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Abstract

This paper describes an experimental study of heat transfer in oscillating flow inside a cylindrical tube. Profiles of

temperature are taken inside the wall and in the fluid from an instrumented test rig, in different conditions of oscillating

flow. Profiles obtained allow the observation of the wall effect on heat transfer. A method using the inverse heat con-

duction principle allows the characterization of local heat transfers at the fluid–solid interface. Finally, a comparison

between global and local approaches of heat transfer shows the difficulty of defining a dimensionless heat flux density to

model local heat transfer in oscillating flow.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the processes of heat and mass trans-

port in oscillatory flow is a topic of interest for many

applications ranging from tidal estuaries [1] and novel

heat exchangers [2] to the field of pulmonary physiology

[3]. Notably, flow through heat exchangers tubes of Stir-

ling engines is oscillatory. In these engines, the tempera-

ture of the working fluid is submitted to hard periodic

variations essentially due to cyclic variations of the pres-

sure [4]. To more adequately predict the engine perfor-

mance, it is necessary to have models of local heat

transfer between oscillatory flow and the wall of heat ex-
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changer. Indeed, the flow frequency is such that a quasi-

stationary approach is not acceptable [5]. So, several

studies have been initiated to better understand the nat-

ure of oscillatory flows and the effect of the flow oscilla-

tion on fluid mechanics and heat transfer in Stirling

engines heat exchangers [5,6].

Concerning fluid mechanics, there is a lot of studies

about transition from laminar flow to turbulence which

allowed the elaboration of the well known Glimp�s
Diagram [6,7]. However, concerning heat transfer,

studies are more sparce and most of them consider

the wall temperature of heat exchangers as a constant

[8–10].

In this paper, we report results of an experimental

investigation, carried out in the Laboratoire de Thermo-

cinétique, dealing with heat transfer in oscillating flow

with a time mean velocity of zero. The pipe geometry

is circular. The test rig used has been designed to pro-

duce oscillating flow conditions found in most Stirling

engines in term of characteristics parameters such as

the Reynolds number based on the amplitude of the

bulk mean velocity Remax, the dimensionless frequency
ed.
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Nomenclature

Ar =2xm,max/Lt amplitude of fluid displacement

Dt internal diameter of the tube, m

eW wall thickness of the tube, m

f frequency, Hz

k heat conductivity, W/m K

Lt tube length, m

Nu Nusselt number

Remax =um,maxDt/m, Reynolds number based on the

amplitude of the bulk mean velocity

Rex ¼ xD2
t =4m dimensionless frequency

Rt tube radius, m

r radial coordinate in fluid from the fluid/solid

interface, m

t times, s

T temperature, K

Tb bulk temperature, K

Tw wall temperature, K

u(T) uncertainty on temperature T

um,max amplitude of bulk mean velocity, m/s

x radial location in tube wall, m

x1 =206.3 lm in tube wall from the interface

solid/fluid

x2 =405.2 lm in tube wall from the interface

solid/fluid

x3 =624.6 lm in tube wall from the interface

solid/fluid

Y Fourier transform

Greek symbols

ds experimental skin thickness, m

ds,theo theoretical skin thickness, m

/ heat flux density, W/m2

/ref heat flux density used as reference, W/m2

/* =///ref, dimensionless heat flux density

j heat diffusivity, m2/s

m kinematic viscosity, m2/s

x angular velocity, rad/s

w phase shift, rad

Subscripts

ext referred to external wall of the tube

f referred to fluid

s referred to solid

p permanent

u unsteady

0 at the fluid–solid interface

A temporal mean of the quantity A

1 referred to location x1
2 referred to location x2
3 referred to location x3
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Rex and the amplitude of fluid displacement Ar. The

pipe wall is heated and flow entries are cooled.

We describe what we call ‘‘a parietal captor’’, which

is in fact a micro-instrumentation in the thickness of the

tube wall which allows to determine surface heat flux

and wall temperature. We also present a mobile probe

in the fluid, used to measure instantaneous temperature

profiles at mid-length of the test section at several radial

positions.

These measurements should allow us to better under-

stand heat transfer in oscillatory flows and to verify the

hypothesis which consists of considering the wall tem-

perature as a constant. Results should show if temporal

variations of wall temperature are effectively negligible

with respect to those found in the fluid. Nevertheless,

they should allow us to characterize local heat transfer

at the fluid–solid interface and to observe the effect of

the wall on heat transfer.

