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Abstract

The ‘transient’ response of the heat transfer coefficient is investigated in turbulent and relaminarising, unsteady
flow. We find that the response to sinusoidal perturbations collapse on a single parameter, o', and we use this
scaling to develop an empirical model for predicting the response to non-sinusoidal changes. The model works well
under fully turbulent conditions but fails when the flow relaminarises. We find no evidence of any mechanism that
would lead to heat transfer enhancement over and beyond a quasi-steady effect. On the contrary, relaminarisation
appears to decrease the average heat transfer in some unsteady flows. © 2000 Published by Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Heat transfer in unsteady pipe flow is a feature of a
variety of engineering devices. Better understanding of
the mechanisms could assist with the design of such
practically important devices as automotive engines
and pulse combustors [1,2]. Furthermore, it has been
suggested that flow unsteadiness could increase the
effectiveness of heat exchangers [3,4]. Better under-
standing would help to evaluate the usefulness of
unsteadiness as a performance enhancement mechan-
ism.

Previous studies have sought to determine whether
the average heat transfer is enhanced, reduced or
entirely unaffected by flow unsteadiness. It seems that
there is little effect when the amplitude of the unsteady
component is small compared to the average flow rate
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[5-7]. However, when the amplitude is sufficiently large
for flow reversal to occur, the enhancement has been
reported to be both less [6,8] and more [2,8] than that
predicted from a simple quasi-steady model. By mak-
ing time resolved measurements of the transient heat
transfer in unsteady flow we gain some insight into the
mechanisms that cause the change. That is the basis of
the work reported here.

Transient heat transfer is interesting not only for the
understanding it gives us of the mean heat transfer
problem but also in its own right, where it might find
application, for example, in the design of inlet mani-
folds in automotive engines [9,10]. The quantity of
interest is the unsteady heat flux at the wall, which
depends on the variation of the heat transfer coefficient
and of the bulk temperature. These two variables have
very different characteristics; the heat transfer coef-
ficient is essentially a local parameter that depends
mainly on the flow conditions while the bulk tempera-
ture depends on the entire thermal history of the flow

0017-9310/00/$ - see front matter © 2000 Published by Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(99)00305-1



3198 A.R. Barker, J.E. Ffowes Williams | Int. J. Heat Mass Transfer 43 (2000) 3197-3207

Nomenclature
a constant in Eq. (3)
h heat transfer coefficient

j(@™)  scaled time domain model for the response
of the heat transfer coefficient

J(w™) scaled frequency domain model for the re-
sponse of the heat transfer coefficient

Nu Nusselt number

Pr Prandtl number

q heat flux

R radius

Re Reynolds number
So Stokes number

t time

rt scaled time, tu2/v
Ig scaled time constant
T temperature

Uy friction velocity, 4/t/p
U bulk velocity

Greek symbols

parameter in Eq. (5)
v kinematic viscosity
p density
T shear stress
¢ phase
w angular frequency

wt scaled frequency parameter, wv/u?

*

Subscripts

b bulk quantity
c centreline

w wall

Character modifiers

- time mean part

deterministic unsteady part

+ non-dimensional quantity

() ensemble average

| absolute value or complex modulus

[11,12]. We will concentrate on the heat transfer coef-
ficient.

Initially, we consider the effect of small sinusoidal
oscillations superimposed on an otherwise steady, fully
turbulent flow. Arguably this flow is too simplistic for
our results to find direct application in real devices but
it is a useful starting point to investigate scales and
behaviour. We present experimental measurements of
the variation of the heat transfer coefficient and discuss
the processes responsible. Many unsteady flows of
practical interest (such as those in automotive systems
or the human body) do not vary sinusoidally. In an
attempt to analyse such flows, we develop a linear
model that predicts the variation of the heat transfer
coefficient, for an arbitrary wave shape. To test the
model we investigate the response of the heat transfer
coefficient to small step changes of the flow rate and to
brief pulses of slightly increased flow. In these exper-
iments, we see evidence of a secondary transient heat
transfer phenomenon, directly correlated to changes of
the pressure gradient. This has the counter-intuitive
effect of causing the heat flux to fall in response to a
velocity increase. Finally, we examine the process of
relaminarisation, which affects both the predictions of
the transient model and the mean heat flux.

