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1. Introduction

The performance of heat exchangers is highly dependent on the
convective heat transfer between the walls and the fluids. The
development and the design of these devices usually rely on
empirical correlations, but also need precise measurements
enabling validation. Infrared (IR) thermography is a reliable and
non-invasive technique for such measurements.

IR measurement of convective heat transfer usually involves
steady state heating and the measurement of external tempera-
tures used as boundary conditions to solve an inverse heat con-
duction problem [1e5]. Transient techniques are also efficient
experimental methods to measure convective heat flux under
transient conditions [6e8]. The subject of the present study is the
IR thermography methodology based on periodic temperature
fluctuations to evaluate convective heat transfer coefficients.

Variants of this method, first developed by Hausen [9], are based
on the measurement of phase shift and temperature amplitude, or
the temperature amplitude ratio. These variants can be classified in
enry), denis.leducq@irstea.fr
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four categories, depending on the configuration and the benchmark
used to measure phase shift and temperature amplitude.

In the case of a fluid inside a tube, the first option consists in
measuring phase shift and temperature amplitude at the outlet of
the tube, using the temperature at the tube inlet as a reference. A
second option is to measure the wall temperature using the fluid
temperature as a reference. The third and fourthmethods consist in
measuring heat transfer on a surface heated by a laser device. For
the third method, the phase shift and the temperature amplitude
are measured over the surface considering the impact location of
the laser as the reference. The fourth and last option is to measure
the phase shift between the wall temperature and the heat source
signal.

The first variant of the method can be illustrated by the inves-
tigation of Roetzel [10], who proposed to assess the convection heat
transfer coefficient in tubes based on periodic oscillations of water
flow temperature. The oscillation was generated by mixing hot and
cold fluids passing through a rotary valve. The local heat transfer
coefficient was deduced from a comparison of the fluid and thewall
temperature oscillations. Two quantities were considered: the
phase shift and the amplitude ratio between the two temperatures
measured. A comparison with the values obtained using Hausen’s
equation [11] confirmed the reliability of the method.

The encouraging results provided by the application of the
method to a tube led Roetzel et al. [12] to apply a similar method,



developed in Roetzel et al. [13], to characterize the transfer co-
efficients and dispersion in plate heat exchangers. Water was used
as working fluid. A steady state method, already proven, was also
applied for the sole purpose of comparison for the heat transfer
measurement. Temperature oscillation was measured at the inlet
and the outlet of the exchanger. The phase shift between these two
temperatures and the ratio of the amplitude were used. A mathe-
matical model expresses the amplitude and the phase shift to the
distribution of residence time in the exchanger and the heat
transfer such that:

qthðPe;NTUÞ � qexp ¼ 0
4thðPe;NTUÞ � 4exp ¼ 0 (1)

where 4 is the phase shift and q the temperature amplitude. The
results showed a good agreement between the two methods for
low Reynolds numbers. However, for higher Reynolds numbers, the
results obtainedwith the transient technique appeared to be higher
than those obtained with the steady-state method. Two possible
explanations for this difference were proposed. Firstly, for a high
Reynolds number, the period used for the transient method was
comparable with the time interval of the pneumatic valves and the
flow fluctuation effect. Secondly, the steady state method did not
take dispersion into account.

Recently, Freund and Kabelac [14] developed a three-
dimensional model which allows a rapid assessment of the distri-
bution of heat transfer coefficients. The heat transfer coefficients
are deduced from the phase shift between the heat source, usually a
laser, and the temperature response of the wall. Freund et al. [15]
and Freund and Kabelac [16] then applied this method in order to
measure the distribution of convection coefficients on a plate
cooled by jet impingement of air on one hand, and on the surface of
a plate heat exchanger on the other hand. They obtained encour-
aging results, but specified that their model could not be trans-
posed to shapes that are more complex than cylinders and plates.

As noted by Freund [17], heat transfer estimation requires ac-
curate measurement of the phase shift between heat flux and
temperature response. This implies using hardware that enables
the time interval between heat flux and temperature measurement
to be precisely determined. Without such equipment and in order
to avoid errors due to synchronisation of the device, temperature
oscillation measurement is not sufficient to determine the heat
transfer coefficient.