In the first part, we describe the test rig and its asso-

ciated instrumentation. In the second part, we present

temperatures profiles in the wall. In the third part, we

propose a method of characterization of local heat

transfer. Finally, we open a discussion about the dimen-

sionless heat flux density in oscillatory flow.
2. Experimental apparatus

2.1. Description of the test rig

The test section is a circular tube made of stainless

steel, 5.7 m long, of 48.3 mm ext. dia., with a thickness

of 3.2 mm. At its extremities, the tube is connected to

a convergent linked to an heat exchanger. Air is cooled

by water maintained at a controlled temperature. The

flow delivery section is connected to the heat exchangers

with flexible tubes.

The drive assembly generates oscillating flow of air

with a time averaged velocity of zero in the test sec-

tion. It is made of two coupled scotch-yokes linked

to a flywheel of 600 mm dia., with a mass of 80 kg,

on which we can adjust five different strokes. Each

scotch-yoke drives two pistons of 260 mm dia. The fly-

wheel is driven by a motoreductor of 49 rpm linked

with pulleys. The pulleys agency allows us to vary

the dimensionless frequency Rex. Finally, with this

mechanical device, we can obtain the working domain

of the rig in terms of Remax and Rex, represented in

Fig. 1, by connecting one, two, three or four pistons

to the test section.



Fig. 1. Working domain of the test rig.
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In this paper, we present results of measurements

taken at mid-length of the test section, where the flow

is hydrodynamically developed [5]. For the thermal mea-

sures, there is an electric band heater of 76 cm long

wrapped around the tube, at mid-length of the test sec-

tion [11]. Heat is evacuated by heat exchangers at the

extremities of the test section (see Fig. 2).

2.2. Thermal instrumentation

A mobile probe, built at the laboratory, is provided

with a thermocouple of 12 lm, tightened between two

thin tubes, taken sufficiently far away from each other

in order to avoid edges effects [12]. We sealed two thin
Fig. 2. Test rig
metallic needles on the tubes to detect wall by electric

contact. The characteristics of the sensor has been stud-

ied in [11]. In the domain of 1000 < Remax < 2 · 104, its

response time is less than 2 · 10�2 s. For higher values of

Remax, it is less than 5 · 10�3 s. This probe can approach

the wall up to 185 lm with an uncertainty of 3 lm. Ra-

dial profiles of instantaneous fluid temperature are taken

by moving the probe along the tube radius by means of a

micrometric screw (0–50 mm ± 0.005 mm).

Moreover a micro-thermal instrumentation inside

one element of the tube was realized by the laboratory.

This element with its instrumentation is called ‘‘parietal

sensor’’ because it allows us to determine instantaneous

flux and temperature at the fluid–solid interface. This

element is cut up in the tube and worked in order to in-

sert 3 micro-thermocouples at different radial positions,

then replaced and sealed on the tube. All the cuts are

made in planes parallel to the heat flux direction, so that

the thermal field is not disturbed. Chromel and alumel

wires of 25 lm diameter which constitute these micro-

thermocouples are disposed and sealed in the axial direc-

tion of the tube perpendicularly to the direction of heat

flux. Their micro-junctions are soldered in the thickness

of the tube wall, perpendicularly to the radius, near the

fluid–solid interface. The nearest position, x1 is at

206.3 lm from the fluid–solid interface, the second posi-

tion, x2 at 405.2 lm and the third position, x3 at

624.6 lm. A farther thermocouple of 80 lm diameter is

soldered on the external face of the tube. By using in-

verse heat conduction methods [13], this ‘‘parietal sen-

sor’’ allows us to determine instantaneous heat flux

density and temperature at the solid–fluid interface.

Due to the noise level, the uncertainty on all temper-

ature measurements is estimated to u(T) = 0.075 �C [11].
assembly.



Fig. 3. Superposition of analytical profiles (lines) and experi-

mental profiles (symbols) of velocity every 30� of phase angle.
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2.3. Validation of the test rig

In order to verify the validity of the drive assembly,

we measured radial velocity profiles, at mid-length of

the test section, by replacing the middle part of the tube

by a Plexiglas tube of the same length. The test section

has been seeded by smog and measures are taken every

30� crank angle with the aid of a photoelectric detector,

in hydrodynamically developed flow conditions [11]. In

Fig. 3, we superimpose the analytical solution, obtained

by the resolution of the conservative equation of move-

ment [14–16] in laminar oscillatory flow. We verify that

the flow is purely sinusoidal and axisymmetric [11,17].

