flush-mounted hot-film gauges. The location
of the bulging effect also occurs over a much higher and wider frequency range
of 0.8 to 4 kHz for the near-wall hot-wire, as contrasted to O(20 Hz) for the
flush-mounted hot-film gauges.

Figure 1.26: Sine-wave responses of marginally elevated and wall-remote hot-wire
probes.

Extensive dynamic velocity perturbation tests performed in Section 1.3.1 have
indicated that the dynamic frequency response fD of near-wall hot-wire probes is
O(2 kHz). Square-wave tests conducted on the said probes yielded values of fS
which are approximately one order of magnitude higher than fD (see Table 1.6) or
Section 1.4.1).

From the above sine-wave test results, the frequency range where the bulging
effect is observed corresponds much more closely to fD. It may be suggested
that the low frequency amplitude attenuation effect observed (fD) is also due to
the attenuation of the heat waves from the heated wire to the surrounding wall
substrate. However, in contrast to the flush-mounted hot-film gauges, where the
active elements are completely embedded in the surrounding quartz substrate, the
near-wall hot-wire is also exposed to the surrounding ambient air. This attenuation
of heat waves to the surrounding wall substrate is thus deemed to be less severe
for the near-wall hot-wire than the flush-mounted hot-film sensors, which serves
to explain the qualitatively weaker bulging effect for the near-wall hot-wire. When
the hot-wire is placed at a higher elevation of 100 μm and subjected to V = 0.75
m/s (Figure 1.25), the bulging effect is still barely discernable near the 0.8 to 4
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kHz range. Also displayed in Fig.(1.25) are the response curves of a flush-mounted
hot-wire wall shear stress probe exposed to varying wall shear stress. The bulging
effect occurring in the 0.8 to 4 kHz range seems qualitatively stronger. Overall,
for the marginally-elevated and flush-mounted hot-wire probes, it is thus possible
to relate fbulge and fD by a causal relation ship given by

fbulge ∼ fD ∼ O(2kHz). (1.21)

1.4.2(d) Concluding remarks for Section 1.4.2

Experiments using the electronic sine-wave voltage perturbation test were sys-
tematically performed for the first time on marginally-elevated and flush-mounted
hot-wire probes. Two commercial flush-mounted hot-film wall shear stress gauges
were also tested. For both the hot-film and hot-wire sensors, the cutoff frequency
of the anemometer yielded by the sine-wave test (fsine) was found to be in fair
agreement and to exhibit the same trends as results obtained using the traditional
electronic square-wave voltage perturbation test (fS). For the hot-film gauges,
fsine obtained for the DANTEC 55R45 gauge was consistently higher that those
for its 55R46 counterpart under identical conditions of overheat ratio and wall
shear stress (τ). For both gauges, an increase in overheat ratio resulted in a rise
in fsine, whereas variations in τ for the same overheat ratio did not seem to have
cast any effect. For the marginally-elevated hot-wire probes, an increase in the
convective velocity (V) leads to an increase in fsine when the wire is either kept
at a fixed physical distance or at the same y+ above the wall substrate. When V
is held constant, a decrease in y+ signifying increased wall influence culminates
in larger values of fsine. These results suggest that fsine increases with increasing
heat transfer from the wire, regardless of whether it is due to forced convection or
effects of wall influence. For the flush-mounted hot-wire wall shear stress sensor,
an increase in the imposed τ results in a corresponding increase in fsine.

Apart from yielding the cutoff frequency of the anemometer, the sine-wave test
is also capable of indicating the flatness of the frequency response over a limited
frequency range and detect the presence of any amplitude attenuation which arises
as a result of the attenuation of heat waves to the surrounding wall substrate
at high frequencies. A significant bulging effect appears in the sine-wave test
response curves for the hot-film wall shear stress probes. A causality relationship
fbulge ≈ 20fD was observed for the hot-film gauges, where fbulge and fD denote the
frequency characterizing the bulging effect and the dynamic frequency response
respectively. Compared to fS (and fsine) which is five orders of magnitude greater
than fD, fbulge provides a much better indicator or proxy for predicting fD. It
is to be realized that in the application of the hot-film wall shear stress gauges
to measure fluctuating shear stress in a turbulent flow, it is the lower dynamic
response frequency fD which sets an upper limit to the overall responsiveness of
the gauge.

For the flush-mounted and marginally-elevated hot-wire sensors, a very slight
bulging effect was also observed in the 0.8 to 4 kHz range, which corresponds much
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more closely to the values of fD. This is contrasted to fS , which is typically one
order of magnitude larger than fD. The frequencies fbulge and fD can be related by
the causality relationship fbulge ∼ fD for the near-wall hot-wire probes. It must
be noted that the lower magnitude fD is the critical frequency ultimately deter-
mining the responsiveness of the near-wall hot-wire probe to fluctuating velocities
expected in a turbulent flow. Therefore, it is suggested that instead of relying solely
on the square-wave test, users of near-wall hot-wire or hot-film anemometers who
do not have access to dynamic perturbation testing facilities should perform a
sine-wave test to detect the presence of any amplitude attenuation for frequencies
(fbulge) below the cutoff frequency.

Further discourse on this Section 1.4.2 can be found in Teo et al. (2001).

1.5 A model for the frequency response of a near-
wall hot-wire

In Section 1.4.2, we have proposed a causality relationship between the bulging
frequency (fbulge) and fD, both of which occur at the lower frequency range below
that indicated by either fs or fsine. This has one very important implication:
simply by employing the sine-wave voltage perturbation test, one may be able to
deduce the dynamic response frequency of the near-wall hot-wire system. After
all, from the user’s point of view, it is the response of the sensor to the actual flow
fluctuation /perturbation that is of prime concern when the probe is employed for
turbulent flow measurements in near-wall configurations.

In this Section, we seek to present a simplified 1-D model capable of predicting
the behavioral trend of a hot-wire operating close to the wall under different para-
metric/operating conditions. The computed results of fD and fbulge are compared
to the experiments under the conditions of varying wire height (in terms of wall
units) and different magnitudes of convection velocity. It is important to note
that compared to a full scale 3-D numerical simulation where it is much more time
consuming and compute-intensive, the model can accord a very timely discourse
on the changes to the response characteristic of the near-wall hot-wire as a velocity
probe operating under different conditions.

1.5.1 A simplified 1-D model for the hot-wire probe

In the analysis of the 1-D model for the flushed-mounted hot-film wall shear stress
probe, Freymuth (1980) greatly simplified the complicated 3-D heat transfer across
the substrate into areas adjacent to the film by 1-D heat transfer from the planar
film surface across the substrate to another planar surface below the substrate
at temperature T(z=-h). The active planar film at temperature T(z=0), which
is exposed to the convection heat loss at the top section, is assumed to be of
negligible thickness compared to the thickness h of the substrate. The length and
breadth of the film are l and L, respectively (see Figure 1.27). The model hot film
is placed on one arm of the Wheatstone bridge and a circuit analysis is carried out
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with input sine-wave voltage or imposed fluctuating wall shear stress on the hot
film.

Figure 1.27: Model of a non-cylindrical hot-film according to the Bellhouse-Schultz
model.

In a move similar to Freymuth (1980) and Teo et al., applying an energy balance
to the near-wall hot-wire which is placed on one arm of the Wheatstone bridge
yields

E2R

(R + R1)2
−H(V )(Tw − T0) = lLK

∂T

∂z

∣∣∣∣
z=0

+
c

β

dR

dt
, (1.22)

where c is the thermal inertia of the wire, H(V) represents the heat transfer func-
tion from the wire to the flow, K is the thermal conductivity of the substrate, β
denotes the temperature coefficient of the wire resistance R, and Tw and To are
temperature on the hot-wire and ambient, respectively. The electrical circuitry of
the Wheatstone bridge of the CTA is provided in Fig.(1.22). Here R1 is another
bridge arm in series with R, whereas R2 and R3 (=nR2), which constitute the
remaining 2 arms of the bridge, are resistances connected in parallel to R1 and
R, respectively. The electronic test signal Et is fed into the bridge via resistance
R4 (>> R1) and E is the voltage over the bridge. R0 is the wire resistance at
ambient reference temperature. A schematic of the near-wall hot-wire is given in
Fig.(1.28).

Equation (1.22) is almost identical to the equation by Freymuth (1980) describ-
ing the energy balance of the non-cylindrical hot film, except for the additional
second term on the RHS of Eq.(1.22) which takes into consideration the hot-wire’s
change in internal energy with time. It may be noted that the heat transfer to
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Figure 1.28: Model of a near-wall hot-wire.

the substrate is modelled as one-dimensional and represented by the first term on
the RHS of Eq.(1.22). As in Freymuth, the boundary condition at the lower, not
electrically heated, surface reads

H ′(V ){T (z = −h)− T0} = lLK
∂T

∂z

∣∣∣∣
(z=−h)

(1.23)

Here H’(V) is the heat transfer function from the lower surface of the substrate to
the surrounding fluids. Equation (1.22) can be re-written as

E2R

(R + R1)2
= H(V )(Tw − T0) +

H ′(V )
x′ + 1

(T |z=0 − T0) +
c

β

dR

dt
, (1.24)

where the Biot number x′ = hH ′(V )/(lLK). Further simplification can be made
if we assume since the hot-wire is placed very close to the wall within the viscous
sublayer such that Tz=0 ∼ Tw and H ′ ∼ H for a given V. (In similar 1-D analysis
as carried out in Bellhouse & Schultz (1967) and Freymuth (1980) for a non-
cylindrical hot film probe subjected to convection velocity, we have here largely
assumed that the heat transfer of the near-wall hot-wire under convection velocity
V has the same order of magnitude as that for a surface subjected to the same
V. On the other hand, a general but more complex model of relating H to H’ by
a factor or even set independent of each other will invariably introduce further
unknowns that have to be calibrated against experiments and cannot be used on
its own for prediction or comparison.) This is also in line with the intent of a
simplified 1-D model able to predict to predict the behavioral trend of the near-
wall hot-wire as opposed to convey numerical quantity per se. Equation (1.24)
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becomes
E2R

(R + R1)2
= H(V )(Tw − T0)

(
2 + x

1 + x

)
+

c

β

dR

dt
, (1.25)

where x = hH(V )/(lLK). As such, the first term on the R.H.S. can be in-
terpreted as the sum of the heat loss directly from the hot-wire to the flow
(i.e. H(V)(Tw − T0)) and the heat loss from the wire to the wall substrate (i.e.
H(V )(Tw−T0)

(
1

1+x

)
). After linearizing the boundary conditions and taking into

account the bridge-amplifier combination, we obtain the final governing response
equation for the anemometer output e subjected to sinusoidal voltage, velocity
and ambient temperature fluctuating perturbations (denoted by Et, v and T

′
0,

respectively)

e =
n + 1

2
R

R−Ro

R1

R4

1 + x

2 + x
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2
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1
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v

(
1 +

1
1 + x

2a′

b′ + c′

)
, (1.26)

where

a′ = (iΩ)1/2/x ,

b′ = exp[(iΩ)1/2]{[(iΩ)1/2/x] + 1} ,

c′ = exp[(iΩ)1/2]{[(iΩ)1/2/x]− 1} ,

γ′ = 1 +
R−R1

R + R1

R−Ro

R

2 + x

1 + x
,

and Ω = (2πf)h2/D is the dimensionless frequency. Here f and D denote the
frequency and the thermal diffusivity of the substrate, respectively.

The normalized amplitude response of the anemometer subjected to dynamic
velocity perturbations is given by

|Rv| = 1 +
(1 + x) 2a′

b′+c′ − 1
2 + 2x + x2

. (1.27)

For the near-wall hot-wire probe subjected to electronic sine-wave perturbations
(i.e. T ′0 = v = 0), the fluctuating output is proportional to

e′ =
α

1− 1/α

1 + x

2 + x

(
1− (1− α)

1− n

1 + n

2 + x

1 + x
+ a′

b′ − c′

b′ + c′
+ iΩm

)
, (1.28)

where the overheating ratio α = R/R0 and m = Dc/(h2H).
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1.5.2 Results and discussions on the 1D model

1.5.2(a) Probe subjected to different magnitudes of convection velocity (V)

Previous DNS by Chew et al. (1995), Lange et al. (1999) and Li et al. (2006)
simulating the heat loss from a hot-wire operating in close proximity to the wall
have revealed that the amount of heat loss by the wire to the wall, when evaluated
as a fraction of the total amount of heat loss or dissipated by the wire, remains
fairly constant for the same value of y+, as long as the thermal conductivity of
the wall substrate material is unchanged. From Eq.(1.25), since this fraction is
only a function of the Biot number x, it can be deduced that for the same value of
y+, x can be assumed to be a constant. To study the effect of V on the frequency
response of the near-wall hot-wire while keeping y+ constant, it is necessary to
vary H. It may be noted that, for a given wall substrate, keeping y+ constant (and
x fixed) is equivalent to constant wall influence on the operation of the near-wall
hot-wire. However, since x (≡ hH/(lLK)) depends on the heat transfer function
H, the value of the substrate thickness h has to be varied in order that x remains
unaltered.