The previous studies are summarized in Table 1. The present
study focuses on the IR measurement of the convective heat
transfer coefficients of water in a horizontal pipe using temperature
oscillations. Heating was generated here by Joule effect in order to
maximize the accuracy of the measurement. The parameter
considered for the evaluation of the heat transfer coefficient was
the temperature amplitude measured on the outside wall by IR
Table 1
Summary of the review of the literature.

Author Heat source Temperature measured Measurement

Roetzel [10] Exchangers Fluid temperature
Wall temperature

Thermocoupl

Roetzel et al. [12] Exchangers Inlet an outlet fluid
temperature

Thermocoupl

Freund and Kabelac [14] Laser Wall temperature Infrared therm
Freund et al. [15] Laser Wall temperature Infrared therm
Freund and Kabelac [16] Laser Wall temperature Infrared therm

Present work Joule effect Wall temperature Infrared therm
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thermography. A heat transfer model of the system was developed
in order to correlate these two quantities. This method was suc-
cessfully used to evaluate convective heat transfer coefficients in a
horizontal tube and was then compared to a method in which
continuous heating was applied.
2. Measurement principle

The measuring technique was applied in order to evaluate the
heat transfer coefficients between water and the inlet wall of a
cylinder. The pipe was heated by Joule effect with periodic excita-
tion. The heat fluxwasmeasured with an ammeter and a voltmeter,
and the oscillation of the external surface temperature of the tube
with an IR camera. Heat flux and temperature amplitude were used
as entry variables in a model in order to evaluate the heat transfer
coefficients.

Considering the temperature, the peak-to-peak amplitude of the
oscillations varied from a few tenths of a degree to more than one
degree of magnitude depending on the experimental conditions.
The example presented in Fig.1 shows that a power oscillating from
1.3 W to 11.0 W and a Reynolds number of 9200 induced a tem-
perature amplitude of 0.35 �C. A temperature amplitude of 1.17 �C
(Fig. 1) was reached with a capacity oscillating between 6.8 W and
18.0 W and a Reynolds number of 2500.

The copper tube was electrically heated by a sinusoidal wave DC
generator whose output voltage was modulated at low frequency
(f ¼ 0.05 Hz in this study).

The relationship between the periodic heating energy and the
temperature oscillations for a tube, as presented in Fig. 2, com-
prises the heat conduction inside the tube wall and the boundary
conditions. These conditions are in this case a convective heat
flux imposed on the inner surface of the tube by the fluid flow
and an adiabatic condition on the outer surface. External radia-
tive and convective heat transfer coefficients (hrd z 6 W m�2 K�1

and hcv z 4 W m�2 K�1) represent less than 1% of the internal
heat transfer coefficient in the worst case. Heat losses by external
convection and radiation will therefore be neglected. Considering
the low capacity provided by the power supply, a second
assumption is a constant fluid temperature. The third hypothesis
concerns the independence of the thermodynamic properties of
the material and of the convection coefficient with respect to
the temperature. The fourth and last hypothesis is a 1D tem-
perature variation. Angular and axial temperature variations are
neglected.

The following system of equations has to be solved twice, at the
excitation frequency and at twice the excitation frequency. We will
not solve the continuous system of equations which does not
provide additional information other than for the purposes of
comparison. It includes the equation of energy conservation and
the boundary conditions:
method Data Geometry Reynolds number Fluid

es Phase shift
Amplitude ratio

Tube 3800 < Re < 23200 Water

es Phase shift
Amplitude ratio

Plate heat
exchangers

600 < Re < 2000 400
< Re < 1200

Water

ography Phase shift Tube 9350 < Re < 18790 Water
ography Phase shift Plate e Air
ography Phase shift Plate heat

exchanger
1060 < Re < 3980 Water

ography Temperature
amplitude

Tube 2000 < Re < 14,000 Water



Fig. 1. Tube thermogram for a temperature peak to peak amplitude of 0.35 �C and
1.17 �C.
8>>>>>>>>><
>>>>>>>>>:

v2Twðr;tÞ
vr2

þ 1
r
vTwðr;tÞ

vr
� 1

a
vTwðr;tÞ

vt
¼ �

_qðtÞ
k

r ¼ Ri � k
vTwðr;tÞ

vr

���
r¼Ri

¼ h
�
Tf � TwðRi;tÞ

�

r ¼ Ro � k
vTwðr;tÞ

vr

���
r¼Ro

¼ 0

(2)

where _q the power density, k the conductivity of the material, h the
heat transfer coefficient and Tw and Tf respectively the wall
and the fluid temperature. The power density has three compo-
nents: a continuous one, one at the excitation frequency, and one at
a frequency twice the excitation frequency. The power density is
given by:

_qðtÞ ¼ _qc þ _quexpðjutÞ þ _q2uexpðj2utÞ (3)

Temperature, like power, has three components. By defining:

qðr;tÞ ¼
�
Twðr;tÞ � T

�
(4)

and assuming a periodic established state, we obtain:

qðr;tÞ ¼ qcðrÞ þ quðrÞexpðjðutþ4uÞÞþ q2uðrÞexpðjð2utþ42uÞÞ (5)

where 4 is the phase shift between the temperature and the heat
source. The resolution of the system provides the expression of qu(r)
exp(j4u):
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Fig. 2. Representation of the tube and related quantities.
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where:

mu ¼
ffiffiffiffiffi
ju
a

r
(7)

The same resolution is then applied to obtain q2 u(r) exp(j42u). In
these equations, I0, I1, and K0, K1 are themodified Bessel functions of
the first and second kind respectively, of order zero and one.

After factorization of the first term, Equation (6) shows the
group h/muk and gives, after simplification:

quðrÞexpðj4uÞ¼
_qu

m2
uk

�
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with:
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muk/h can be written b/hju, expression in which b is the effu-
sivity of the material, i.e. its ability to transfer a heat flux upon
contact. The ratio b/h is homogeneous with respect to

ffiffi
t

p
.

The heat transfer coefficient is deduced from the temperature
amplitude. So, knowing that:

qðrÞ ¼
���quðrÞexpðj4uÞ þ q2uðrÞexpðj42uÞ

��� (10)

evaluation of the h value is finally obtained by minimizing 3as
follows:

3¼
���qðRoÞexp � qðRoÞ

��� (11)

where qðRoÞexp is the experimental amplitude of the temperature
oscillations. 3is minimized by using the dichotomy method.

So, the model developed to deduce the heat transfer coeffi-
cient can be decomposed in three stages. The first stage is the
drift compensation. Indeed, the wall temperature increases over
time of a few tenths of degrees. To avoid errors due to the tem-
perature drift, data were mathematically processed. An algorithm
developed by Freund [17] compensates the temperature drift in
order to enable calculation of the true amplitude of temperature
oscillations. The second stage is the amplitude calculation.
The temperature amplitude is calculated for each period and
the mean value of these amplitudes qðRoÞexp is calculated. The
third stage is the estimation of the heat transfer coefficient. This
value is obtained by comparison of the experimental value
qðRoÞexp and values of qðRoÞ calculated from given heat transfer
coefficients h.

Thus, knowledge of the properties of the tube material cp, k, r,
the excitation frequency f, the power densities _qu and _q2u and the
amplitude of the measured temperature qðRoÞexp enable us to
determine the convective heat transfer coefficient h.



3. Experimental facility

The tube in which the heat transfer coefficient measurements
were carried out was connected to a hydraulic loop shown in Fig. 3.
It was composed of a circulation pump and a water tank with a
capacity of 100 l. The inner and outer diameters of the copper tube
used were 6 mm and 8 mm respectively. The water flow rate was
controlled by a valve and provided Reynolds numbers ranging from
2000 to 14 000. A thermocouple, located at the outlet of the tube,
measured the water temperature during experiments in order to
check that the water temperature variation remained low. The tank
temperaturewas controlled using a thermocouple connected to the
data logger. The water temperature was maintained at around
22.5 �C.