2. Experimental rig

The flow we investigated was of air through a 38
mm diameter, 1.5 m long steel pipe with 6.35 mm wall

thickness. The pipe was heated with resistance wire
wrapped in a spiral fashion around it, with sufficiently
fine pitch for the heat to be well diffused at the inner
wall. A centrifugal fan generated a steady airflow,
which was measured using a laminar flow meter at the
fan inlet. The steady flow Reynolds number could be
varied up to approximately 40,000. A mechanical filter
and a trip ring were located just before the heated
length to clean the air of impurities that could have
affected the transducers and to ensure that the flow
was fully turbulent at low Reynolds numbers.

A number of transducers were mounted in short
removable length of pipe located at the pipe exit. This
test section is illustrated in Fig. 1. It was constructed
in two halves so it could be removed easily to modify
or repair the transducers. Care was taken to ensure
that the joint between the test section and the main
pipe was smooth, so as not to disrupt the flow. This
section was heated separately from the main length,
with short lengths of heater wire soldered to the out-
side of the pipe. The two heaters were controlled inde-
pendently, wusing proportional integral differential
controllers. The wall temperatures at the test section
and near the exit of the main heated length, were both
set to approximately 80°C.

The velocity and temperature were measured using a
hot-wire anemometer and a cold-wire resistance ther-
mometer, respectively. The hot-wire signal was cor-
rected to account for the air temperature variation at
the post-processing stage. Both probes could be tra-
versed over the pipe radius but for the experiments we
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A. pipe, B. upper half, C. lower half, D. HFM-7 heat
flux sensor, E. insert, F. lock nut, G. hot & cold-wire

probe, H. probe holder, 1. probe traversing device,

J. heater wire

Fig. 1. Exploded view of the test section, showing the mount-
ing of the heat flux sensor and the hot- and cold-wire probe.

describe here, only centreline measurements were
made. The cold-wire was calibrated in position using a
thermocouple. The absolute accuracy of the calibration
was estimated to be correct to within a degree. The
hot-wire was also calibrated in situ using the laminar
flow meter. This was in turn calibrated using an orifice
plate and a domestic gas flow meter. The difficulties of
making measurements in heated flow meant that the
uncertainty in the flow rate measurements is appreci-
able; perhaps as high as +15%. However, the relative
variation of the velocity and temperature are more im-
portant to us than their absolute values so the uncer-
tainty in both measurements is considered acceptable.
The frequency response of the hot- and cold-wire
transducers were found to be approximately 2.5 and 2
kHz, respectively. While this response rate was no
doubt too low to fully capture the spectrum of the tur-
bulent fluctuations it was considerably greater than the
frequency of the cyclic variation being measured (30

il

A. centrifugal fan, B. laminar flow meter. C. ball
valve, D. plastic tank, E. silicon rubber sleeve, F. un-
heated length, G. filter and trip ring, H. heated pipe,
I. test section, J. connecting hose, K. control valves,

L. reciprocating pump, M. electric motor

Fig. 2. Configuration of the rig used to generate sinusoidal
flow rate variation.

Hz with up to three harmonics in some cases). Conse-
quently, we are confident of the accuracy of the phase-
averaged results and additionally were able to get a
fair impression of low frequency, turbulent fluctu-
ations.

The heat flux at the wall was measured with a sensor
based on the well-known principle of finding the tem-
perature difference over a known thermal resistance.
Our transducer (an HFM-7 micro-sensor manufactured
by Vatell corporation [13]) is usual in that the response
is much faster than most other commercial sensors.
The sensor is manufactured using a thin film sputtering
technique and is less than 2 microns thick. The manu-
facturer quotes a response time of 6 ps (167 kHz) and
a sensitivity of approximately 170 pV/(W/cm?). The
frequency response of the amplifier was considerably
lower than this (approximately 2 kHz) so the overall
response of this system was comparable to the hot and
cold-wire sensors. The manufacturers calibration of the
heat flux sensor was checked by ensuring that the pre-
dictions of well-known design correlations [14,15]
could be reproduced in steady flow. The sensor also in-
corporated a resistance thermometer that we used to
measure the wall temperature. A specially made insert
was used to mount the sensor in the pipe wall and
ensure that the surface around the sensor blended
smoothly with the pipe wall.

All data signals were converted using a 12-bit ana-
logue to digital card and logged using a personal com-
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a/q

0.6

Fig. 3. Typical waveforms of the phase averaged centreline
velocity and the heat flux at the wall.

puter. Further details about all aspects of the rig can
be found in Ref. [12].