We shall first discuss how the model predicts the dynamic response of a near-
wall hot-wire subjected to velocity perturbations. The distributions of |Rv| against
Ω are depicted in Fig.(1.29) for various values of x ranging between 0.05 and 0.5.
Each curve shows the variation of |Rv| with Ω for the same y+.

Consider two near-wall hot wires with identical effects of wall influence and
exposed to V1 (wire 1) and V2 (wire 2) such that V2 > V1. Since H(V) for the
second wire is higher than that for the first wire, h2 < h1 in order to keep x
unchanged. For the same x, ΩDcorresponding to the point when |Rv| has decayed
or attenuated to 0.9 remains fixed. (In the experiments in Section 1.3.1, the onset
of amplitude attenuation was taken to be the frequency of the imposed fluctuation
when the ratio of the measured amplitude to the imposed amplitude (amea/aimp)
equals 0.9.) Since for the two wires (ΩD)1 = (ΩD)2 and ΩD = (2πfD)h2/D, the
presence of h2 < h1 necessarily implies that (fD)2 > (fD)1. That is wire 2 which
is exposed to a larger V possesses a higher dynamic frequency response than wire
1. This concurs with the experimental observations in Section 1.3.1, where it
was found that an increase in V at the same y+ has resulted in a concomitant
improvement in fD for the near-wall hot-wire.

In the experiments, a hot-wire mounted at height y = 40 μm above the perspex
wall substrate and exposed to V = 2.7 m/s has a dynamic frequency of fD = 2690
Hz. This value is larger than the corresponding quantity of fD = 2345 Hz when
the same hot-wire was exposed to a smaller V = 2.17 m/s. For the latter, the wire
was set at y = 50 μm such that the same y+ = 2.6 prevailed.

From the model it is clear that a higher convection velocity on near-wall hot-
wire with similar influence of wall effect exhibits a better dynamic response fre-
quency. Next, it would also be interesting to investigate how the model predicts
the frequency response of a near-wall hot-wire subjected to sine-wave voltage per-
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Figure 1.29: Normalized amplitude response of near-wall hot-wire anemometer
subjected to dynamic velocity pertubations for various values of Biot numer x.

turbation testing. Again, for a given y+ (and hence x), the product of h and H
remains invariant. The response given by Eq.(1.28) shows that e’ is only dependent
on the value of m (≡ Dc/(h2H)). If H2 > H1 as with V2 > V1 (i.e. larger con-
vection velocity), a constant value of x implies that h2 < h1 and hence m2 > m1.
Equation (1.28) is plotted on Fig.(1.30) for various values of m ranging from 0.1
to 10 for x = 0.05, say, and α = 1.6 and a resistance ratio n = 1/20.

Smaller values of m are observed to result in a more significant and distinct
“bulging” effect. As the value of m increases to 10, the “bulging” effect becomes
less distinct. Two interpretation of results can be suggested. At smaller values of
m where the “bulging” effect is more distinct, the dimensionless frequency Ω cor-
responding to the location of the “bulge” (Ωbulge) remains somewhat unchanged.
(The bulging effect occurs over a range of frequency; see also Section 1.4.2.) This
implies that dimensional (fbulge)2 > (fbulge)1, which is similar to that observed for
the above-mentioned fD. The diminishing “bulging” effect as m becomes larger
can be construed as the decreasing importance of the lower magnitude dimensional
fbulge in deference to the higher magnitude cut-off frequency fsine. Overall, it may
be suggested that for a near-wall hot wire subjected to equal effects of wall in-
fluence, a larger convection velocity will improve the frequency response and may
cause the “bulging” effect to be diminished.

Another salient feature which can be observed from Fig.(1.30) is that the slopes
of the predicted sine-wave test response curves asymptote to a limiting value of
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Figure 1.30: Sine-wave test response of a near-wall hot-wire anemometer subjected
to different magnitudes of convecting velocity.

unity for large values of the dimensionless frequency Ω. This is comparable to the
results obtained for the sine-wave tests (prior to the cutoff frequency) performed
on near-wall hot-wire probes, as shown in the experiments discussed in Section
1.4.2. Moreover, the range of values of Ω corresponding to the “bulging” effect
predicted by the model in Fig.(1.30) bears the same order of magnitude as ΩD

(Figure 1.29). This is consistent with the experimental observations in Section
1.4.2 where it was found that fbulge ∼ fD ∼ O(2kHz) for the 5 μm diameter near-
wall hot-wire probe. The experiments in Section 1.4.2 had led to the proposal of
the causality relation

fbulge ∼ fD (1.29)

for ease of obtaining the dynamic response frequency of the hot-wire in near-wall
operations.

1.5.2(b) Probe subjected to different values of y+ (V constant)

In this section, we wish to analyze how the proposed model predicts the effect of
y+ on the frequency response subjected to the same V. As mentioned in Section
1.5.2(a), the amount of heat loss from the hot-wire to the wall, evaluated as a
fraction of the total amount of heat dissipated by the wire, depends on the value
of y+ for a particular wall substrate material. The numerical works of Chew et al.
(1995) and Lang et al. (1999) indicate that this fraction is weakly dependent on the
friction velocity uτ and it increases as the value of y+ decreases. From Eq.(1.25),
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this fraction works out to be 1/(2+x). A smaller value of y+ (associated with
greater wall influence and a subsequent larger fraction of heat loss to the wall)
thus implies a smaller value for x. In other words, x can be broadly construed as
an indicator of the wall influence and is inversely proportional to it.

Referring to Fig.(1.29), ΩD decreases as the value of x decreases. For a probe
subjected to the same V, the heat transfer function H should remain approximately
constant. Consider two hot wires 1 and 2 having Biot numbers x1 = 0.1 and
x2 = 0.05, respectively. Since x2 < x1, it is obvious that y+

2 < y+
1 . As H remains

invariant since V is held constant, x2/x1 = h2/h1 = 0.5. From Fig.(1.29), it can
be seen that (ΩD)2/(ΩD)1 ≈ 1. This implies that (fD2h

2
2)/(fD1h

2
1) ≈ 1 and hence

fD2/fD1 ≈ 4, i.e. fD2 > fD1. It can thus be inferred that wire 2 which loses a
larger fraction of heat to the wall substrate due to its lower value of y+, has a
better dynamic frequency response.

To illustrate further, consider wires 1 and 3 possessing x1 = 0.1 and x3 = 0.5,
respectively. For the same V, x3/x1 = h3/h1 = 5. Similarly, from Fig.(1.29), it
can be deduced that (ΩD)3/(ΩD)1 ≈ 1.5 and hence fD3/fD1 ≈ 0.06 (note that
although (ΩD)3 > (ΩD)1, fD3 < fD1). An increase in x, corresponding to a
smaller fraction of heat loss to the wall and larger values of y+, has culminated in
a poorer fD. In the experiments of Section 1.3.1, fD for the near-wall hot-wire was
found to increase from 2390 Hz (y = 65 μm, y+ = 3.44) to 2625 Hz (y = 50 μm,
y+ = 3.05) to 2690 Hz (y = 40 μm, y+ = 2.63) at the similar convection velocity
of V = 2.9 m/s. It should be noted that with V fixed, the convection heat loss
remains unchanged. A larger fraction of heat loss to the wall substrate as observed
above such that there is an overall greater heat loss from the hot-wire has led to
a larger value of fD. This, together with the results in Section 1.5.2(a), suggests
that the dynamic response frequency of a near-wall hot-wire increases with larger
heat loss from the wire, which is irrespective of whether the loss is due to forced
convection or to the effect of wall influence.

The output response curves of a near-wall hot-wire subjected to sine-wave
voltage perturbation testing are presented in Fig.(1.31) for various values of x.
With a fixed V, and α = 1.6 and n = 1/20, a rise in x corresponds to an increase
in h and hence decreasing wall influence (i.e. y+ increases).

Figure 1.31 shows that the location of the bulge or Ωbulge remains relatively
unaffected, and there is a mildly perceptible diminishing bulging effect for the lower
magnitude range of m. As in Section 1.5.2(a), we can suggest two interpretations.
For the range of higher m which indicates invariant Ωbulge, this corresponds to
fbulge decreasing with increasing x which is similar to that observed for fD above.
The diminishing effect of bulging as x becomes even larger (and m becomes much
smaller) is associated with ever increasing y+ such that the wall effect becomes
increasingly insignificant. In experiments, a hot-wire operating under increasing
free-stream conditions will experience increasingly better fD, the presence of only
the fsine feature in the electronic sine-wave testing, and the absence of fbulge. It
can be construed that the “bulging” effect is caused by heat loss to the substrate
and is thus related to the first attenuation. As the proportion of heat loss to
the wall decreases greatly with large y+ (towards outside the viscous sublayer),
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Figure 1.31: Sine-wave test response of near-wall hot-wire subjected to different
effects of wall influence (y+). (For a fixed V , an increasing wall influence of
decreasing y+ is equivalent to decreasing Biot number x with greater proportion
of heat loss to the wall substrate.)

we thus observed the bulging effect becoming less conspicuous in the sine-wave
response curve. This concurs with the experiments observations of Section 1.4.2.

1.5.2(c) Consideration of other effects

In Section 1.3.1, it was found that fD for the hot-wire mounted at 50 μm above
the aluminum wall substrate is always higher than the corresponding hot-wire at
the same height above the perspex wall substrate. The results obtained can be ex-
pressed in terms of dimensionless wire height in wall units such that for a given y+

both wires are exposed to the same convection velocity, and any difference in heat
transfer characteristic of the wire is solely attributed to the different additional
heat loss to the wall substrate. For the aluminum wall substrate, there is greater
heat transfer from the wire (Khoo et al., 1996 and Chew et al., 1998b) which is in
accord with the conclusion reached in Section 1.5.2(b) on the link between heat
transfer and fD. It would be interesting to analyze the prediction based on the
model.

At the same V, we have

xperspex(≡ hH/lLKperspex) > xaluminum(≡ hH/lLKaluminum)

to account for greater effect of the aluminum wall influence on the near-wall hot-
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wire operation. From Fig.(1.29), it is clear that

(ΩD)perspex > (ΩD)aluminum

which apparently may imply that the model has given the incorrect trend. On
closer examination, since ΩD = 2πh2fD/D, even if (ΩD)perspex > (ΩD)aluminum,
it is not so straightforward that (fD)perspex > (fD)aluminum since the thermal dif-
fusivity of aluminum is much greater than perspex by a factor of at least two
orders of magnitude. That is Daluminum/Dperspex ∼ O(102). Therefore any
change in ΩD in response to the change in x due to the different thermal con-
ductivity of wall substrate will be mitigated or even overwhelmed by the change
in D such that fD may take on different direction of change from ΩD. (It may
just be noted too from Fig.(1.29) that corresponding to a change of one order of
magnitude of x, ΩD changes by a much smaller factor.) In essence, the model
suggests that a change of wall substrate of different thermal conductivity will only
give rise to a limited change in fD. From the experiments in Section 1.3.1 with
Kaluminum/Kperspex ∼ O(102), we observed that fD of a hot-wire placed above
an aluminum substrate improves by only about 10-15% over the corresponding
perspex substrate.

It is worth mentioning that the effect of a change in wire diameter (d) on the
dynamic response of a near-wall hot-wire can be deduced from the model. As d is
decreased, l will be corresponding smaller. From the heat transfer relationship by
McAdams (1954) correlating the Nusselt number (Nu) of a cylinder in a submerged
flow,

(Hd/ν)Pr−0.3 = 0.35 + 0.56(ρV d/μ)0.52, (1.30)

we can infer that H is broadly related inversely to d such that H increases with
decreasing d while keeping V constant. From the definition of x, the effect of a
smaller d which entails smaller l gives rise to larger value of x. Therefore, from
Fig.(1.29), the model suggests that we can possibly obtain better fD simply by
reducing the wire diameter.