To generate the periodic heat source and to monitor and mea-
sure the temperature oscillations, the experimental facility con-
sisted in a power supply that delivered a periodic Joule effect
heating and an IR scanning device used tomonitor andmeasure the
temperature of the tube surface, as shown in Fig. 4. Considering the
low resistivity of copper, the intensity reaches several hundred
amperes and the voltage never exceeds 1/100th of a millivolt.

In the test section, presented in Fig. 4(a), the studied area was
located 1 m from the flow entrance so that the requirement L/
D > 40, required to avoid an entrance effect, is confirmed (L/
D ¼ 200). A length of 30 cm was heated by Joule effect at a fre-
quency of 0.05 Hz. This effect was located between two electrodes
connected to the power supply with copper cables. A clamp
ammeter and a voltmeter were connected to the data logger in
order to measure the electric current in the tube and voltage be-
tween the two electrodes over time. The thermographic camera
(Titanium Cedip) measured the temperature on the external sur-
face of the tube at a frequency of 2 Hz. This made it possible to
record 400 points in 200 s and thus 10 periods. The external surface
was painted black in order to increase and homogenize its emis-
sivity. The area observed by the camerawas located in themiddle of
the area heated by Joule effect.

The heat flux transferred to water along the considered area
represents, in the worst case, 1.2 W. The temperature variation
between the inlet and the outlet of the area considered represents
0.03 K, which is lower than the standard deviation, equal to 0.04 K.
The wall temperature can thus be considered uniform over the
measured area.

The camera spatial resolution is calculated from the camera field
and the detector size. The detector is composed of 640 � 512 px2.
The image width is of 4.8 cm, which gives a pixel size of 0.075 mm.
To obtain reliablemeasurements, it is necessary to take two to three
Water tank
Pump

Copper tube

Infrared 
camera

Valve

V

A

2 m

100 l

2.5 m

1.5 m

1.5 m

0.5 m

Electric generator

T

T

Flow 
meter

Fig. 3. Hydraulic circuit.
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pixels into account, which gives a spatial resolution, under oper-
ating conditions, of almost 0.2 mm. The area represents
12 � 2.4 mm2 and the measured temperature is the mean of the
pixels of the area.

4. Experimental results

The experiments were conducted for a large range of water flow
rates. The results obtained experimentally were compared with
values obtained from Gnielinski’s correlation [18]. The thermody-
namic properties were considered at mean temperature, such that:

Tm ¼ Tin þ Tout
2

(12)

Gnielinski’s correlation [18], adapted to transitional and turbu-
lent flows, is given by:

NuDh
¼ L=8



ReDh

� 1000
�
Pr

1þ 12:7
ffiffiffiffiffiffiffiffiffi
L=8

p 

Pr2=3 � 1

� h1þ ðDh=LÞ2=3
i
ðPr=PrwÞ0:11

(13)

where L is the length of establishment of the flow in the tube before
the measurement point, Prw is the value of the Prandtl number at
wall temperature and L is the Darcy friction factor defined by:

L ¼ 0:3164=Re1=4Dh
(14)

This correlation is valid for 1.5 < Pr < 500, 2300 < ReDh
< 106

and 0 < D/L < 1.
The results obtained are presented in Fig. 5. They show good

agreement between experimental and theoretical results. Results
are close to those obtained with Gnielinski’s correlation [18] for a
Reynolds number below 8000. For the highest Reynolds number,
the experimental results are lower than those predicted by the
correlation.

These results demonstrate the efficiency of the method for a
configuration widely studied in the literature. To confirm the
relevance of the oscillating method, it was compared with a well-
known method in which continuous permanent heating was
applied.