2.1. Experiments with sinusoidal oscillations

The flow circuit between the centrifugal fan and the
heated pipe varied, depending on the unsteady flow
considered. The configuration used to create sinusoidal
variation is sketched in Fig. 2. The flow rate of the
steady component was controlled with a ball valve
located at the exit of the centrifugal fan and oscil-
lations were generated using a reciprocating pump
joined to the main pipe by a connecting hose. The
pump was constructed using two cylinders of a 1.6 1
automobile engine, driven with an electric motor. The
frequency ranged from 0.5 to 30 Hz. The amplitude
was controlled using two valves, one in the connecting
hose and one discharging to the atmosphere. A large
plastic tank located in the main line smoothed out
higher harmonics of the waveform ensuring that the
variation of the flow rate was close to sinusoidal. Fig. 3
shows a typical phase averaged waveform for both the
velocity and heat flux. The tank was connected to the
steel pipe with a silicon rubber sleeve to ensure that vi-
brations from the pump were not transmitted to the
test section.

A. centrifugal fan, B. laminar flow meter. C. con-
trol valves, D. shutter valve, E. pneumatic actuator,
F. unheated length, G. filter and trip ring, H. heated
pipe, I. test section

Fig. 4. Configuration of the rig used to generate step changes
and brief increases of the flow rate.

2.2. Experiments with sudden changes

The configuration used to generate step and pulsed
changes of the flow rate is illustrated in Fig. 4. The
flow from the fan was split into two parallel branches.
A pneumatic valve in one of the branches could be
opened, closed or opened and immediately closed
again to increase, decrease or briefly increase the flow
rate, respectively. Two further valves, one in each
branch, gave control over the initial flow rate and the
magnitude of the velocity change.

3. Response to sinusoidal perturbations

In our initial experiments the time-mean Reynolds
number ranged from 8,000 to 30,000, the frequency
from 0.5 to 30 Hz and the amplitude of the oscillatory
component of the bulk velocity from 8% to 20% of
the steady component. In this parameter range the
flow stayed fully turbulent throughout the unsteady
cycle. The sampling time was dictated by the resolution
required when the results were transformed to the fre-
quency domain. The length of the samples was limited
primarily by the storage and processing capabilities of
our computer. The sampling frequency, 120 Hz, was
too low to resolve the turbulent fluctuations but fast
enough to resolve the regular unsteady component.
At a minimum the fundamental and the second harmo-
nic were resolved. As the signals were very close to
sinusoidal in these experiments the signal content
aliased from higher harmonics was negligible. Between
three and ten repetitions were made at each flow
condition.

3.1. Effect on the mean heat transfer

The effect on the mean heat transfer was determined
by comparing the heat flux in steady flow to that in
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Fig. 5. The relationship between velocity and heat transfer
coefficient variation in sinusoidally perturbed flow, scaled
with the Stokes number.

runs with oscillations. In the parameter range of these
experiments, the oscillations had no measurable effect
on the average heat transfer, in line with the findings
of other studies of heat transfer in similar flows [5-7].
Quantities such as the time-mean Reynolds stresses,
velocity profile and wall shear stress have also been
found unaffected by sinusoidal perturbations of a fully
turbulent flow [16-18], so it would have been a sur-
prise if the average heat flux was modified. However,
this conclusion only holds for a limited parameter
range; as we will see, the mean heat transfer is altered
when the oscillation amplitude is increased.

3.2. Measurements of the transient response

The transient response is described by presenting the
results in the form of a linear transfer function
between the relative variation of the bulk velocity,
U/U, and the heat transfer coefficient, /4/h. The ratio
of these two quantities has both a magnitude and a
phase, which we wish to determine as functions of fre-

=270
0 0.025

0 Re = 30 000, o Re = 18 000, A Re = 13 500,
x Re =10 500, + Re = 8 000

Fig. 6. The relationship between velocity and heat transfer
coefficient variation in sinusoidally perturbed flow, scaled
with o™,

quency and mean flow rate. Our assumption of linear-
ity, which requires that an increased oscillation
amplitude causes a proportional increase of the vari-
ation of the heat transfer coefficient, was found to be a
good one in the limited amplitude range of these ex-
periments.