Although there are no experiments for verification, this is perhaps not very
surprising since logically a smaller wire diameter has lower thermal inertia and
a possibility exists that it should be more responsive to changing external flow
conditions. One word of caution, though, the thermal inertia of the wire is not
related explicitly to fD as seen in Eq.(1.27) for the model.

Applying the idea of a smaller d to the model for sine-wave test while keeping V
constant, the effect of a corresponding increase in x can be inferred and interpreted
from Fig.(1.31). As d decreases, the thermal inertia of the wire also decreases
and together with a larger H lead to a much smaller m. Figure 1.31 therefore
suggests a resultant output response curve which has a diminishing bulging effect.
As discussed in Section 1.5.2(b), the decrease in bulging effect can be construed
as an improvement in the frequency response of system such that the effect of
first amplitude attenuation at low frequencies (due primarily to influence of wall
effect) becomes unimportant. Only the second and final attenuation due to the
finite frequency response of the electronic feedback in the anemometer remains.
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Although the results in Sections 1.5.2(a) and 1.5.2(b) have indicated similar
trend behavior of fD and fbulge, and the experimental findings in Section 1.4.2 sug-
gested a functional relationship between them, it should be noted that according
to the model there is one marked difference. That is, fbulge is dependent on the
additional parameter m which also clearly indicates the explicit dependence on the
wire thermal inertia c. There is no such dependence on m for fD.

It may be added, however, that the material used in the fabrication of the hot-
wire has been predisposed towards tungsten or platinum after many years since
the beginning of hot-wire anemometry and having taken into consideration many
other features like ductility for ease of manufacturing, strength . . . etc. The use of
different material solely to affect a change in c is not deemed likely to be considered
as an alternative by an end user to change the hot-wire response characteristic,
and hence may not pose a critical issue in the continual use of fbulge as an effective
proxy to obtain fD via the functional relationship given in Eq.(1.29). However,
the model serves as a reminder that the various types of perturbation tests, in
particular the sine-wave test which gives rise to the bulging effect for a near-wall
hot-wire and the velocity perturbation test, are not exactly equivalent even though
they share several important characteristic traits.

1.5.2(d) Concluding remarks for Section 1.5

In this work, a model for the response characteristic of the near-wall hot wire
subjected to sine-wave voltage perturbation and velocity perturbation tests is de-
veloped. It is found that the computed response frequency fbulge (according to sine-
wave perturbation test) and fD (according to velocity perturbation test), which
correspond to the first of the two groups of attenuation frequencies, concur very
well with the experiments discussed in Sections 1.3.1 and 1.4.2. The first attenu-
ation which occurs at low frequencies is attributed to the influence of wall effect
whereas the second and final attenuation is associated with the finite frequency
response of the CTA system. Both fD and fbulge indicate a similar trend of in-
creasing with the convection velocity and increasing effect of wall influence (i.e.
y+ decreases) or both, and support the causality relationship of fD ∼ fbulge as
suggested in Section 1.4.2.

It is further shown from the model that the response frequency of the near-
wall hot-wire can be made to increase by decreasing the wire diameter and the
effect of different wall substrate material as measured by the property of thermal
conductivity is very much limited. In experiments, it was found that a change of
the wall substrate from perspex to aluminum has only resulted in about 10-15%
improvement for fD even though the ratio of the respective thermal conductivity
is at least two orders of magnitude. The model, however, indicates that there
are differences between fD and fbulge. It is an important and timely reminder that
such perturbation tests are not identical in all aspects as fD measures the response
to heat lost from the wire or gauge by velocity perturbation while fbulge measures
the frequency response to the total heat lost from the wire or gauge.

Overall, although the model developed is a very simplified one-dimension, it
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is able to provide insight into the behavioral trends of the response frequency of
the near-wall hot-wire without the complexities of a full 3D numerical simulation
with the associated requirement of extensive computing resources. It can also
serve as a predictive tool for the end-user who may want to change or ensure
sufficient responsiveness of the near-wall hot-wire probe operating under different
conditions.

1.6 On near-wall hot-wire velocity measurements

During the past decade, the quest for drag reduction has prompted several re-
searchers to propose various schemes which seek to alter the flow structures and
velocity profile very close to the wall, in view of the fact that skin friction drag con-
stitutes the major component of drag for streamlined bodies. Examples of such
schemes include the employment of riblets (Walsh 1992), the use of large eddy
break-up (LEBU) devices (Savill & Mumford 1988), the application of compliant
surface (Lee et al. 1993) and the addition of polymers (Koskie & Tiederman 1993).
In assessing the merits of these passive drag reduction schemes, it is imperative to
attain a thorough comprehension of the flow characteristics very close to the wall,
so that detailed comparison can be made with respect to the unmanipulated flow
in order that the physics and mechanism responsible for the said reduction in drag
can be brought to light.

It is well known that all the commonly available velocity measuring instru-
ments are plagued by problems very close to the wall, although the cause of lim-
itation differs from one instrument to another. The rapid development of PIV
and the accessibility of LDV have not culminated in the extinction of the hot-
wire anemometer, especially for near-wall measurements. Both the LDV and PIV
require seeding of the flow and measurements significantly depend on the pas-
sage of the said particles through the respective control volumes, hence yielding
a non-continuous output. This issue is accentuated in the near-wall region where
the particle count diminishes considerably, resulting in an appreciably lower and
variable data rate. Moreover, the relatively large measuring volume of the LDA
raises doubts pertaining to the spatial averaging of the particle velocity, especially
in the near wall region where the velocity gradient is normally large. For instance,
in the LDV measurements of Karlsson & Johansson (1988) made in the viscous
sublayer of a low-speed water boundary-layer flow, the extent of the measurement
volume in the direction normal to the wall was O(0.5ν/uτ ), where ν/uτ is the
viscous length unit. Durst et al. (1995) made LDA measurements in the near-wall
region of a turbulent pipe flow and their axial velocity component was measured
in the vertical plane with a spatial resolution of 0.7ν/uτ at the lowest Reynolds
number (the spatial resolution must necessarily be larger than 0.7ν/uτ for their
results at higher Reynolds numbers). In contrast, the hot-wire whose diameter is
merely microns enables an extremely fine spatial resolution and yields a continu-
ous signal, hence ensuring a non-biased statistical account of the turbulent flow
field characteristics.
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The ability of the hot-wire to yield a continuous output does not necessarily
imply that it possesses an infinitely high frequency response for accurate time res-
olution of the flow field. In Section 1.3.1, we found that the dynamic response of
a near-wall hot-wire was typically better than 2 kHz, which should be adequate
for the accurate time resolution of most commonly encountered wall-bounded tur-
bulent shear flows. Spalart (1988), who performed a direct numerical simulation
(DNS) for a turbulent boundary layer on a flat plate with zero pressure gradient,
commented that a typical timescale of turbulence near the wall is about 15 wall
time units (i.e. 15ν/u2

τ , where ν and uτ are the kinematic viscosity and the mean
friction velocity, respectively), which further implies that the dynamic frequency
response of the hot-wire probe must be greater than u2

τ/15ν in order for the most
rapid turbulence generating events to be accurately resolved by the probe.

Having ascertained the sufficiently high frequency response of a hot-wire oper-
ating in close proximity to the wall, near-wall hot-wire sensors can next be applied
to investigate the physics of the flow in the very near-wall region of various wall
bounded turbulent shear flows. Despite a dynamic frequency response of more
than O(2 kHz) for a near-wall hot-wire, in the near-wall turbulence measurements
of Fernholz & Warnack (1998), the sampling frequency for their near-wall hot wires
was limited to a relatively low value of 250 Hz (thus giving an even lower cutoff
frequency of 125 Hz), which may not be sufficiently high to elucidate the cor-
rect physics that characterize the high frequency components (or the dissipating
range) of the turbulent flow field. Fernholtz & Warnack employed the traditional
square-wave test to justify the frequency response of their near-wall hot wires.
Although they obtained a square-wave frequency response “in excess of 20 kHz”,
their sampling frequency was limited to 250 Hz without any explanation.

In Section 1.4.1, we have cautioned against the over-reliance on the square-
wave test, since it overestimates the dynamic frequency response of a marginally-
elevated hot-wire by close to one order of magnitude. In this Section 1.6, higher
sampling frequencies will be used for measurement of the wall shear stress and
streamwise velocity fluctuations in the viscous sublayer.

The establishment of a viable calibration procedure for near-wall hot-wire
probes, coupled with the above-mentioned investigations pertaining to the ability
of near-wall hot-wire probes to accurately resolve all the length and time scales
of turbulence in the viscous sublayer, have strongly boosted our confidence in the
application of the said probes to actual turbulence measurements in the viscous
sublayer of different types of flow. As described previously, the motivation of near-
wall velocity measurements stems from the importance of measuring the flow field
very near the wall accurately in order to elucidate the physics and mechanisms of
near-wall turbulence events in both unmanipulated and manipulated wall-bounded
flows using passive drag or skin friction reduction schemes.

A further motivation of the present work arises from its application to near-
wall turbulence modelling. Statistical descriptions of turbulence based on the
Reynolds-averaged Navier-Stokes equations suffer from the problem of closure in
that the Reynolds stresses and the extra terms which appear in the scalar trans-
port equations as a consequence of time averaging are unknown and thus require
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modelling. The two-equation k-ε model which attempts to model most of the con-
stituent terms in the transport equations for k (turbulence kinetic energy) and ε
(dissipation rate of the turbulence kinetic energy), has been and may continue to
be a turbulence model extensively used by many computational fluid dynamists.
At high Reynolds numbers, the standard k-ε model (Launder & Spalding 1974)
avoids the need to integrate the model equations right down to the wall by making
use of the universal behaviour of near wall flows. Different modifications to the
k-ε model to enable it to cope with low Reynolds number flows are reviewed in
Patel et al. (1985). At low Reynolds numbers, wall damping functions are in-
variably applied to ensure that the viscous stresses take over from the Reynolds
stresses in the viscous sublayer adjacent to the wall. However, the damping func-
tions introduced to model the different terms in the ε-equation are rather ad-hoc
and a critical assessment of the models is by no means possible because the ac-
curate measurement of ε in the near-wall region poses insurmountable difficulties.
Our near-wall hot-wire measurements can help in assessing the validity of the wall
damping function.

1.6.1 Calibration of near-wall hot-wire probe for spanwise
intensity measurement

Calibration of the hot-wire for the streamwise velocity follows that described in
Section 1.3.1(a). On the other hand, the use of a single hot-wire probe inclined
at different angles to the mean flow direction for time-averaged two-component
velocity measurements has been documented in detail by Bruun (1995). During
calibration of the inclined hot-wire probe, the output E of the probe is normally
determined in terms of the magnitude of the flow velocity V and the yaw angle α
(where the yaw angle α is defined as the angle between the direction of the velocity
vector and the normal to the axis of the hot-wire), i.e.

E = E(V, α), (1.31)

with E being correlated with the effective velocity Ve using King’s Law; that is

E2 = A + BV n
e . (1.32)

Ve can be expressed as
Ve = V f(α), (1.33)

where f(α) is the yaw function. Several expressions have been proposed for f(α),
the most popular being

f(α) = (cos2α + k2
T sin2 α)1/2, (1.34)

where kT is the tangential cooling coefficient, which was first proposed by Hinze
(1959). Another extensively-used expression for f(α), first introduced by Bradshaw
(1971), is

f(α) = cos(αeff ), (1.35)
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where αeff is the effective angle which has to be determined from a yaw calibration.
The probe is calibrated by first setting ᾱ to be 45◦ or -45◦ in order to determine
the calibration constants A, B and n in (1.32). This is followed by rotating the
probe in the x-z plane through small variations θ = α − ᾱ, in the yaw angle as
the flow velocity is kept constant, and noting the output voltage Eα of the CTA
for each value of α (or θ). The values of θ used were 0◦, ±5◦, ±10◦ and ±15◦.
Following the procedure recommended by Bradshaw, a graph of (cos θ - Eθ) is
plotted against sin θ, where Eθ is defined as

Eθ =
[
E2

α −A

E2
ᾱ −A

]1/n

. (1.36)

The effective angle αeff for a particular velocity can then be determined from the
slope of the best-fit line, m, with m = tan(αeff ).