5. Discussion

5.1. Comparison with a steady-state method

The steady-state method required the same experimental set-
up as the oscillatory method. To avoid measurement errors asso-
ciatedwith the calibration of several devices, the two temperatures,
with and without heat flux, weremeasured using an IR camera. The
surface temperature measurement begins without a heat source.
After a few seconds, the heat source is activated. We thus have two
data, the water inlet temperature, given by the wall temperature
without heat flux, and the wall temperature, measured after acti-
vation of the heat source. The measurement area being located in
the middle of the heated part of the tube, the water temperature at
this point is given by an energy balance:

Tf ¼ Tf ;in þ
_qp
�
R2o � R2i

�
L

2 _mfcp;f
(15)

The temperature difference between the fluid temperature and
the wall temperature, together with the known heat flux, made it
possible to evaluate the heat transfer coefficient. Indeed, the heat
transfer coefficient is given by Ref. [19]:



Fig. 4. Test section (a) and area considered (b).
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In the case of an oscillatory heat flux, the capacity oscillated
between 5 W and 29 W whereas the heat flux was 28 W for the
steady-state method. Measurements were performed for various
flow rates.

The two series of results reveal good agreement, as shown in
Fig. 6. However, the periodic method is more stable. Moreover, with
the periodic method, evaluation of heat transfer coefficients is
based on the average of results obtained over several periods.
Problems due to measurement noise can thus be avoided.

The periodic method only requires knowledge of material
properties, heat flux and temperature evolution, which is an
advantage for industrial applications. The steady state method, on
the other hand, requires knowledge of the flow rate, fluid tem-
perature and properties.

Thus, the oscillatorymethod providesmany advantages in terms
of: (i) the data needed, (ii) the material required; and (iii) enables
the mean values of the heat transfer coefficients to be measured
even when phenomena is disturbed by measurement noise. It also
appears to be more reliable in terms of accuracy.
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Fig. 5. Comparison of heat transfer coefficients obtained experimentally and from
correlations as a function of the Reynolds number.
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5.2. Accuracy of both methods

Considering the steady state method, the reduced sensitivity is
given by:

S ¼ h
�
vqðrÞ
vh

�
r¼Ro

¼ �q
$

h
V
S

(17)

Considering the periodic method, the reduced sensitivity S of
the measurement for the determination of the heat transfer coef-
ficient h is given by:

S ¼ h
�
vðquðrÞ þ q2uðrÞÞ

vh

�
r¼Ro

(18)

The values of the reduced sensitivity for both methods, as a
function of the heat transfer coefficients, are presented in Fig. 7. For
the periodic method, Swas calculated for a frequency ranging from
0.02 Hz to 0.2 Hz. For the permanent method, Swas calculated for a
heat flux of 15 W, corresponding to the mean value applied in the
case of the periodic method.

For low heat transfer coefficient values, the sensitivity decreases
with increasing excitation frequency, reflecting the influence of the
time constant of the wall s which is inversely proportional to the
heat transfer coefficient:

s ¼ rcp
h

V
S

(19)

which in our case gives rise to: for h ¼ 2000 W m�2 K�1, s ¼ 1.95 s,
and for h ¼ 10 000 W m�2 K�1, s ¼ 0.39 s.
Fig. 6. Comparison of heat transfer coefficients obtained with the oscillatory method
and with the permanent method as a function of the Reynolds number.



Fig. 7. Comparison of sensitivity of the oscillatory method and the permanent method
as a function of the heat transfer coefficient.

Table 2
Uncertainty propagation on the well known parameters.

Variable � Uncertainty Partial derivative % of evaluated
uncertainty

k ¼ 400 � 10 [W m�1 K�1] vh/vk ¼ �0.23 0.00%
cp ¼ 385 � 10 [J kg�1 K�1] vh/vcp ¼ �0.64 0.00%
r ¼ 8700 � 100 [m3 kg�1] vh/vr ¼ �0.03 0.00%
L ¼ 0.292 � 0.0005 [m] vh/vL ¼ �29710 0.03%
Ri ¼ 0.003 � 0.0002 [m] vh/vRi ¼ �2678000 33.22%
Ro ¼ 0.004 � 0.0002 [m] vh/vRo ¼ �201500 0.19%
Umin ¼ 0.037 � 0.005 [V] vh/vUmin ¼ �59234 10.16%
Umax ¼ 0.090 � 0.005 [V] vh/vUmax ¼ 121399 42.67%
Imin ¼ 139 � 5 [A] vh/vImin ¼ �16 0.73%
Imax ¼ 334.5 � 5 [A] vh/vImax ¼ 33 3.06%
f ¼ 0.05 � 0.001 [Hz] vh/vf ¼ �5050 0.00%
q ¼ 0.59 � 0.02 [K] vh/vq ¼ �14650 9.94%
h ¼ 8344.7 � 929,2 [W m�2 K�1] 100%
If the excitation frequency is too high, the amplitude of the
oscillations decreases with the accuracy.

