
HAL Id: hal-02600796
https://hal.inrae.fr/hal-02600796v1

Submitted on 18 Aug 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Characterisation of the hydraulic maldistribution in a
heat exchanger by local measurement of convective heat

transfer coefficients using infrared thermography
P. Leblay, J.F. Henry, D. Caron, Denis Leducq, Laurence Fournaison, André

Bontemps

To cite this version:
P. Leblay, J.F. Henry, D. Caron, Denis Leducq, Laurence Fournaison, et al.. Characterisation of
the hydraulic maldistribution in a heat exchanger by local measurement of convective heat transfer
coefficients using infrared thermography. International Journal of Refrigeration, 2014, 45, pp.73-82.
�10.1016/j.ijrefrig.2014.05.015�. �hal-02600796�

https://hal.inrae.fr/hal-02600796v1
https://hal.archives-ouvertes.fr


Characterisation of the hydraulic maldistribution
in a heat exchanger by local measurement of
convective heat transfer coefficients using infrared
thermography
P. Leblay b, J.-F. Henry b, D. Caron b, D. Leducq a,*, L. Fournaison a,
A. Bontemps c

a LGP2ES Irstea-GPAN, 1, rue Pierre-Gilles de Gennes, CS 10030, 92761 Antony Cedex, France
b University of Reims Champagne-Ardenne, URCA/GRESPI/Thermom�ecanique, UFR Sciences, 51687 Reims, France
c LEGI, UMR 5519, Domaine Universitaire BP 53, 38041 Grenoble Cedex 9, France
A methodology was developed to characterise the heat exchangers’ performance decrease
n. It co

with a

e infr

ng hea

of an

efficien

irewa

ltiport

ere per

.10 to
due to two-phase flow maldistributio

the local heat transfer coefficients

method. The method is based on th

temperature response to an oscillati

peratures is compared to the solution

atively to obtain the heat transfer co

the uneven phase distribution of an a

exchanger is composed of seven mu

horizontal channels. Experiments w

116 kg m�2 s�1 and for quality from 0
nsists in measuring the spatial distribution of

rapid, non-invasive and fluid independent

ared (IR) thermography measurement of the

t flux. The amplitude of the measured tem-

analytical model. The problem is solved iter-

ts. This method has been applied to evaluate

ter mixture in a compact heat exchanger. The

flat tubes, a vertical downward header and

formed for mass flux from 29 kg m�2 s�1 to

0.70.
1



Nomenclature

a thermal diffusivity a ¼ k/(r cp), m
2 s�1

cp specific heat capacity, J kg�1 K�1

Dh hydraulic diameter, m

f frequency, Hz

f friction factor

G mass flux, kg.m�2 s�1

H height, m

h heat transfer coefficient, W.m�2 K�1

I intensity, A

j imaginary number such that j2 ¼ �1

k thermal conductivity, W.m�1 K�1

L length, m
_m mass flowrate, kg s�1

N number of tubes

Nu Nusselt number Nu ¼ hDh/k

P heat flowrate, W

Pr Prandtl number Pr ¼ m cp/k
_q heat generation by unit of volume, W.m�3

Re Reynolds number Re ¼ rvDh/m

S surface, m2

T temperature, K

th thickness, m

t time, s

U voltage, V

V volume, m3

W width, m

x quality

ε minimisation criterion

q reduced temperature, K

m dynamic viscosity, Pa.s

r density, kg.m�3

4 phase delay, rad

u angular pulsation u ¼ 2p f, rad s�1

Subscripts

alt alternating

c continuous part

ch channel

f fluid

in inlet

meas measured

t tube

w wall

u angular excitation frequency
1. Introduction

Compact brazed aluminium heat exchangers are essential

components of refrigerating machines. They are composed of

flat tubes on the refrigerant side and louver fins on the air side.