As the heat transfer coefficient, defined as
h = q(Tw — Ty), cannot be measured directly, determin-
ing h/h requires that the variation of both the bulk
temperature and the heat flux is known (the thermal
inertia of the wall is large, so the wall temperature
does not change significantly during the cycle). Unlike
the velocity, however, the phase and magnitude of the
temperature oscillations vary considerably with radius
[12] so it is not straightforward to estimate the vari-
ation of the bulk temperature from the centreline
measurement alone. It might have been possible to
determine the bulk temperature variation by making
measurements across the entire radius of the pipe,
however, this would have involved a prohibitive
increase in the experiments required for each flow con-



3202 A.R. Barker, J.E. Ffowes Williams | Int. J. Heat Mass Transfer 43 (2000) 3197-3207

dition. Fortunately, the relative temperature variation
was found to be no more than a quarter of the relative
variation of the heat flux, and usually much less [12],
so as a first approximation, we neglected the variation
of the bulk temperature and assumed /1/h~ q/q.

One frequency parameter commonly used to charac-
terise unsteady flow is the Stokes number, So =
R/w/v. We plot our data against the Stokes number
in Fig. 5. From the phase plot, it is evident that the
heat transfer coefficient lags the velocity by an increas-
ing amount as the frequency increases and as the flow
rate falls. In some cases the phase lag is as great as
180° implying that the heat transfer coefficient is at a
maximum when the velocity is at it lowest, and vice
versa. It is difficult to distinguish clear trends from the
magnitude plot, as the collapse of data on this fre-
quency parameter is poor.

Recently, a number of investigators have favoured
the use of the scaled frequency, w* = wv/u? to charac-
terise sinusoidally perturbed, turbulent flow [17,18].
They argue that this parameter has particular physical
meaning as it relates the turbulent nature of the steady
component, characterised by the thickness of the vis-
cous sub-layer, to the thickness of an oscillatory shear
wave penetrating into the flow. It can be used to con-
solidate data from studies of pipe, channel and bound-
ary layer flows, and also to collapse data gathered at
different flow rates [17,18].

The collapse of our own data on this frequency par-
ameter is demonstrated in Fig. 6. The collapse of the
phase curve is good, leaving only a slight effect of the
flow rate. At very low w' the magnitude appears to
collapse around a value of 0.8. There is also reasonable
collapse at high frequency where the magnitude of the
variation is very small. We discuss below reasons for
the scatter in the magnitude plot at intermediate fre-
quencies, and the curve fit through the data.

3.3. The response mechanism

It is convenient to think of the velocity profile as
being composed from the superposition of the profile
of a steady flow at the mean Reynolds number and the
profile of an oscillating component. For this model to
be useful, we require that the oscillating component
does not interact with the steady component but this
assumption seems to be well supported by evidence
that the mean velocity profile, shear stress and turbu-
lence intensity are unaffected by perturbations in the
parameter range of our experiments [16,17].

In the presence of an oscillating pressure gradient
the slow moving fluid near the wall reacts relatively
more than the more energetic core region. Conse-
quently, the variation of the bulk flow rate is felt at
the wall first and at the centreline last, giving the effect
of a wave propagating from the wall into the flow. The

resulting modification to the turbulence and velocity
profiles gives rise to the modulation of the heat trans-
fer coefficient. There appears to be reasonable agree-
ment as to the shape of the unsteady velocity profile
set up by this shear wave [16,17]. With o+ <0.002 the
combined velocity profile is approximately quasi-
steady. As the frequency increases, the shear wave
does not propagate as far into the flow and when
@t 20.025 the unsteady component of the velocity
causes a ‘quasi-laminar’ shear layer to be set up within
the viscous sub-layer near the wall [16,18]. Although
we propose to use this illustrative model to explain the
behaviour, we observe in our experiments, we do not
suppose that there will always be well defined modu-
lation of the turbulence, velocity profile or other flow
characteristics during the course of a single period. In
any single cycle, the turbulent fluctuations can bury
the underlying order implied by the shear wave model.
The assumed linearity of our model, therefore, does
not apply within a cycle but rather to ensemble aver-
aged quantities. We will return to this point, and illus-
trate it, when we consider the response to step
changes.
At very low frequencies the magnitude of

h/h
U/U

appears to be concentrated around a value of 0.8 and
the velocity and the heat transfer coefficient are in
phase. In the quasi-steady case, we expect the Dittus—
Boelter correlation,

Nu = 0.023Re%8 Pr04, 1)

will be approximately true at any particular instant so
that A(f)a U(t)o's. For small perturbations about a mean
value this relationship can be linearised to get
h/h = O.SU/U, so the magnitude in the low frequency
limit seems to be approximately that predicted by
simple quasi-steady theory.