For each different height h of the hot-wire above the wall substrate, the near-
wall hot-wire probe is first calibrated in the laminar flow calibration rig at α =
0◦, 45◦ and -45◦ and the effective angles αeff are obtained over a range of flow
velocities. In order to determine the spanwise turbulence intensity in the viscous
sublayer of the channel and flat-plate boundary layer flows, the plug housing the
near-wall hot-wire probe is rotated with the axis of rotation being normal to the
wall (i.e. in the x-z plane) and the output voltages E0, E1 and E2, corresponding
to α = 0◦, 45◦ and -45◦ respectively, are sampled digitally. The effective velocities
Ve0, Ve1 and Ve2 can then be deduced from E0, E1 and E2 respectively via equation
(3XXX). The Reynolds stresses are then evaluated using the following expressions:

w2 =
V 2

e1 + V 2
e2 − 2V 2

e0 cos2 αeff

2 sin2 αeff

(1.37)

and

uw =
V 2

e2 − V 2
e1

2 sin 2αeff
(1.38)

For the channel and flat-plate boundary layer flows, uw was found to be negligibly
small within the viscous sublayer.

1.6.2 Mean velocity profile

The mean velocity profile normalized by the centreline velocity for the channel flow
at h+ = 390 is presented in Fig.(1.32). The mean wall shear stress τ̄ and hence
the mean friction velocity uτ were determined from streamwise pressure gradient
measurements.

Also shown in Fig.(1.32) are the DNS results of Antonia et al. (1992) for a
channel flow at h+ = 395. It is evident that the experimental results bear close
resemblance to the simulation results. Figure 1.32 also shows the mean velocity
profiles normalized using the free-stream velocity for the flat plate boundary layer
flow at Reθ (based on the momentum thickness and the free stream velocity) of
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Figure 1.32: Mean streamwise velocity profile normalized using inner variables.

2900, 3400 and 4100. It is apparent that an increase in Reθ enhances the “bulging”
of the boundary layer profile (i.e. the velocity profile becomes fuller). Although
not displayed in Fig.(1.32), the near-wall velocity profile of the channel flow at h+

= 180 compares well to Kim et al.’s (1987) DNS results of a channel flow at the
same h+.

Figure 1.33 depicts the mean velocity profiles for the channel and boundary
layer flows scaled using inner variables. There is excellent agreement between
the experimental and computational results for the channel flow. The wall shear
stress values (τw) for the boundary layer flow at different values of Reθ were
obtained using the Clauser Chart technique. The evaluated skin friction coefficient
Cf (≡ τw/(0.5ρU2

∞)) compares very favourably to those obtained by previous
investigators using the Preston tube method, which are compiled in Fernholz &
Finley (1996). It can be noted that, away from the wall, starting from y+ ≈ 30,
the profiles closely follow the logarithmic law of the wall

U+
log = (1/κ) ln y+ + C, (1.39)

with universal constants κ = 0.4 and C = 5.5. At distances further from the wall,
Coles (1962) described the development of a low Reynolds number boundary layer
using ‘the strength of the wake’ ΔU+, defined as the maximum value of (U+ -
U+

log), which is the largest deviation of the outer layer velocity profile from the log
law. This quantity assumes a asymptotically constant value of 2.75 for Reθ < 6000
when the defect law is satisfied and drops gradually to zero when Reθ ≈ 500. The
values of ΔU+ (using the above-mentioned values for the constants in the log law)
work out to be 2.35, 2.26 and 2.39 for Reθ of 2900, 3400 and 4100, respectively.
These results are in fair comparison to the experimental results of ΔU+ for a wide
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range of Reθ values compiled by Coles (1962) and more recently by Fernholz &
Finley (1996).

Figure 1.33: Dimensionless streamwise mean velocity U+ divided by y+ as a func-
tion of y+ in viscous sublayer of channel flow.

In the immediate vicinity of the wall, the near-wall hot-wire probe accurately
predicts the velocity profile

U+ = y+ (1.40)

valid in the viscous sublayer of the channel and boundary layer flows for y+ � 5,
which is the conventionally accepted extent of the viscous sublayer. (See Schlicht-
ing, 1979. See also the simulation results of Kim et al., 1987 and Antonia et
al., 1992, for a channel flow and Spalart, 1988, for a boundary layer flow.) This
clearly demonstrates the viability of the near-wall hot-wire to directly measure
the velocity distribution very near the wall accurately (without the need for any
wall correction), when the effects of wall influence are calibrated away using the
laminar flow calibration rig as described in Section 1.3.1(a).

Spalding (1961), in an attempt to describe fully the mean streamwise velocity
distribution next to the wall, proposed the law of the wall given by

y+ = u+ + e−κC

[
eκu+ − 1− κu+ − (κu+)2

2
− (κu+)3

6

]
, (1.41)

with κ = 0.4 and C = 5.5. In Fig.(1.32), there is reasonable agreement of ex-
perimental data with Spalding’s (1961) law of the wall for both the channel and
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boundary layer flows; for the latter, concurrence is valid up to y+ ≈ 400. Very
recently, based on theory and analysis of DNS results, Cenedese et al. (1998)
have suggested the use of a quartic profile to represent the mean velocity in the
region y+ < 10. This profile is given as u+ = y+ − (1/2h+)y+2 + ey+4, where
e ≈ −10−5(h+)0.5. This quartic profile is evaluated for a channel flow at h+ =
180 and 390 and the profiles are plotted alongside the experimental results in
Fig.(1.33). It can be inferred that the experimental values are fairly well de-
scribed by the quartic profile for y+ < 10. Attention should also be drawn to
Fig.(9) of Cenedese et al., which shows the quartic profile and their very near-
wall hot-wire results obtained for h+ = 1670. For y+ < 4, the hot-wire results
expressed as U+/y+ do not exhibit a fairly constant value tending towards unity
as expected. Instead, it displays a clear monotonic increasing trend as the wall
is approached, with U+/y+ rising to 1.2 when y+ ≈ 2.5. This is not surprising
in view of the fact that wall effects have not been accounted for nor calibrated
away for their near-wall hot-wire results, thus culminating in the spurious rise in
value of U+/y+ with decreasing y+. This rise in U+/y+ is also a manifestation of
increasing wall influence. In contrast, the experimental results in Fig.(1.33) do not
bear such a trend as the wall is approached, hence further verifying the validity of
our calibration techniques.

1.6.3 Turbulence flow intensities

1.6.3(a) Streamwise velocity component

The root-mean-square (rms) values of the fluctuating streamwise velocities,
normalized using the mean friction velocity is presented in Fig.(1.34).

The experimental results for the channel flow at h+ = 390 agree well with
the DNS results of Antonia et al. (1992) for a channel flow at h+ = 395. The
experimental results for the boundary layer suggests a barely discernible trend of
increasing u’+ with Reθ at a given y+ valid for y+ � 30. This trend can also be
observed from the extensively compiled boundary layer data in the review article
by Fernholz and Finley (1996) and the experimental results for a channel flow at
different Reynolds numbers reported in Antonia et al. (1992). The DNS results of
Spalart (1988) and Antonia et al. (1992) confirm the tendency for u’+ to increase
with Reynolds number. Furthermore, it may be noted from Fig.(1.34) that the
maximum value of u’+ is approximately 2.75 and occurs at y+ ≈ 15 for both the
boundary layer and the channel flows, which compares reasonably well with the
values provided by other researchers. For example, Ligrani & Bradshaw (1987b)
employed wires of different length to diameter ratios in a turbulent boundary
layer at Reθ = 2620 and found that the results for the value of u’+ at y+ = 17
± 0.5 (where the value of u’+ reaches a maximum) collapsed onto a single curve
when plotted against the wire length in wall units. Their results indicate that the
maximum value of u’+ assumes a value of approximately 2.8 at y+ ≈ 17. Kim
et al. (1987) obtained a maximum value of about 2.7 at y+ ≈ 12 for their DNS
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Figure 1.34: Distribution of rms streamwise velocity fluctuations normalized using
inner variables.
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Figure 1.35: Streamwise turbulence intensity distribution in the viscous sublayer.

of a channel flow at h+ = 180. Spalart (1988) found a systematic increase in
the maximum value of u’+ with Reθ for his DNS of a boundary layer flow, the
value increasing from 2.5 to 2.7 corresponding to a Reθ increase from 300 to 1410.
However, within the limits of experimental accuracy, it is not possible to discern
any systematic dependence of this maximum value on Reθ for our boundary layer
measurements. On the other hand, Mochizuki & Nieuwstadt (1996) made a survey
on 47 independent experimental and numerical studies for zero pressure gradient
boundary layer and fully developed internal flows (including pipes and channels)
over an extensive range of Reynolds numbers and found the peak value of u’+ to
be independent of the Reynolds number within limits of statistical error. Their
survey reveals that this parameter assumes a value of 2.71 ± 0.14 (occurring at
an average y+ of 14.4) and 2.70 ± 0.09 (occurring at an average y+ of 14.6) for
boundary layer and internal flows, respectively. Marusic et al. (1997) speculated
the peak value of u’+ occurring at y+ ≈ 15 to be associated with “the early
formation process of the attached eddies” and further lamented that “very little
is understood about this region”.

Experimental results in the near-wall viscous sublayer region is shown in Fig-
ure 1.35, where the local rms value of the streamwise velocity fluctuations are
normalized using the local mean velocity.
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The results for the channel flow at h+ = 180 and 390 compare favourably
with the simulation results of Kim et al. (1987) and Antonia et al. (1992) re-
spectively, thus suggesting the calibrated near-wall hot-wire probe’s capability in
time-resolved velocity measurements and the validity of the calibration technique
employed. The general rise in the distribution for the streamwise turbulence in-
tensity corresponding to an increase with h+ is consistent with the trend revealed
by the DNS results. This has been attributed by Spalart (1988) and Antonia et
al. (1992) and Antonia and Kim (1994) to an “inactive motion”, first proposed by
Townsend (1961) and Bradshaw (1967), which intensifies as the Reynolds number
increases. This inactive motion which consists of the large-scale vorticity field and
the pressure fluctuations of the large eddies in the outer layer is nominally irro-
tational. Such motions have very large wavelengths (of order δ) and time-scales
in comparison to the viscous (inner) layer scales. As the wall is approached, the
normal (v) component (to the wall) of the inactive motion has to be brought to
rest due to the impermeability condition imposed by the wall, thus releasing their
normal component of the energy into the other two orthogonal tangential compo-
nents u and w. This “splat effect” motion’s influence on the shear stress is small,
thus producing very little effect on the log law of the wall for the mean velocity. As
the Reynolds number increases, this inactive motion contributes appreciably to the
low wavenumber components of the u and w spectra, thus causing the magnitudes
of u’+ (and hence u′/U) and w’+ to increase with Reynolds number.

The turbulence intensity of the streamwise velocity fluctuations at a given y+

for the boundary layer flow does not reveal any significant variance or increase with
increasing Reθ, which may be attributed to the narrow range of Reθ investigated
in this present study. Furthermore, it can be observed from Fig.(1.35) that the
distribution of u′/U for the boundary layer flow for the range of Reθ investigated
bears close resemblance to that obtained for the channel flow measurements at
h+ = 390. The value of u′/U assumes a marginally increasing trend as y+ decreases
towards a constant value of approximately 0.38, which compares favourably with
the results of other researchers available in the literature. Alfredsson et al. (1988)
obtained a slightly higher constant value of u′/U ≈ 0.4 within the viscous sublayer
for their marginally-elevated hot-film probes in an oil channel flow at Rec (based
on centerline velocity and channel half-width) of 3800, which concurs well with
our findings, within a variation of about 5%.

Unlike (our) near-wall hot-wire operation in air which is strongly affected by
wall effects which have to be calibrated away, Alfredsson et al.’s hot-film operation
in oil is not influenced by such effects as the ratio of the direct heat loss to oil is
about one order of magnitude greater than that in air. In fact, when Alfredsson
et al. utilized a hot-wire probe (whose wall effects have not been calibrated away)
in an air boundary layer, they found that u’/U attained a maximum of 0.39 at y+

= 5 and decreased considerably towards the wall and attained a value of 0.16 at
y+ = 0.6. One important consideration for near-wall hot-wire anemometry is the
length of the hot-wire l+ (in wall units). Ligrani & Bradshaw (1987b) indicated
that the streamwise turbulence intensity is independent of l+ in the buffer region
and beyond provided l+ < 20−25. Khoo et al. (1997) demonstrated that the
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streamwise turbulence intensity at a particular value of y+ in the viscous sublayer
attenuates in magnitude as l+ increases and would incur an error of at most 5-10%
if l+ ≈ 20.