In conditions of transition of oscillating flow, we ob-

served a laminar flow during flow accelerations and a

turbulent flow during flow decelerations, in the same

oscillation cycle. From our experimental measures, we

cannot propose a theoretical model that would take into

account the intermittent appearance of the turbulence. It

is a difficult problem that we cannot address at present.

The transition is studied with more details in [18] where

no accurate transition criterion is proposed.
3. Influence of the metallic wall on heat transfer

3.1. Validation of the measures in the wall

In this second part of our work, we imposed a con-

stant heat flux density, /ext, at the external wall of the

tube whereas the flow is periodic in the tube.

For cases characterized by small Reynolds number

Remax and dimensionless frequency Rex, amplitudes of

temperature variations were too small to be detected

[8]. For other cases, like (Remax = 160163,Rex = 144.15),
measures translated real physics phenomena since they

allow us to find values of the skin thickness ds in good

agreement with the theoretical values ds;theo ¼
ffiffiffiffiffi
2js
x

q
. In

the cases where eW � ds,theo and eW � Rt, considering

that the wall excitation frequency corresponds to twice

the frequency of the piston motion, the wall is submitted

to an excitation like

T ¼ T 0 cosðxtÞ ð1Þ

with x = 2p(2fp) where fp is the frequency of the piston

motion. The temperature signal can be written as

follows:

T ðxi; tÞ ¼ A0e
�xi
ds cos xt � xi

ds
� w

� �
ð2Þ

where xi is the radial distance from the fluid–solid inter-

face. From properties of Fourier transform, we can

write, for a location xi:

j Y i j¼ A0e
�xi
ds and angleðY iÞ ¼ xt � xi

ds
� w ð3Þ

Temperature signals at locations xi and xj are obtained

by measurement, Yi and Yj are their Fourier transforms.

The experimental skin thickness ds can be computed by

two methods at each location xi. Either from the

expression

j Y j j
j Y i j

¼ e
xi�xj
ds ð4Þ

which leads to ds1 and ds2 in Table 1, or from the

expression

angleðY jÞ � angleðY iÞ ¼
xi � xj
ds

ð5Þ

which leads to ds3 and ds4 in Table 1, where the theoret-

ical skin thickness ds,theo computed by taking a heat dif-

fusivity js equal to 3.97 · 10�6 m2 s�1 [19] for stainless

steel. Considering the precision of measures for signifi-

cant cases considered in Table 1, there is a relative good

agreement with experimental and theoretical values of

skin thicknesses.

3.2. Importance of temperature oscillations in the wall

In Fig. 4, we present the temperature evolution in the

wall at 206.3 lm from the fluid–solid interface. We ob-

serve that the oscillation magnitude of temperature is

about 0.1 K. The case considered here corresponds to

a turbulent flow which is characterized by a dimension-

less frequency and a Reynolds number among the high-

est of our experimental conditions [11]. This result

confirms the usual hypothesis of neglecting temperature

oscillations in the wall (see Section 1). Nevertheless, our

instrumentation allowed us to detect them and to ob-

serve instantaneous local heat transfers at the solid–fluid

interface.



Table 1

Comparison between analytical and experimental skin thicknesses

Remax = 97,605, Rex = 241.6 Remax = 160,163, Rex = 144.15 Remax = 205,445, Rex = 92.45

ds;theo ¼
ffiffiffiffiffi
2js
x

q
(mm) 0.69 0.90 1.10

ds1 (mm) 0.65 0.78 0.85

ds2 (mm) 0.78 1.00 1.10

ds3 (mm) 0.73 0.67 0.95

ds4 (mm) 0.77 0.81 1.10

Fig. 4. Temperature evolution in the wall at 206.3 lm from the

interface.
Fig. 6. Temperature signals in the fluid.
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3.3. Influence of the wall on heat transfers