At high frequencies the oscillatory shear is contained
in a thin viscous layer near the wall, so the unsteady
velocity does not modulate the turbulence production.
This limit is approached as w' nears 0.025, with the
result that the magnitude of the heat transfer coef-
ficient variation falls. The scatter in the phase plot
increases as it becomes harder to make a coherent
measurement.

At intermediate frequencies, the behaviour is charac-
terised by the lag of the heat transfer coefficient behind
the velocity. As the lag results from the time taken for
the shear wave to propagate from the wall to the tur-
bulence producing regions, we expect it to depend on
the thickness of the viscous sub-layer. This, in turn,
depends on the mean flow rate, explaining the different
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slopes of the phase curves in Fig. 5. When the data are
scaled with o™ the flow rate dependence is incorpor-
ated into the frequency parameter, presumably
accounting for the collapse of the phase curves in
Fig. 6. At low frequencies, however, the shear wave set
up by the flow oscillations extends over the radius of
the pipe. In this respect, the radius, rather than a near
wall length scale, might be the most appropriate length
scale with which to collapse the data. We expect, there-
fore, that the collapse of data on w™, which contains a
near wall length scale, becomes worse as ™ gets smal-
ler. This might explain the scatter in the magnitude
plot at intermediate w*. Brereton and Mankbadi [17]
observed a similar increase in scatter at low o™ for
shear stress variation.

4. Response to non-sinusoidal velocity changes
4.1. Time domain model

To make predictions of transient heat transfer in
unsteady flow with non-sinusoidal waveforms, we
would like to develop a simple empirical transfer func-
tion that describes the experimental results. The model
we choose must capture the effect of varying the mean
flow rate and the frequency. Of course a linear model
incorporates the effect of amplitude variation directly.
In Fig. 5, where the data is scaled on the Stokes num-
ber, the shape of the transfer function clearly depends
on the flow rate. When the data are scaled on o™,
however, the phase relationship is almost independent
of the flow rate. Furthermore, the magnitude of the
transfer function appears to be almost independent of
the flow rate in the high, and very low, frequency
limit. Consequently, despite our observation that the
magnitude does depend slightly on the flow rate at in-
termediate frequencies, we will try to express the re-
lationship between the velocity and heat transfer
coefficient purely as a function of w™.

For w'<0.015, the phase relationship in Fig. 6 is
approximately linear. Beyond this value the magnitude
of the response is small, so we believe that it is accep-
table to model the phase relationship as linear at all
frequencies. The slope of the line is taken to be

o
da)_+ == I,; == 270, (2)

with ¢ measured in radians. The fit chosen for the
magnitude response should fulfil a number of require-
ments.

e The curve fit must provide a reasonable approxi-
mation to the data in Fig. 6, tending to 0.8 at low
frequencies and falling to zero at around o' =
0.025.
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Fig. 7. The impulse response of the empirical model for the
response of the heat transfer coefficient to velocity changes.

e An increase in velocity leads to an increase in heat
flux, while a velocity decrease will cause a heat flux
reduction. Consequently, the impulse response must
be causal and positive.

e The frequency and the time domain models should
be smooth and continuous.

e It would be desirable for the frequency domain
model, and its transform in the time domain, to
have simple analytical forms.

One function that comes close to meeting all of these
requirements is

+ ittt
Jo") = O.SH(ﬂ>cos ante 3)
n

where I1(x) is defined

1 1
1 for — - <x< =
(x) = or —5 <x<3 @)

0 otherwise

We have no theoretical reason for selecting this func-
tion. It is proposed only as a convenient empirical fit
to the experimental data. Other than the time delay, t;F
the only empirical constant required is a, for which we
find a suitable value is 67. This empirical model, Eq.
(3), is the solid line plotted in Fig. 6. The impulse re-
sponse of the model is
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Fig. 8. The turbulent fluctuations of the heat flux disguise the
underlying response to the step change in the flow rate.