Karlsson & Johansson (1988) employed a two-colour counter-based Argon-Ion
LDV system to obtain velocity measurements in a turbulent boundary layer of a
water channel, with Reθ = 2420. They also obtained a u’/U distribution which
displayed an approximately constant value of between 0.37 to 0.39 for y+ � 5,
which serves as a significant and independent comparison, as the measurements are
not based on hot-wire anemometry where wall effects influence the convective heat
transfer characteristics of the wire. Recently, other near-wall LDV measurements
have also been reported. Durst et al. (1995) made measurements using a two-
component He-Ne LDV system in a pipe flow at ReB (based on pipe diameter
and bulk velocity) of 7442 and obtained an asymptotic value for u′/U of 0.37 as
the wall was approached. Their results further indicated a slight increase in this
asymptotic value as ReB was increased.

Fontaine & Deutsch (1995) performed three-component, coincident, time re-
solved LDV measurements in the near-wall region of a pipe flow at a relatively
much lower Reθ ≈ 720 and obtained u′/U values in the viscous sublayer which
compared favourably to those reported by Karlsson & Johansson (1988). However,
it may be noted that near-wall LDV users have to contend and account for the
drop in data rate as the wall is approached. This can be attributed to a decrease
in particles close to the wall. Karlsson & Johansson reported that the substan-
tial drop in data rate very near the wall compelled them to use a lower sampling
frequency.

Another problem encountered in the use of LDV for near-wall velocity measure-
ments is the relatively large control volume straddling a region of large velocity
gradient. Measurements of near-wall turbulence thus require corrections to be
applied to the gradient-broadening effects and the application of such corrections
requires caution. As mentioned in Durst et al. (1995), “in the literature, no unique
correction procedure exists to take this influence into account”. If the gradient
broadening effects are not accounted for or ad hoc correction methods are applied,
the accuracy of near-wall turbulence measurements will greatly suffer. Nieder-
schulte et al. (1990) performed two-component LDV measurements in a channel
flow at h+ = 178.6 and 158.5 in an attempt to verify the accuracy of the DNS
results of Kim et al. (1987). Niederschulte et al. did not report any attempt to
correct for the gradient broadening effects and obtained a streamwise turbulence
intensity (u′/U) of approximately 0.4 for y+ between 2.5 and 5. This is about
10% larger than the value of 0.36 obtained from the simulation results of Kim
et al. For y+ < 2.5, Niederschulte et al. found that the value of u′/U increases
drastically, registering a maximum value of 0.54 at y+ = 1, and attributed this
disparity to the lack of accuracy in Kim et al.’s computation due to the use of
insufficient nodes or an excessively small computational domain.

It is interesting to note that Niederschulte et al’s observation of a rising trend
in u′/U as the wall is approached for y+ < 2.5 is remarkably similar to Durst et
al.’s (1995) results which have not been corrected for gradient broadening effects.
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After correcting for the gradient broadening effects, however, Durst et al. were
able to obtain a u′/U distribution for y+ < 2.5 which conformed closely to the
simulation results of Kim et al.. This is a testament illustrating the importance of
implementing appropriate and valid correction techniques for gradient broadening
effects encountered in near-wall LDV turbulence measurements.

It should be further mentioned that all the near-wall LDV measurements avail-
able in the literature are limited to relatively low Reynolds numbers, as severe spa-
tial resolution problems are imposed by the finite width of the laser beam at high
Reynolds number. This is in addition to temporal resolution problems which can
and usually arise due to the extremely low particle count very near the wall. On
the other hand, it is always possible to extend the use of the near-wall hot-wire
probe to high Reynolds numbers, as exemplified by the measurements we have
made in the boundary layer flow at Reθ = 4100, which is already higher than the
Reynolds numbers of the flow reported by most of the near-wall LDA researchers
available in the literature.

1.6.3(b) Spanwise velocity component

The local rms value of the spanwise velocity fluctuations normalized using the
local mean velocity is shown in Fig.(1.36).

Figure 1.36: Spanwise turbulence intensity in the viscous sublayer.

It is evident that the experimental results for the channel flow at h+ = 180 and
390 lie close to the respective DNS results of Kim et al. (1987) and Antonia et al.
(1992), hence further attesting to the accuracy of the time-resolved velocity mea-
surements by the near-wall hot-wire system. Similar to the streamwise turbulence
intensity, the spanwise turbulence intensity distribution also shows an increasing
trend for larger values of h+, which is in line with the trend manifested by the
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simulation results. This may be again attributed to an ‘inactive motion’ which
causes both the magnitudes of u’+ and w’+ to increase with Reynolds number,
as previously discussed. Moreover, it seems plausible to suggest that an increase
in Reynolds number causes an increase in vortex stretching in the inner region,
thus resulting in a concomitant increase in the vorticity of the hairpin or quasi-
streamwise vortices near the wall, which is subsequently accompanied by an in-
crease in both w’+ and v’+ (not measured). At h+ = 180, w′/U assumes a value of
0.18 at y+ ≈ 1. This value rises to 0.23 at the same y+ for h+ = 390. On the other
hand, the spanwise turbulence intensity at a given y+ for the boundary layer flow
only reveals a barely discernibly weak dependence on increasing Reθ; this may be
attributed to the relatively narrow range of Reθ investigated in this present study.
Overall, the spanwise intensity for the boundary layer flow exhibits a distribution
closer to that for the channel flow at h+ = 390. Unlike the streamwise turbulence
intensity distribution depicted in Fig.(1.35), which shows that u′/U at a particular
h+ (or Reθ) is approximately constant within the viscous sublayer, or at best only
increasing very gradually as y+ decreases, the spanwise intensity distribution pre-
sented in Fig.(1.36) shows that w′/U increases much more rapidly with decreasing
y+.

Spanwise turbulence intensity measurements in the viscous sublayer under-
taken by other researchers utilizing hot-wire anemometry and LDV have also been
reported in the literature, and it would be of interest to compare the present
findings with available results. As previously discussed, Kreplin & Eckelmann
(1979) made measurements in an oil channel using an in-house V hot-film probe.
Their measurements indicated that w′/U registered a maximum value of 0.195 at
y+ ≈ 3.5 and subsequently dropped to 0.065 at the wall. Similar to the trend
borne by the streamwise turbulence intensity, the abrupt drop in the spanwise
turbulence intensity as the wall was approached can be attributed to wall effects
which had not been accounted for nor calibrated away. Our near-wall hot-wire
measurements show the correct trend of w′/U rising as the wall is approached.
Based on the comparison of their u′/U results in the viscous sublayer with those
of Kreplin & Eckelmann, Alfredsson et al. (1988) suggested that the spanwise wall
shear stress turbulence intensity (i.e. applicable at y+ = 0) should be approxi-
mately equal to the maximum value of w′/U in the viscous sublayer obtained by
Kreplin & Eckelmann, which was found to be approximately 0.2. Our spanwise
turbulence intensity results, which range about 0.2 next to the wall, thus affirms
the suggestion put forth by Alfredsson et al.. Near-wall spanwise turbulence in-
tensity measurements have also been attempted by several researchers of late.

Karlsson (1993) employed a two-component Argon-Ion LDV system for mea-
surements in a turbulent boundary layer at Reθ = 2400 and obtained a w′/U
distribution which increased from approximately 0.12 to 0.18 as y+ decreased
from 5 to 1.5. This distribution is of similar trend but lower magnitude compared
to the present boundary layer measurements obtained at higher Reθ. Near-wall
turbulence measurements using a two-component He-Ne LDV system were per-
formed by Durst et al. (1995) in a pipe flow at ReB (based on pipe diameter
and bulk velocity) of 7442, yielding an asymptotic value for w′/U of 0.21 as the
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wall was approached. Fontaine & Deutsch (1995) conducted three-component,
coincident, time resolved LDV measurements in the near-wall region of a pipe
flow at Reθ ≈ 720 and obtained w′/U values in the viscous sublayer which com-
pared favourably to the DNS results of Antonia et al. (1992) and hence with our
experimental results.

1.6.4 Turbulence kinetic energy in the viscous sublayer

Having obtained the streamwise (u’) and spanwise (w’) components of the velocity
fluctuations in the viscous sublayer, it would be interesting to investigate the
behavior of the turbulence kinetic energy (k), where

k = 0.5(u′2 + v′2 + w′2) (1.42)

and v’ is the normal (to the wall) component of the fluctuating velocity. Neglecting
the v’ component in the viscous sublayer has very little effect on the evaluation of
the turbulence kinetic energy k, as v’ is likely to be negligible compared to u’ and
w’ in the viscous sublayer. For example, Finnicum & Hanratty (1985) deduced
the limiting value of v’ in the immediate vicinity of the wall to be v′+ = 0.005y+2,
while Kim et al (1987) deduced a correlation of v′+ = 0.009y+2 from their DNS
results of a channel flow at h+ = 180, with v’ being merely 7% of u’ at y+ ≈ 5,
v’ decreases very rapidly with decreasing y+. Gunther et al. (1998) obtained a
rather similar expression v′+ = 0.012y+2 as y+ → 0 for their DNS of a channel
flow at h+ = 300, with v’ being 8% of u’ at y+ ≈ 5. It may be noted that our
use of the very near-wall hot-wire probe to measure the streamwise and spanwise
turbulence intensities has inherently assumed that v′ << u′ and v′ << w′ in the
viscous sublayer. The fact that our near-wall hot-wire results compare favorably
to those of other researchers obtained using LDV and DNS provides evidence that
this assumption is reasonable and valid in the viscous sublayer.

The distributions of the turbulence kinetic energy normalized using inner vari-
ables, k+ (≡ u′+2 + v′+2 + w′+2) in the viscous sublayer for the channel and
boundary layer flow, neglecting v’, are depicted in Fig.(1.37). The experimental
results for the channel flow at h+ = 180 and 390 are observed to be reasonably
compatible with the simulation results of Kim et al. (1987) and Antonia et al.
(1992). This reaffirms that the neglect of v’+ has little effect in the evaluation of
k+ in the viscous sublayer, especially for y+ � 4. Moreover, the rise in k+ at the
same y+ when h+ is more than doubled is in line with the trend exhibited by the
numerical results. This is not surprising, in view of the rise in u’+ and w’+ for
the same y+ when h+ is increased, which may be attributed to an inactive motion
or increased stretching of the vortices in the wall region, as previously discussed.
Once again, the k+ distribution for the boundary layer flow displays greater in-
variance corresponding to a rise in Reθ, bearing closer similarity to the results for
the channel flow at h+ = 390.

From Fig.(1.37), it is further suggested that, with the exception of the results
for the channel flow at h+ = 180, the values of k+ in the viscous sublayer (y+ �
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Figure 1.37: Distribution of normalized turbulence kinetic energy k+ in the viscous
sublayer.

5) for the boundary layer flow at 2900 � Reθ � 4100 and h+ = 390 for a channel
flow can be correlated well by

k+ = −0.0059y+3 + 0.1081y+2. (1.43)

This correlation should be invaluable to users of the k-ε model in modeling
the behavior of k in the viscous sublayer. Previously, Karlsson (1993) has also
provided a correlation equation of the form k+ = −0.0064y+3 + 0.096y+2 valid
for y+ � 5 for their near-wall LDV measurements in a turbulent boundary layer
based solely on a single flow condition of Reθ = 2400. This relation shows strong
resemblance in characteristics to the equation proposed above except for the coef-
ficients. Similarly, Kim et al.’s (1987) DNS of a channel flow computed at a single
h+ = 180 yields a correlation of k+ = −0.0066y+3 +0.0829y+2 in the viscous sub-
layer; the difference lying only in the coefficients. At a higher h+ of 300, Gunther
et al.’s (1998) DNS results indicate a correlation of k+ ≈ 0.1076y+2 in the viscous
sublayer, the coefficient of y+2 in rather close agreement with ours. Correlations
of this form are vital as they provide an avenue for assessing the ability/validity
of two-equation and second-order near-wall turbulence closures in predicting near-
wall turbulence statistics. Because of the existence of many proposed correlations,
based on experiments or otherwise, it is imperative that accurate data be used
as a basis of comparison ab initio. For example, Patel et al. (1985) used the
correlation k+ = 0.05y+2 based on experimental data available then (these are
near-wall hot-element measurements by Kreplin & Eckelmann, 1979, and others)
to assess the behavior of various previously proposed two-equation turbulence clo-
sures. However, this correlation clearly yields k+ values which are substantially
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lower than presently available DNS and experimental values (see Alfredsson et al.,
1988), and this can lead to incorrect assessment of turbulence models.