In Figs. 5 and 6, we represent Fourier�s transforms of

temperature measures at several radial positions, in the

wall (Fig. 5) and in the fluid (Fig. 6), in the same exper-

imental conditions as these in Fig. 4. We observe that

predominant frequencies are not the same in the wall

and in the fluid. Indeed, in the fluid, at the different ra-
Fig. 5. Temperature signals in the wall.
dial locations observed, the most important frequency of

the temperature evolution is twice the piston motion fre-

quency (fp). This ‘‘double frequency’’ reflects the two

sweepings of fluid in one oscillation cycle [11]. In the

wall, for the case considered, the piston motion fre-

quency is predominant, whereas this frequency is barely

detectable in fluid. From other experimental conditions

studied [11], we observed that this phenomena is accen-

tuated for cases characterized by the highest Remax and

Rex. The wall behaves like a low pass filter with respect

to the thermal sollicitation imposed by the heated oscil-

lating flow.
4. Local heat transfer

4.1. Methodology

For some of our experimental conditions (high Remax

and Rex), we observe high temperature variations near

the wall (Fig. 7). These cases are characterized by wall

temperature and wall heat flux highly unsteady near

the fluid–solid interface. For these cases, it is impossible

to characterize local heat transfer by assuming constant

wall temperature and wall heat flux. In order to precisely



Fig. 8. Comparison between analytical solution and measured

data in the wall at 624.6 lm from the interface.

Fig. 7. All temperatures signals measured in the fluid.
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determine local heat transfers, we apply inverse heat

conduction principles on our measured temperatures.

From measures of instantaneous temperature in the wall

and from the analytical solution which gives the temper-

ature evolution inside the wall, we determine the wall

temperature and the wall heat flux at the fluid–solid

interface as follows.

Knowing that eW � Rt, the conduction equation in

the wall can be written as follows:

o2

ox2
T sðx; tÞ ¼

1

js

o

ot
T sðx; tÞ ð6Þ

The solution can be written as follows:

T sðx; tÞ ¼ T spðxÞ þ T suðx; tÞ ð7Þ

with

T spðxÞ ¼
T s1 � T s2

x1 � x2

� �
ðx1 � x2Þ þ T s1 ð8Þ

and with a2k ¼
i2pfk
js

T suðx; tÞ ¼
X
k

Ake
�ak x þ Bke

ak xð Þei2pfk t ð9Þ

From the Fourier�s transforms Y1 and Y2 of the tem-

perature signals measured at the locations x1 and x2
respectively, we can write:

Ak ¼ Y 1e
ak x1 � Bke

2x1ak ð10Þ

Bk ¼
Y 2 � Y 1e

akðx1�x2Þ

eak x2 � eak ð2x1�x2Þ
ð11Þ

With this solution, we can determine the temperature at

every location x in the wall.

In Fig. 8, in order to validate the methodology, we

superpose the analytical solution in solid line with the

measured signal in dashed line at the location

x3 = 624.6 lm. Considering the very low signal ampli-
tude with respect to the noise level (0.075 �C) [11], the
agreement between these curves is quite acceptable.

4.2. Wall temperature at the fluid–solid interface

From the analytical solution (Eq. 8), we obtain the

wall temperature at the solid–fluid interface (x = 0). In

Fig. 9, we plot this analytical solution together with

the three measured temperature signals in the wall.

Since thermocouples inserted in the wall are set up at

very small distances from the wall (x1 = 206 lm), uncer-

tainties on extrapolated temperatures are quite close to

the measure uncertainty at x1(u(T1)) = 0.075 �C). For

example, for the case considered in Fig. 9, we have

Rex = 144.15 which leads to a theoretical skin thickness

ds = 0.90 mm (Table 1). The uncertainty on the ampli-

tude of the surface temperature oscillations is thus:



Fig. 10. Evolutions of the wall heat flux calculated by two

methods.

Fig. 9. Temperature signals in the wall and at the interface

(solid line).
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uðT 0Þ ffi e
x1
dsuðT 1Þ ffi 1:26uðT 1Þ ð12Þ

We have thus u(T0) < 0.1 �C. With this result, we can see

the interest and originality of the parietal sensor.

4.3. Wall heat flux density

4.3.1. First method: determination from measures in the

wall

The unsteady component of the wall heat flux density

is obtained by derivation of the analytical solution of

temperature Tsu(x, t), such as:

/sðx; tÞ ¼ /sp � ks
X
k

�akAke
�ak x þ akBke

akxð Þei2pfk t

ð13Þ

where /sp is the permanent component of the wall heat

flux imposed at the external surface by the heater band.