) = sinc(ff + 1) + 2 sinc f§ + sinc(f — 1)

10a ©)

where

sin 7Tx

sinc x =
X

The shape of the impulse response is plotted in Fig. 7.
The model is not strictly causal, nor is it always posi-
tive. However, it comes close to meeting both of these
requirements.

4.2. Signal to noise characteristics of the heat flux

Before discussing the next series of experiments, we
touch on the relative strengths of the turbulent com-
ponent and the deterministic change of both the vel-
ocity and the heat flux. We have proposed the model
of a shear wave travelling from the wall, modifying the
turbulence and hence the heat transfer coefficient. The
results presented shortly suggest that the underlying
order implied by this model does indeed exist. How-

7
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(=)
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0 02 0.4 0.6

t (s)

Fig. 9. The deterministic response of the heat flux to a step
change in the flow rate.

ever, this organised behaviour can easily be disguised
by turbulent variation and it is only after the averaging
process that it becomes evident. Experiments with step
changes in the flow rate illustrate this point well, so we
take this opportunity to present an example.

Fig. 8 shows typical traces of the centreline velocity
and heat flux signals from one of our tests. The bulk
flow rate undergoes a downward step approximately
halfway through the time sequence shown. The vel-
ocity change is visible despite the turbulent variation,
however, it is not clear from just one ensemble that the
heat flux is at all affected. We found that at least 800,
and in some cases up to 5000 ensembles were required
to observe a systematic response of the heat flux to the
velocity change.

4.3. Response to step and pulse-like changes

Fig. 9 shows the trend after approximately 3000
instances of the type of time series shown in Fig. 8 are
averaged. Clearly, the velocity drop results in a sys-
tematic decrease in heat flux, but comparison of the
vertical scales on the heat flux plots in Figs. 8 and 9
shows the fall to be almost an order of magnitude
smaller than the size of the turbulent fluctuations. To
model the transient response, the velocity is normalised
by dividing through by its mean value, convolved with
the scaled time domain representation of our modelled
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Fig. 10. The deterministic response of the heat flux to brief increases in the flow rate.

transfer function (Eq. (5)) and then multiplied by the
average heat flux. The heavier line in Fig. 9 shows the
resulting prediction. In this case, the model proved to
be a fair predictor of the transient response and the
quality of the model fit is typical of our other exper-
iments with step changes.

The velocity change also appears to be associated
with a second transient effect. At the time of the valve
closure a pressure wave travelled along the pipe caus-
ing a sharp downward velocity ‘spike’. This seems to
correspond to an equally sharp, upward change in the
heat flux. This counter-intuitive result could be
reversed; an upward velocity ‘spike’ caused a down-
ward change of the heat flux. Further investigation of
this effect showed it to be highly correlated with the
pressure variation and that it occurred in laminar, as
well as turbulent, flow [12]. It appears that the pressure
wave associated with the flow changes interacts with
the boundary layer in some way to cause a radial com-
ponent of velocity. This temporarily thickens or thins
the thermal boundary layer at the pipe wall, decreasing
or increasing the temperature gradient at the wall.
Further discussion of this effect can be found in Ref.
[12].

The second test of our linear model was a series of
experiments to find the response of the heat transfer to
brief increases of an otherwise steady flow rate. The
impulse response of a linear system can be found by
exciting the system with a unit impulse and observing
the resulting output. Our tests were intended to re-
semble this procedure but obviously, the pulse of flow
has a finite duration in these experiments.

The analysis was similar to that described for tests
with steps and once again, a large number of instances

were required to extract the systematic response of the
heat flux. Fig. 10 shows results from three runs,
demonstrating a progression as the Reynolds number
increases. In each case, there is a delay between the
peak of the velocity and the peak of the heat flux but
this delay is reduced, and the response sharpened, as
the flow rate increases. At high flow rates the model
appears to perform a reasonable job of predicting the
delay, shape and magnitude of the response but it does
not do so well at lower Reynolds numbers. The transi-
ent response associated with the pressure wave appears
to be relatively more significant and the response of
the heat transfer coefficient is less well defined at the
lower flow rates.

5. Effects of relaminarisation

In the experiments described so far the flow
remained fully turbulent throughout the unsteady cycle
or event. However, it has been shown that unsteady
flow can relaminarise even when the instantaneous
Reynolds number is well above the critical value for
steady flow [19-21], so it is useful to consider whether
relaminarisation has any impact on the behaviour we
have described.