With an excitation frequency of 0.05 Hz, for h ¼ 2000
Wm�2 K�1, and with a measuring accuracy of 0.02 �C, h is obtained
with an uncertainty on the model of 24 W m�2 K�1. For
h ¼ 10 000 W m�2 K�1, the accuracy reaches 416 W m�2 K�1.

5.3. Uncertainty propagation

To complete the previous study, uncertainty propagation was
carried out in order to investigate the influence of all the parameters
required to evaluate the heat transfer coefficient. A summary of the
influence of each parameter on the uncertainty evaluated for the
heat transfer coefficient is presented in Table 2. It can be seen that
the measurement of temperature amplitude and heat flux exerts a
major influence on the heat transfer coefficient evaluation. Geo-
metric parameters also exert a major influence on the final value.

The thermophysical properties of the tube material exert little
influence, and this is an interesting observation. This means that it
is not necessary to have accurate knowledge of the properties of the
material. Moreover, this confirms the weak influence of the varia-
tion in these properties according to the temperature on the res-
olution of the model.

6. Conclusion

A method has been developed in order to measure the
convective heat transfer coefficient in a tube. This method is based
6

on a modulated heat flux generated by Joule effect. In this manner,
measurement of the amplitude of the temperature of the external
wall of the tube with an IR thermographic camera enables internal
heat transfer coefficients to be determined using a simple analytical
model.

This method has the advantage of being non-invasive. It enables
heat transfer to be evaluated without requiring knowledge of the
flow rate, temperature or properties of the fluid. Moreover, it does
not require a high heat flux, thus avoiding major effects on the fluid
properties.

Thanks to its simplicity, the model can also be applied to more
complex shaped tubes. Its flexibility makes it a perfect tool for
controlling series of elements with similar shapes.

Future work will focus on the study of heat transfer coefficients
in a multiport flat tube. Moreover, a facility allowing the mea-
surement of the phase at the origin will allow us to determine the
heat transfer coefficient with the phase shift.
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Glossary

a: thermal diffusivity a ¼ k/(r cp) (m2 s�1)
cp: specific heat capacity (J kg�1 K�1)
D: diameter (m)
Dh: hydraulic diameter (m)
f: frequency (s�1)
h: heat transfer coefficient (W m�2 K�1)
j: imaginary number such as j2 ¼ �1 (e)
I: intensity (A)
k: thermal conductivity (W m�1 K�1)
L: length (m)
_m: mass flow rate (kg s�1)
NTU: number of heat transfer units NTU ¼ hS= _mcp (e)
NuDh

: Nusselt number NuDh
¼ hDh=k (e)

P: heat flow rate (W)
Pe: Peclet number Pe ¼ v Dh/a ¼ RePr (e)
Pr: Prandtl number Pr ¼ mcp/k (e)
_q: heat flow rate by unit of volume (W m�3)
R: radius (m)
ReDh

: Reynolds number ReDh
¼ rnDh=m (e)
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r: radial coordinate (m)
s: surface (m2)
T: temperature (�C)
t: time (s)
U: voltage (V)
V: volume (m3)
v: mean velocity (m s�1)
3: minimization criterion (e)
q: reduced temperature (�C)
L: Darcy coefficient (e)
m: dynamic viscosity (Pa s)
r: density (kg m�3)
4: phase delay (rad)
u: angular pulsation u ¼ 2pf (rad s�1)

Subscripts
a: alternating
c: continuous part
exp: experimental
f: fluid
i: inside
in: inlet
m: mean
o: outside
out: outlet
w: wall
u: excitation angular frequency
2u: twice the excitation angular frequency
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