1.6.5 The dissipation rate

The full expression for the dissipation rate ε is given by

ε = νui,j(ui,j + uj,i), (1.44)

where ui,j represents the velocity derivative ∂ui/∂xj . However, it should be noted
that it is virtually impossible to measure all the 12 terms which appear on the
right hand side of Eq.(1.44), especially in the near-wall region where wall influence
increasingly dominates generally for all velocity-measuring instruments, including
the hot-wire. The physical presence of the wall also causes problems in maneuver-
ing the instrument to obtain a fine distribution across the usually thin viscous sub-
layer. By assuming the dissipating range of eddy sizes to be statistically isotropic,
the dissipation rate εiso can be substantially simplified to

εiso = 15ν(
∂u

∂x
)2. (1.45)

By further assuming the validity of Taylor’s hypothesis, equation (1.45) becomes

εiso = 15
ν

U2
c

(
∂u

∂t
)2, (1.46)

where Uc is the local convection velocity, which is usually assumed to be equal
to the mean velocity U at the point of measurement. Furthermore, if Eu(k1) is
the spectral density of longitudinal velocity fluctuations, where the wavenumber
k1 = 2πf/Uc,

εiso = 15ν

∞∫
0

k2
1Eu(k1)dk1. (1.47)

Equations (1.46) and (1.47) are two commonly used methods for estimating ε.
Azad & Kassab (1989) employed hot wires of different lengths and diameters in

a boundary layer flow at Reθ ≈ 4200, y/δ = 0.1 and obtained εiso using equations
(1.46) and (1.47). For wires with the same length and diameter, Azad & Kassab
found that the spectra (i.e. Eq.(1.47)) yielded results of εiso that were consistently
higher than those obtained using (∂u/∂t)2 (i.e. Eq.(1.46)) by about 30%. They
attributed the discrepancies to inadequacies in the “calibration of ∂u/∂t, and
other deterministic errors owing to the experimental set-up and the experimenter”.
Their measurements were made in the wall-remote region of y+ � 50. However, in
a separate study conducted by Elsner et al. (1993) in a turbulent channel flow, both
methods were found to yield almost identical values for εiso, thus contradicting
Azad & Kassab’s contention that εiso yielded by spectra are consistently 30%
higher.
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To reconcile this apparent controversy of whether the spectra would yield larger
values of εiso, both methods of evaluating εiso were applied to the present study
of boundary layer flow at Reθ = 3400 for the wall-remote region (as carried out
in Azad & Kassab) and the near-wall region. The spectral density Eu(k1) of
longitudinal velocity fluctuations was obtained using a Fast Fourier Transform
(FFT) algorithm, and the convective velocity Uc was also assumed to be the mean
velocity U at the point of measurement. The distributions of ε+

iso employing these
two methods are plotted on Fig.(1.38). As can be seen from the figure, both
methods of evaluating εiso yield almost identical results throughout the entire
channel flow, even in the very near-wall viscous sublayer and buffer region. In
particular, in the wall-remote region, the concurrence is almost exact.

Figure 1.38: Distribution of normalized isotropic dissipation rate ε+
iso dstribution in

a boundary layer flow at Reθ = 3400 using method 1: εiso = 15ν
∫∞
0

k1E1(k1)dk1

and method 2: εiso = 15ν(∂u/∂t)2/U2
c , with Uc = U .

Similar observations were also obtained for the channel flow at h+ = 180 and
390 as well as the boundary layer flow at other Reθ (not shown), thus substanti-
ating Elsner et al.’s argument that both methods should yield essentially identical
values of εiso. It is conjectured that the persistently higher values of εiso obtained
by Azad & Kassab using the spectra method might be attributed to an excessively
low sampling frequency used and which have inordinate influence on the evalua-
tion, thus rendering (∂u/∂t)2 to be grossly underestimated. However, this cannot
be ascertained, as Azad & Kassab did not explicitly state the sampling frequency
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at which they have acquired their hot-wire data.
It would be of further interest to investigate the effects of using different expres-

sions for the convective velocity Uc. Denoting (εiso)1 as the value of εiso evaluated
by assuming the convective velocity Uc in equation (18) to be the mean velocity at
the point of measurement, U (an approach widely adopted in the literature), the
experimental values of (ε+

iso)1 obtained for the channel flow at h+ = 390 are plot-
ted in Fig.(1.39) together with the true values for ε+ corresponding to the DNS
results of Antonia et al. (1992) for h+ = 395. It is evident that the experimental
and computational results agree well only when

(y+)1,critical � 80. (1.48)

Figure 1.39: Experimental distribution of (ε+
iso)2 and DNS results of ε+ for a

channel flow.

This suggests the validity of assuming Uc to be equal to U and local isotropy
in the evaluation of ε for large values of y+, which is consistent with the widely
accepted notion of local isotropy in a turbulent flow far from the wall (see Hinze,
1975). For low values of y+, since the assumptions of local isotropy and Taylor’s
hypothesis are unlikely to be valid due to flow anisotropy in the strong shear
flow region (where the strain rate is large), increasing discrepancies are observed
between the computational and experimental results.
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Strictly, the assumption that the convective velocity Uc is equal to the mean ve-
locity U at the point of measurement when Taylor’s hypothesis is invoked requires
that the streamwise turbulence intensity be less than about 10% (see Saddoughi
& Veeravalli, 1994, for example), which is clearly violated in the buffer region and
especially in the viscous sublayer, where the streamwise turbulence intensity regis-
ters values as high as 40% (see Section 1.6.3(a)). Johansson et al. (1991) analyzed
the DNS results of Kim et al. (1987) for a channel flow at h+ = 180 using a VISA
technique (the spatial counterpart of the VITA technique) and deduced that the
propagation velocity of the near-wall shear layers was 10.6uτ ± 61.0uτ .

Following the methodology of Kim et al., Xu et al. (1996) conducted a DNS
of a channel flow at h+ = 172 to analyze the origin of high kurtosis levels of the
normal velocity fluctuations in the viscous sublayer. Xu et al. observed that the
high values of the kurtosis were due to extremely rare spatial and temporal events
characterized by spikes in the time series with extremely negative values. These
spikes only appeared in the very near-wall region and were propagated at a velocity
of 10.6uτ ± 0.8uτ , which is strikingly close to the value deduced by Johansson et
al.. It is interesting to note that the propagation velocity of shear layers, pressure
fluctuations and spikes in the viscous sublayer (∼ 10.6uτ ) is larger than the local
mean velocity; this difference increases as the wall is approached. Denoting (εiso)2
as the value of εiso evaluated by assuming the convective velocity Uc in Eq.(1.47)
to be 10.6uτ , the distributions of (ε+

iso)2 [≡ (εiso)2ν/u4
τ )] for the channel flows at

h+ = 180 and 390 are plotted in Fig.(1.40) together with the DNS results of Kim
et al. (1987) for h+ = 180 and Antonia et al. (1992) for h+ = 395; the DNS
results for εiso are obtained without invoking Taylor’s hypothesis.

It can be seen that for both values of h+, within the viscous sublayer and
the inner portion of the buffer region, agreement between the experimental values
of (ε+

iso)2 and the DNS results is fair. However, the experimental results are
consistently greater than the DNS results, this difference increasing as y+ increases,
which is anticipated as the convective velocity is unlikely to remain constant at
10.6uτ further away from the wall. The experimental distribution for (ε+

iso)2 bears
the same trend as the DNS results for

(y+)2,critical � 15, (1.49)

where the local turbulence intensity u′/U exceeds 25%. This suggests the reason-
able assumption made above that Uc = 10.6uτ in the flow region with u′/U > 0.1
where it is no longer valid to accept the conventionally used relationship of Uc = U .
As h+ increases from 180 to 390, the experimental value of (ε+

iso)2 at the same y+

increases, thus reflecting the presence of low Reynolds number effects. It should
also be noted that the convective velocity of 10.6uτ in the very near-wall region
deduced from DNS results is strictly valid and obtained for h+ ≈ 180, and it is
not generally known if this value will change as h+ increases. Experimental meth-
ods of determining the convective velocity have yielded results with marginally
greater magnitudes. Johansson et al. (1987) used the VITA technique and ob-
tained a value of 13uτ for the propagation velocity of near-wall shear layers, while
Schewe (1983) experimentally obtained the propagation velocity of high-amplitude
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Figure 1.40: Experimental distribution of (ε+
iso)1 and DNS results for ε+

iso for a
channel flow at different values of h+.

wall-pressure fluctuations to be approximately 12uτ in a boundary layer flow at
Reθ of 1400. It may be pointed out that if the convective velocity Uc is assumed
to be 13uτ rather than 10.6uτ , even closer agreement is obtained between the
experimental and DNS results (not shown).

It may be of interest to examine how the experimentally obtained (ε+
iso)1 and

(ε+
iso)2 compare with the true values of ε+ obtained from DNS results. The ratios of

(ε+
iso)1/ε+ and (ε+

iso)2/ε+ for the channel flow at h+ = 180 and 390 are presented in
Fig.(1.41). Also depicted in Fig.(1.41) are the DNS results for (ε+

iso)/ε+, denoted
by (ε+

iso)DNS/ε+ which is obtained without invoking Taylor’s hypothesis.
It is evident that within the viscous sublayer and lower portion of the buffer

region, agreement between (ε+
iso)2/ε+ and (ε+

iso)DNS/ε+ is much better than that
between (ε+

iso)1/ε+ and (ε+
iso)DNS/ε+. This reiterates the finding from Fig.(1.40)

that 10.6uτ is a better representation for the convective velocity Uc in the very
near-wall region, as compared to U . In the viscous sublayer, (ε+

iso)1/ε+ ranges from
0.3 to 0.4, this ratio bearing a slight but discernible increasing trend as h+ increases
for the same value of y+. However, the ratios (ε+

iso)2/ε+ and (ε+
iso)DNS/ε+ are

much less than 1 in the very near-wall region. For h+ = 395, the DNS results
reveal that (ε+

iso)DNS/ε+ decreases very rapidly from approximately 0.1 at y+ = 6
to less than 0.01 at y+ = 2. Similarly, the experimental results for h+ = 390 depict
a rapidly declining trend as y+ decreases, with (ε+

iso)2/ε+ decreasing from 0.09 at
y+ = 5.1 to 0.005 at y+ = 1.2. It is thus reasonable to suggest that although
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Figure 1.41: Distribution of εiso/ε for a channel flow at different values of h+,
where (εiso)1, (εiso)2 and (εiso) are used to evaluate εiso for method 1, method 2
and DNS results, respectively.

the assumption of local isotropy per se results in a severe underestimation of
the actual value of ε, the additional assumption of Taylor’s hypothesis with Uc

assumed to be U has fortuitously served to reduce significantly the vast difference
between the experimentally determined value and the actual value of ε. This is
further exemplified by the results of ε obtained by Ligrani & Bradshaw (1987b)
in a turbulent boundary layer at y+ = 17. Taking the near-wall DNS results
of Antonia et al. (1991) at h+ = 395 to be equally applicable to a boundary
layer flow, the DNS results reveal that at y+ = 17, the value of (ε+

iso)DNS/ε+

is approximately 0.3. However, the experimental value of (ε+
iso)2/ε+ obtained by

Ligrani & Bradshaw was substantially higher at 0.55, thus lending support to the
fact that Taylor’s hypothesis (with Uc = U) mitigates, to a certain extent, the
underestimation of ε brought about solely by the assumption of local isotropy.
Further away from the wall, for y+ � 100, the value of (ε+

iso)DNS/ε+ approaches
unity, thus substantiating the validity of local isotropy assumption for large values
of y+. Our experimental results show that the distribution for (ε+

iso)1/ε+ is close
to 1 for y+ � 80, which also reflects the validity of both the assumptions of local
isotropy and Taylor’s hypothesis with Uc = U for large values of y+.