5.1. Transient behaviour

The effects of larger oscillations are shown in a pro-
gression displayed in Fig. 11. In this series of exper-
iments the frequency of a sinusoidal oscillation is fixed
at approximately 3 Hz (w'~0.003), the mean Rey-
nolds number is 10,500 and the relative amplitude is
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Fig. 11. The effects of the progression towards relaminarisation as the amplitude increases.

increased in steps from around 10% to approximately
80%. We were concerned that the larger oscillations
might have led to flow reversal in an annular region at
the pipe walls, such behaviour having been reported
with relative amplitudes as low as 64% [18]. Fortu-
nately, flow reversal was very easy to detect in these
experiments. Cold air drawn backward into the tube at
times of flow reversal caused an increase in heat trans-
fer at the pipe wall, clearly distinguishable from any
increase caused by a change in flow conditions by both
the suddenness and magnitude of the change. If the
amplitude increased beyond 80% flow reversal
occurred limiting the range of these experiments.

The two upper subfigures for each amplitude illus-
trate typical one second sequences of the velocity and
heat flux variation. The lower plot shows the ensemble
averaged, cyclic variation of the heat flux (solid line)
and the modelled prediction (dashed line).

At small amplitudes, the character appears similar
to that of a steady turbulent flow. The turbulent fluc-
tuations have approximately the same magnitude
throughout the cycle and the underlying order to the
heat flux behaviour only becomes clear after ensemble
averaging. With increased amplitude the turbulent fluc-
tuations become noticeably stronger during decelera-
tion and weaker during acceleration. The modulation
of the heat flux also becomes more apparent. When
the amplitude is increased still further, the heat flux
undergoes a dramatic increase and decrease during the
cycle. This behaviour appears to be consistent with the

patterns of relaminarisation and retransition observed
in a number of previous studies of similar unsteady
flows [19-21] and so we believe this to be the cause of
the variation in heat flux. However, two alternative ex-
planations of the observed behaviour were also con-
sidered. Flow reversal has been discussed above and
was discounted for the reasons given. Variation of the
bulk temperature, caused by variation of the residence
time in the pipe, was also observed but the heat flux
changes appear to reflect neither the magnitude nor
the phase of the air temperature changes. Assuming
that relaminarisation is indeed the cause of the be-
havior seen in these experiments, as we believe, it is
not surprising that our empirical model fails to capture
this non-linear behaviour.

5.2. Effect on the mean heat transfer

It is interesting to consider the effect of relaminarisa-
tion on the mean heat flux. In the first three cases
shown in Fig. 11 the mean heat flux varies by only a
few percent; an amount that could easily be attributed
to experimental error. However, in the final case,
where the relaminarisation effect is strong, the average
heat flux dropped by about 20%. This is significant
enough drop for us to conclude that relaminarisation
can cause an appreciable reduction of the average heat
transfer. In flow with strong reversals it is possible to
maintain fully laminar flow throughout the unsteady
cycle [19,21] so these results indicate a mechanism by
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which heat transfer could be reduced below the quasi-
steady level.

6. Conclusions

In a limited parameter range, we have shown that
the transient response of the heat transfer coefficient
can be modelled with a linear relation to unsteady vel-
ocity changes. When the frequency is scaled into the
Stokes number, the shape of the transfer function
depends on the flow rate. In turbulent flow an alterna-
tive frequency parameter, w" relates the thickness of
the unsteady shear layer to the viscous sub-layer
characteristic of a steady turbulent flow. The shape of
the transfer function is almost independent of the flow
rate when plotted against this parameter.

The assumption of linearity enables us to treat non-
sinusoidal waveforms by utilising an empirical curve fit
to the transfer function for sinusoidal variation. We
find the time domain transform for this empirical
model and predict the response of the heat transfer
coefficient by convolving this impulse response with an
arbitrary velocity signal. The model makes fair predic-
tions for cases where the velocity undergoes a step
change or briefly increases. However, the systematic re-
sponse is much less than the random variation caused
by turbulent motions, so the underlying order implied
by our model is only evident after averaging.

Our linear model fails when the flow begins to re-
laminarise during the course of the unsteady cycle.
Relaminarisation appears to be responsible for a re-
duction in the time-mean heat transfer in at least one
of our tests. It seems likely that relaminarisation will
decrease convective heat transfer in some cases of
unsteady flow pipe flow.
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