The value of this expression in x = 0, /s0, gives the wall

heat flux density at the fluid–solid interface, obtained

from temperature measures in the wall.

4.3.2. Second method: determination from the measures in

the fluid

The wall heat flux is computed from the wall temper-

ature at x = 0, Ts0, and the fluid temperature at the ra-

dial location Dr = 0.185 · 10�3 m from the interface,

Tf1. From these temperatures, heat flux density can be

approached by the linearized expression:

/f0 ¼ kf
ðT s0 � T f1Þ

Dr
¼ /fp0 þ /fu0 ð14Þ

For the case characterized in Fig. 10, the evolution of

the wall heat flux given by the first method is drawn in

solid line whereas the dashed line corresponds to the

wall heat flux obtained from the measure of fluid tem-

perature taken at 185 ± 3 lm from the interface. This
comparison allowed us to test the validity of the deter-

mination method which uses measures of fluid tempera-

ture exclusively, as used by some authors [10].

Theoretically, the permanent composant (/fp0) of

wall heat flux obtained from fluid temperature and the

approximate equation (Eq. (14)) should have a value

slightly lower than the one of the permanent composant

of wall heat flux (/sp0) obtained from the more accurate

inverse method and wall temperatures. (In fact, at the

fluid–solid interface, these values should be strictly equal

but the approximate value of fluid temperature deriva-

tive in the boundary layer is lower than the true one at

the fluid–solid interface). Regarding the permanent com-

ponents of the wall heat flux (/fp0 and /sp0) in Fig. 10,

this is effectively the case here.

Concerning the unsteady evolutions, they are not in

agreement. The distance from the wall (0.185 mm) is

probably too high. The fluid is not at rest in this

area and there is a convective exchange of heat added

to the conductive exchange. In our case, the second

method does not allow the estimation of unsteady vari-

ations of the wall heat flux at the interface. So, the first

method gives a value of heat flux density closer to the

true value.

Concerning wall heat flux computed from the first

method (from wall temperature), we observe negative

values for some angles, such as around 30� and 210�.
It means that, at these local times, there is inversion of

the wall heat flux direction: The direction of heat trans-

fer is reversed twice in an oscillation cycle.
5. Dimensionless heat flux

The usual way to characterize heat transfer phenom-

ena is to refer to the Nusselt number defined as follows:



Fig. 11. Evolution of the local dimensions heat flux density.
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Nu ¼ /Dt

kfðT w � T bÞ
ð15Þ

where Tb is the bulk temperature such as

T b ¼
R Rt

0
uðx; r; tÞT fðx; r; tÞrdrR Rt

0
uðx; r; tÞrdr

ð16Þ

where u(r,x, t) is the instantaneous fluid velocity in the

tube. Two problems arise when trying to describe oscil-

lating flow heat transfer with this traditional approach.

The first problem comes up from the use of the bulk

temperature in the definition. Indeed, in the case of oscil-

lating flow the bulk temperature takes infinite values

twice a cycle [11]. To avoid this problem, we replace this

bulk temperature by the instantaneous temperature

averaged over the tube section Tm, such as:

Tm ¼ 2

R2
t

Z Rt

0

rT ðr; tÞdr ð17Þ

In order to characterize local heat transfer, this cross-

averaged temperature should be adequate [11].

The second problem deals with terminology. As the

heat transfer can suffer direction changes during the

cycle, the usual denomination of Nusselt number may

be not appropriate. It seems more suitable to define a

dimensionless heat flux instead of a classical Nusselt

number.

So, defining an arbitrary reference heat flux density

by

/ref ¼
kf
Dt

ðT w � T mÞ ð18Þ

we introduce the dimensionless heat flux density /* by

the following relationship:

/� ¼ /
/ref

¼ /Dt

kfðT w � TmÞ
ð19Þ

The dimensionless heat flux density /* has the same

mathematical form as the usual Nusselt number.

We can now compare dimensionless heat flux densi-

ties obtained either from local temperature and wall heat

flux at the fluid–solid interface or from external wall

temperature and wall heat flux supplied by the heater

band at the external wall.