In addition, it should be noted that the value of the dissipation at the wall ε+
w

can be evaluated from the limiting value of the second derivative of the normalized
turbulence kinetic energy k+ with respect to y+ as y+ tends to zero. In fact, the
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expression

εw = ν
∂2k

∂y2

∣∣∣∣
y=0

(1.50)

is often used as a boundary condition for ε in two-equation or second-order turbu-
lence closures. The use of the correlation Eq.(1.43) obtained in Section 1.6.4 thus
yields a value of 0.2162 for ε+

w , which compares favorably to the value of 0.219
obtained by Antonia & Kim (1994) in their DNS of a channel flow at h+ = 395.
Based on the same methodology, Karlsson (1993) deduced a lower value of 0.192
for εw in a turbulent boundary layer (Reθ = 2400) using LDV. The second deriva-
tive of k+ yields values of ε+

w which are more accurate. This can be attributed
to the better accuracy of the measured distribution of k+ and the fact that no
assumptions of local isotropy and Taylor’s hypothesis are made in evaluating ε+

w .
Next, one would like to investigate the slope of ε+ at the wall, since the (usual)
boundary condition imposed at the wall for two-equation and second-order tur-
bulence closures can take the form of ∂ε+

∂y+

∣∣∣
y+=0

= 0 (see Patel et al. (1985), for

example). The present experimental results can be used to establish the validity
of this wall boundary condition. It can further be shown that

∂ε+

∂y+

∣∣∣∣
y+=0

=
2
3

∂3(k+)
∂(y+)3

∣∣∣∣
y+=0

. (1.51)

Based on correlation equation (1.43) , ∂ε+

∂y+

∣∣∣
y+=0

= 4(−0.0059) = −0.0236. This

quantity is in reasonable agreement with the value of –0.0264 obtained by So et
al. (1991). The latter quantity was estimated from available DNS results. One
can observe that the slope of ε+ at the wall is definitely not sufficiently small
and certainly cannot be assumed to be negligible for application as a boundary
condition for ε in turbulence studies, particularly for evaluation of turbulence
closure models. The negative value of the slope of ε+ at the wall indicates that ε
increases as the wall is approached and possibly registers a maximum at the wall.

1.6.6 The convective velocity Uc

Experiments were performed to determine the convective velocities Uc of the
streamwise velocity fluctuations in the boundary layer and channel flows under
investigation. This was achieved by employing 2 hot wires separated by a stream-
wise distance of 9 mm and 10 mm for the boundary layer and channel flows,
respectively. The near-wall hot-wire probe, with the active element placed 50 μm
(corresponding to 2 wall units approximately) above the perspex wall substrate, is
positioned upstream. The downstream wire consists of a DANTEC 55P15 single-
wire probe located 0.35 mm above the wall (corresponding to approximately 13
wall units). The output voltages from the 2 wires are sampled simultaneously, and
the two-point correlation for the streamwise velocity is determined from

Ru1u2(T ) =
u1(t)u2(t + T )

u2
1(t)

, (1.52)
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where u1 and u2 denote the instantaneous fluctuating streamwise velocities at the
upstream and downstream locations, respectively. The time delay between the two
velocities u1 and u2 is denoted by T. Results for the distribution of Ru1u2(T) are
plotted against T+ (≡ Tu2

τ/ν) in Fig.(1.42) for the channel and boundary layer
flows.

Figure 1.42: Distribution of two-point correlation with T+(Tu2
τ/ν).

The time interval (T+)peak = T+
1 corresponding to the peak value of Ru1u2(T)

signifies the time delay for the downstream instantaneous velocity to achieve a
maximum correlation with the upstream instantaneous velocity. This value of T1

and the streamwise separation of the 2 wires are used to evaluate the average
convective velocity Uc of the streamwise velocity fluctuations. This two-point
correlation technique was also employed by Krogstad et al. (1998) to determine the
convective velocities of ejections, sweeps and shear layers in a turbulent boundary
layer at Reθ = 1409. At this point, it is worthy to highlight the relative advantage
of hot-wire anemometry over LDV in determining spatial correlations very close
to the wall. In addition to the costly requirement that two separate laser sources
have to be employed, the extremely low particle count in the very near-wall region
culminates in a low and variable data rate. It is thus not feasible to fix the time
delay between the two LDV signals and the two point correlation as a function
of the time delay Ru1u2(T) cannot be determined in a straightforward fashion for
the purpose of deducing the value of Uc.

The convective velocity Uc is found to be approximately 13uτ for the channel
flow at h+ = 390. For the boundary layer flow, Uc is observed to remain fairly
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constant at 15uτ for the range of Reθ investigated. These values of Uc are percep-
tibly higher than those reported by other researchers in the literature. Johansson
et al.’s (1991) VISA technique yielded a propagation velocity of 10.6uτ ± 1.0uτ

for near-wall shear layers of a channel flow at h+ = 180, whereas Xu et al. (1996)
deduced a coincidentally identical value of 10.6uτ ± 0.8uτ for the propagation ve-
locity of spikes in the very near-wall region based on DNS results of a channel flow
at h+ = 172. Using DNS results for a channel flow at h+ = 180, Kim & Hussain
(1993) found the propagation velocity for the streamwise velocity perturbations
to be virtually constant at 9.6uτ in the viscous sublayer, which coincides with the
convective velocity for the fluctuating streamwise wall shear stress reported by
Jeon et al. (1999) using the same DNS database. The experiments performed in a
turbulent boundary layer flow at Reθ = 1409 by Krogstad et al. (1998) revealed a
convective velocity ranging between 10.6uτ and 12.5uτ for the streamwise velocity
fluctuations in the viscous sublayer at y+ = 5. However, it should be noted that
these reported values for Uc all pertain to low Reynolds number flows. Romano
(1995) conducted two-point measurements of the streamwise velocity using LDV
in a turbulent channel flow for values of h+ ranging between 147 and 300. The
convective velocity obtained at y+ = 20 was found to exhibit an increasing trend
with increasing Reynolds numbers. Unfortunately, Romano did not present any
results for the convective velocity within the viscous sublayer for comparison to
our own. Consistent with the findings of Romano, the marginally higher values
of Uc we have obtained experimentally may be attributed to the higher Reynolds
numbers for the boundary layer and channel flows in which we have performed our
experiments.

Further experiments were performed to investigate the effect of the elevation
of the upstream near-wall hot-wire on Uc. The elevation of the upstream near-
wall hot-wire was varied between 25 and 100 μm (thus maintaining the upstream
wire within the viscous sublayer), with the elevation of the downstream wire held
fixed at 0.35 mm above the wall. Figure 1.43 shows results for Uc using the two-
point correlation technique plotted against the elevation of the upstream near-wall
hot-wire (expressed in wall units).

From Fig.(1.43), it can be clearly seen that under the same flow conditions,
Uc remains fairly constant within the viscous sublayer and does not show any sys-
tematic dependence on y+. Although the local mean velocity U increases linearly
with elevation within the viscous sublayer and is zero at the wall, Uc assumes a
constant value and bears a larger magnitude than U everywhere within the vis-
cous sublayer. This may suggest that streamwise velocity perturbations propagate
like waves in the very near-wall viscous sublayer region. A similar conclusion has
been made by Kim & Hussain (1993), who obtained the streamwise component
of the convective velocity Uc of velocity, vorticity and pressure fluctuations from
the DNS results of a turbulent channel flow at h+ = 180. It was found that Uc

is approximately equal to the local mean velocity for most of the channel, with
the exception of the near-wall region. For y+ < 15, Uc was found to be virtually
constant, thus signifying the wave propagating nature for perturbations of all flow
variables very close to the wall. Krogstad et al. (1998) have also observed that Uc
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Figure 1.43: Convective velocity Uc for different values of y+ in the viscous sub-
layer.

remains almost independent of y+ for values of y+ ranging between 5 and 40. As
reported by Kim & Hussain, in the very near-wall region, streamwise vortices are
temporally very persistent and do not lose their coherence for distances as long
as 1000ν/uτ . The effective vertical mixing due to the presence of these vortices
therefore suggests that the fluid particles very close to the wall are well correlated.
The variation in Uc is thus expected to be negligible in the very near-wall viscous
sublayer region.

It is of further interest to investigate whether the convective velocity Uc de-
duced using the two-point correlation technique is sensitive to the separation dis-
tance between the upstream and downstream probes. The experiments were fur-
ther repeated for probe separation distances (s) of 6 and 12 mm. The upstream
near-wall hot-wire was fixed at a distance of 50 μm from the wall, whilst the down-
stream hot-wire was placed 0.35 mm from the wall in both cases. The results of Uc

for various probe separation distances s+ (in wall units) are plotted in Fig.(1.44)
for the boundary layer and channel flows.

It can be deduced from the figure that for identical flow conditions, Uc does
not exhibit any systematic dependence on the probe separation for the range of
separation distances investigated. The values of Uc derived for small probe sep-
arations are dominated by the small-scale motion and vice versa. The apparent
invariance in Uc with probe separation thus suggests that very near the wall,
events of different scales are probably convected at an almost constant velocity
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Figure 1.44: Convective velocity Uc for various probe separations s+ (in wall units).

for the range of separation distances studied. In our experiments, distances larger
than 12 mm were not used, as the peak value of two-point correlation Ru1u2(T)
defined in Eq.(1.52) becomes too small and the peak in the Ru1u2(T) versus T+

distribution becomes too ill-defined for the time delay T+
1 and hence Uc to be de-

termined accurately. On the other hand, separation distances smaller than 6 mm
were not used, as the time delay T+

1 becomes excessively small, thus culminating
in considerable uncertainty in the determination of Uc. Furthermore, placing the
two probes excessively close to each other may result in probe interference effects,
especially for the downstream wire, which is likely to be influenced by the wake
due to the prongs and the sensing element of the upstream probe.

Krogstad (1998) reported that at y+ = 5, Uc exhibits a very gradual increase
with increasing probe separation, with Uc increasing by 11.5% when the probe sep-
aration distance was increased from 0.08δ to 1.54δ, thus suggesting that large-scale
structures move at higher convective velocities than small-scale events. However,
as mentioned above, when the two probes are placed excessively far apart (espe-
cially for 1.54δ, which corresponds to 930ν/uτ ), it is expected that Uc can only be
determined with increasingly large uncertainty, since the peak value of the two-
point correlation becomes extremely small and the distribution of Ru1u2(T) against
T+ becomes much flatter, with the consequence that the determination of the time
delay T+

1 for which the peak occurs becomes much more ambiguous. The gradual
rise in Uc over such large separation distances in the midst of greater experimen-
tal uncertainty may have suggested the difference in trend observed for Krogstad
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and the present results (obtained for smaller range of separation distance) is not
that significant or contradictory. Kim & Hussain (1993) performed bandpass fil-
tering of DNS data for a turbulent channel flow at h+ = 180 to investigate the
scale-dependence of Uc.

In contrast to Krogstad, Kim & Hussain found that the large-scale events are
convected at lower velocities than the small-scale events, although the variation
turns out to be rather insignificant. However, this observation is inconsistent
with results of Jeon et al. (1999), who obtained the convective velocity of wall
shear stress fluctuations for a turbulent channel flow at the same h+ of 180. Jeon
et al. concluded that in general, large-scale fluctuations tended to have larger
values of Uc as compared to small-scale fluctuations. However, when a overall
convective velocity for the streamwise wall shear stress fluctuations was used to
convert the one-dimensional frequency power spectrum into the streamwise wave-
number power spectrum for the purpose of testing Taylor’s hypothesis, there was
excellent agreement between the streamwise wave-number spectrum using Taylor’s
hypothesis and the actual spectrum.

In conclusion, different researchers have reported conflicting trends for the scale
dependence of Uc corresponding to the streamwise velocity fluctuations in the very
near-wall region. However, the general consensus is that this scale dependence on
Uc is probably very marginal in the very near-wall region, which is reiterated from
our experimental results, showing no systematic dependence of Uc on the probe
separation distance. It is thus logical to assume a single representative or overall
convective velocity for all scales in the very near-wall region. In adopting such an
approach, substantial simplifications can be made in the practical implementation
of Taylor’s hypothesis and turbulence modeling.

1.6.7 The integral time scale

The longitudinal (streamwise) autocorrelation between the values of u(t) at times
t and t + τ1 is defined as

Ru(τ1) = lim
T→∞

1
T

T∫
0

u(t)u(t + τ1)dt (1.53)

and the autocorrelation coefficient function can be subsequently obtained from the
expression

ρu(τ1) = Ru(τ1)/u2. (1.54)

The longitudinal (streamwise) integral time scale is then evaluated using

Tu =

∞∫
0

ρu(τ1)dτ1. (1.55)

The dimensionless integral time-scale T+
u (normalized using inner variables) for the

viscous sublayer of the channel and boundary layer flows is presented in Fig.(1.45).
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Figure 1.45: Longitudinal integral time scale (in wall units) in the viscous sublayer.

It can be seen that for each h+ for the channel flow and Reθ for the boundary
layer flow, T+

u is almost constant within the viscous sublayer. The channel flow
seems to exhibit slightly lower values of T+

u than the boundary layer flow in the
viscous sublayer. The channel flow yields T+

u values close to 15, while perceptibly
higher values close to 18 are obtained for the boundary layer flow. Once again,
it would be of interest to compare the experimental results to those of DNS and
others. However, no such information is available directly in the literature to
the best knowledge of the authors. Kim et al. (1987) presented two-point spatial
correlations in the streamwise direction at y+ = 5.39 for their channel flow DNS at
h+ = 180 and the longitudinal integral length scale at that location was estimated
to be 190ν/uτ . According to Taylor’s hypothesis, the integral length and time-
scales at a particular point are simply related via the convective velocity Uc at
that point. However, as discussed in Section 1.6.5, the conventional procedure of
assuming the convective velocity Uc to be the mean velocity U at the point of
measurement in Taylor’s hypothesis only applies if the turbulence intensity does
not exceed 10%, which is strictly not valid in the viscous sublayer. As mentioned
in Section 1.6.6, Kim & Hussain (1993) used Kim et al.’s (1987) DNS results for
a channel flow at h+ = 180 and found the propagation velocity for the streamwise
velocity perturbations to be virtually constant at 9.6uτ in the viscous sublayer.
If an integral length-scale of 190ν/uτ and a convective or propagation velocity
of 9.6uτ is assumed in the viscous sublayer, the integral time-scale would work
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out to be approximately 20u2
τ/ν, which compares reasonably with the value of

15u2
τ/ν obtained experimentally for the channel flow. Moreover, Spalart (1988)

conducted a DNS of a turbulent boundary layer and commented that near the
wall, a typical time-scale of turbulence is 15u2

τ/ν. This is in reasonable accord
with our experimental findings of T+

u ≈ 18 for boundary layer flows.

1.6.8 Concluding remarks for Section 1.6

Very near-wall velocity measurements were carried out using a specially con-
structed hot-wire probe in both a fully developed turbulent channel flow at h+ =
180 and 390 and flat plate boundary layer flow at Reθ of 2900, 3400 and 4100. The
near-wall hot-wire probe, having been calibrated in a specially constructed laminar
flow calibration rig, was found to be capable of registering the mean velocity profile
and distributions of streamwise and spanwise intensities of turbulence as well as
turbulence kinetic energy k in the viscous sublayer; these distributions comparing
favorably to available DNS results. Low Reynolds number effects were evident for
the channel flow, as manifested by the monotonic increase in the streamwise and
spanwise turbulence intensity as well as the turbulence kinetic energy k for the
same value of y+ when h+ was more than doubled from 180 to 390.

By assuming the validity of Taylor’s hypothesis, the dissipation rate εiso in the
very near-wall viscous sublayer region and beyond was determined by assuming
the dissipating range of eddy sizes to be statistically isotropic. If the convective
velocity Uc in Taylor’s hypothesis was assumed to be equal to the mean velocity U
at the point of measurement, the value of (ε+

iso)1 thus obtained was found to agree
well with that of (ε+)DNS for y+ � 80, hence suggesting the validity of assuming
Uc = U and local isotropy for large values of y+. However, for y+ � 80, (ε+

iso)1
was found to underestimate (ε+)DNS , this discrepancy increasing as y+ decreases.
However, if Uc was assumed to be 10.6uτ , the value of (ε+

iso)2 thus obtained was
found to compare reasonably well to the distribution of (ε+

iso)DNS for y+ � 15,
thus suggesting the reasonable assumption that Uc = 10.6uτ in the viscous sublayer
and inner part of the buffer region, where the local streamwise turbulence intensity
grossly exceeds 10% and it is no longer valid to assume Uc = U .

On the other hand, experiments performed to determine the convective velocity
Uc of the streamwise velocity fluctuations in the viscous sublayer yielded values
of 13uτ and 15uτ respectively for the channel flow at h+ = 390 and the boundary
layer flows under investigation. It was also found that the value of Uc remains fairly
constant within the viscous sublayer and does not show any systematic dependence
on y+, thus suggesting that streamwise velocity perturbations propagate like waves
in the very near-wall viscous sublayer region. Uc was also found to be relatively
independent of the separation distance between the two hot-wire probes, thus
implying that it is reasonable to assume a single representative or overall convective
velocity for all scales in the very near-wall region, which leads to tremendous
simplifications in the application of Taylor’s hypothesis and turbulence modelling.
Finally, the dimensionless integral time scale T+

u for the viscous sublayer of the
channel and boundary layer flows worked out to be 15 and 18, respectively; these
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values are in reasonable agreement with those deduced from DNS.
Further discourse on this Section 1.6 can be found in Khoo et al. (2000, 2001).

1.7 Overall concluding summary

Experiments using the electronic square-wave voltage perturbation test (Section
1.4.1) were systematically performed for the first time to evaluate the response
frequency (fS) of near-wall hot wires. In addition, two commercially available
flush-mounted wall shear stress gauges were tested. At a fixed wire height above
the wall substrate, an increase in the convective velocity leads to an increase in
fS . For a hot-wire exposed to a constant convective velocity, fS increases with
decreasing heights from the wall substrate. This is also equivalent to a decreasing
h+ with increasing effect of wall influence, hence suggesting that fS improves with
greater wall effects. A hot-wire mounted at the same height h = 50 μm above a
thermally more conducting Aluminium wall substrate exhibits a higher value of fS
compared to its counterpart above a Perspex wall substrate under similar operating
conditions. These findings strongly suggest that fS increases with increasing heat
transfer from the wire, regardless of whether it is due to forced/natural convection
or effects of wall influence.

For a flush-mounted hot-wire, an increase in the imposed wall shear stress
yields a corresponding increase in fS . The value of fS (with and without “tail”)
for the DANTEC 55R45 wall shear stress gauge is consistently higher than that
for the 55R46 gauge, hence indicating the better frequency response of the 55R45
gauge.

Results of the frequency response according to square-wave voltage perturba-
tion tests (fS) were then compared to those obtained using velocity perturbation
tests (fD) in Section 1.3.1 and Section 1.3.2. Although fS and fD show similar
trends for the near-wall hot- wire and hot-film probes, fS is consistently greater
than fD. The magnitudes of fS and fDare vastly different, being an order of mag-
nitude for the marginally-elevated and flush-mounted hot wires. For the hot-film
wall shear stress probes, this (ratio) difference is up to five orders of magnitude
(without “tail”) and three orders of magnitude (with “tail”). From a user’s point
of view, however, the dynamic frequency response (fD) should serve as a more
accurate indicator of the overall frequency response of the hot-wire/film system,
since fD signifies the onset of amplitude attenuation when the hot-wire/film is
subjected to direct velocity or shear stress perturbations. The large differences
in magnitude between fS and fD show that the square-wave voltage perturbation
test may not be all-sufficient in establishing the response frequency of a near-wall
hot-wire or flush-mounted hot-film shear stress probes.

Separately, the cutoff frequency of the anemometer yielded by the sine-wave
test (fsine) in Section 1.4.2 was found to be in fair agreement and to exhibit the
same trends as results obtained using the traditional electronic square-wave voltage
perturbation test (fS). For the hot-film gauges, fsine obtained for the DANTEC
55R45 gauge was consistently higher that those for its 55R46 counterpart under
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identical conditions of overheat ratio and wall shear stress (τ). For both gauges,
an increase in overheat ratio resulted in a rise in fsine, whereas variations in τ for
the same overheat ratio did not seem to have cast any effect. For the marginally-
elevated hot-wire probes, an increase in the convective velocity (V) leads to an
increase in fsine when the wire is either kept at a fixed physical distance or at
the same y+ above the wall substrate. When V is held constant, a decrease in
y+ signifying increased wall influence culminates in larger values of fsine. These
results suggest that fsine increases with increasing heat transfer from the wire,
regardless of whether it is due to forced convection or effects of wall influence. For
the flush-mounted hot-wire wall shear stress sensor, an increase in the imposed τ
results in a corresponding increase in fsine.

Apart from yielding the cutoff frequency of the anemometer, the sine-wave test
is also capable of indicating the flatness of the frequency response over a limited
frequency range and detect the presence of any amplitude attenuation which arises
as a result of the attenuation of heat waves to the surrounding wall substrate at
high frequencies. A significant bulging effect appears in the sine-wave test re-
sponse curves for the hot-film wall shear stress probes. A causality relationship
fbulge ≈ 20fD was observed for the hot-film gauges, where fbulge and fD denote the
frequency characterizing the bulging effect and the dynamic frequency response
respectively. Compared to fS (and fsine) which is five orders of magnitude greater
than fD, fbulge provides a much better indicator or proxy for predicting fD. It is
to be realized that in the application of the hot-film wall shear stress gauges to
measure fluctuating shear stress in a turbulent flow, it is the lower dynamic re-
sponse frequency fD which sets an upper limit to the overall responsiveness of the
gauge. For the flush-mounted and marginally-elevated hot-wire sensors, a very
slight bulging effect was also observed in the 0.8 to 4 kHz range, which corre-
sponds much more closely to the values of fD. This is contrasted to fS , which is
typically one order of magnitude larger than fD. The frequencies fbulge and fD
can be related by the causality relationship fbulge ∼fD for the near-wall hot-wire
probes. It must be noted that the lower magnitude fD is the critical frequency
ultimately determining the responsiveness of the near-wall hot-wire probe to fluc-
tuating velocities expected in a turbulent flow. Therefore, it is suggested that
instead of relying solely on the square-wave test, users of near-wall hot-wire or
hot-film anemometers who do not have access to dynamic perturbation testing
facilities should perform a sine-wave test to detect the presence of any amplitude
attenuation for frequencies (fbulge) below the cutoff frequency.

Very near-wall velocity measurements were carried out using a specially con-
structed hot-wire probe in both a fully developed turbulent channel flow at h+ =
180 and 390 and flat plate boundary layer flow at Reθ of 2900, 3400 and 4100.
Further by assuming the validity of Taylor’s hypothesis, the dissipation rate εiso in
the very near-wall viscous sublayer region and beyond was determined by assuming
the dissipating range of eddy sizes to be statistically isotropic. If the convective
velocity Uc in Taylor’s hypothesis was assumed to be equal to the mean velocity
U at the point of measurement, the value of (ε+

iso)1 thus obtained was found to
agree well with that of (ε+)DNS for y+ � 80, hence suggesting the validity of
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assuming Uc = U and local isotropy for large values of y+. However, for y+ � 80,
(ε+

iso)1 was found to underestimate (ε+)DNS , this discrepancy increasing as y+

decreases
Finally, experiments performed to determine the convective velocity Uc of the

streamwise velocity fluctuations in the viscous sublayer yielded values of 13uτ and
15uτ respectively for the channel flow at h+ = 390 and the boundary layer flows
under investigation. It was also found that the value of Uc remains fairly constant
within the viscous sublayer and does not show any systematic dependence on y+,
thus suggesting that streamwise velocity perturbations propagate like waves in
the very near-wall viscous sublayer region. Uc was also found to be relatively
independent of the separation distance between the two hot-wire probes, thus
implying that it is reasonable to assume a single representative or overall convective
velocity for all scales in the very near-wall region, which leads to tremendous
simplifications in the application of Taylor’s hypothesis and turbulence modelling.
The dimensionless integral time scale T+

u for the viscous sublayer of the channel
and boundary layer flows worked out to be 15 and 18, respectively; these values
are in reasonable agreement with those deduced from DNS.
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