5.1. Local dimensionless heat transfer

From the wall heat flux and the wall temperature at

the fluid–solid interface, taking (Tw = Ts0), we can define

the local dimensionless heat flux density /�
s0 as follows:

/�
s0 ¼

/s0Dt

kfðT s0 � T mÞ
¼ /s0

/ref

ð20Þ

In order to avoid negative values of this dimensionless

heat flux twice in an oscillation cycle, we used a complex

formulation [20,21]. This formulation is meaningful
since it gives not only the magnitude of the heat transfer

but also an information about the phase shift between

the wall heat flux /s0 and the temperature difference

(Ts0 � Tm).

For the case considered in Fig. 11, we observe the ab-

sence of symmetry between both halves of the oscillation

cycle. This observation is tied up with that of Section

3.3: frequency corresponding to the piston movement

is predominant in the wall and this phenomenon influ-

ences heat transfer at the interface. By comparison be-

tween Figs. 10 and 11, we can see that evolutions of

the dimensionless heat flux and wall heat flux have the

same predominant frequencies.
5.2. Overall dimensionless heat transfer

Considering heat exchange between the external sur-

face of the tube where heat is generated by the band hea-

ter and the fluid inside the tube, taking wall heat flux

(/ext) and temperature (Ts,ext = Tw) constant on the

external wall, the expression of the overall dimensionless

heat flux density /�
ext becomes:

/�
ext ¼

/extDt

kfðT s;ext � T mÞ
¼ /ext

/ref

ð21Þ

By using the complex formulation, we obtained the

curves shown in Fig. 12. In this case, the evolution of

the overall dimensionless heat flux density is directly re-

lated to the cross-averaged temperature Tm since /ext

and Ts,ext are constant. This formulation leads to a sym-

metrical evolution since we use fluid temperature

measures.

Local and overall dimensionless heat flux density /�
s0

and /�
ext have very different evolutions. Their maxima

are not at the same moments in the oscillation cycle

and the amplitude variations of the local dimensionless



Fig. 12. Evolution of the global dimensionless heat flux density.
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heat flux are more important than those of the overall

dimensionless heat flux.

It is clear that these dimensionless heat flux defini-

tions appear to be inadequate in oscillating flow and a

deepest analysis is needed to propose a more appropri-

ate formulation allowing to better characterize instanta-

neous heat transfer in this type of flow.

Other studies dealing with heat transfer in oscillating

flow do not have the same objectives as ours. Some of

them determine a space–time averaged Nusselt number

[9] in another domain of dimensionless frequency and

tidal displacement or impose a constant temperature at

the exterior wall [8]. Other studies impose another tem-

poral signal to the pressure [2] or determine a length-

averaged and a cycle-averaged local Nusselt number in

porous media [22]. In these conditions, we cannot com-

pare our results with those from other works because

presently available published results do not give details

on instantaneous local heat transfer or use other bound-

ary conditions.
6. Conclusion

We built an instrumented test rig which allowed us to

study heat transfer in oscillating flow. The generated

flow is purely oscillatory because we observe a good

agreement between velocity profiles measured by laser

Doppler anemometry and theoretical ones, in laminar

flow.

Magnitudes of signals measured inside the wall, near

the fluid–solid interface, are small but reliable. In fact,

we find a good agreement between experimental and the-

oretical skin thicknesses. Temperature measurements

allow us to verify that the hypothesis of neglecting tem-

perature oscillations in the wall is acceptable since we

detect variations of 0.1 K in cases characterized by the
highest Remax and Rex in our experimental conditions.

Nevertheless, we are able to use them to observe the wall

effect on heat transfers and to characterize local heat

transfer at the interface by using heat conduction inverse

methods. We show that fundamental frequencies are not

the same in the wall and in the fluid, as if the wall acts

like a low pass filter on the fluid temperature signal.

The determination of the heat flux by using wall tem-

peratures exclusively or fluid temperatures measured

near the interface leads to different results. The location

of the thermocouple in the fluid is too far from the inter-

face and we cannot consider the fluid at rest at 185 lm
from the interface, in the conditions of flow considered

here.

Differences found between the overall and local

dimensionless heat flux density raise the question of

the usefulness of a quantity which would, in oscillating

flow conditions, play the same role as the Nusselt num-

ber in more usual conditions.
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