The flat tubes are inserted in a header and the heat exchanger

is designed for parallel flow. These kinds of heat exchangers

are widely used in air-conditioning, due to their higher heat

transfer coefficients and their charge reduction compared to

conventional heat exchangers. Evaporators, contrary to con-

densers, are supplied with a two-phase fluid. The phases are

unevenly distributed in the channels. According to Mueller

and Chiou (1988), and Kitto Jr. and Robertson (1989), the mal-

distribution in heat exchangers is caused by:

� mechanical design, such as header and channel design,

and manufacturing tolerance,

� self-induced maldistribution due to heat transfer,

� difficulties to distribute two-phase flow because of phase

separation and flow instability,

� formation of fouling and corrosion.

According to Kulkarni et al. (2004), a bad distribution may

result in a performance reduction of up to 20%. Indeed, the

presence of little liquid in a channel can promote a dry-out

phenomenon, which will reduce drastically the heat transfer

performance.

The investigation of maldistribution requires a complex

experimental facility, especially if quantitative information

has to be obtained. Moreover, most of the available mea-

surement methods are invasive and may alter the measured

values. Some authors (Webb and Chung, 2005) underlined that
2

the investigation of geometrical parameters influence on

distribution should imply the use of a non-invasivemeasuring

method.

Microchannel heat exchangers are composed of many

parallel tubes with reduced sections. These exchangers are

already widely used and have the advantage of reducing

refrigerant charge, system size, refrigerant pressure drops, air

pressure drops, and of enhancing heat transfer. However, in

these exchangers, flow distribution is operated by cylindrical

headers distributing a large number of parallel channels

(Hrnjak, 2002). The efficiency of these heat exchangers, and

especially of evaporators, highly depends on the uniformity of

the two-phase distribution through the channels.

The most common method to characterise distribution,

consists in measuring quality and mass flowrate over the

whole heat exchangers. Here, the authors are interested in

investigating a new method.

1.1. Direct methods

Several experimental studies have been carried out to

characterise two-phase flow distribution in microchannel

heat exchangers in order to provide essential information

for a better design. Bernoux (2000), and later Ahmad et al.

(2009), used a heavily instrumented experimental loop. It

was composed of eight coriolis flow meters and eight dif-

ferential pressure transducers to study the distribution of

two-phase R-113 and HFE-7100 in eight channels. This

configuration requires a modified heat exchanger without

outlet header and is only suited for a few channels. The

same protocol has also been used by Poggi et al. (2009) for

two-phase HFE-7100.



Fig. 1 e Cross-sectional view of themultiport flat tube (unit:

mm).
Kim and Sin (2006) used a heat exchanger divided in two

parts to insert a derivation system. With this modification,

distribution of two-phase fluid can be evaluated bymeasuring

flowrate and quality at each channel, but only one by one.

Hwang et al. (2007) used a similar system to characterise the

distribution of two-phase R-410A. With this configuration, a

heat exchanger with an outlet header was used, but this sys-

tem requires an accurate pressure drop measurement to bal-

ance the influence of sampling.

1.2. Indirect methods

Other methods have been developed for flow distribution

studies. Hrnjak (2004a, b) presented two easy to implement

non-invasivemethods. The first one consists inmeasuring the

temperature distribution of the evaporator outlet surface by IR

thermography. The second method consists in observing the

distribution of the frost formation at the evaporator surface.

Both methods provide only qualitative information about

distribution.

For liquid distribution, O’Halloran et al. (2004) used Particle

Image Velocimetry to study the distribution. They developed a

heat exchanger consisting of transparent headers and tubes.

This method provides good results, but is not suited to two-

phase flow.

Distribution can also be evaluated by measuring the

airflow temperature through an evaporator. Using this

approach, Shi et al. (2011) studied the influence of geometry

on distribution of R-134a. They developed a two-pass evap-

orator with a set of perforated plates to insert in the inlet

and outlet headers. The plates were designed to generate a

distribution modification by means of series of holes. Air

side temperature was measured with thermocouples and

authors relied on these data to support their observations. In

this study, temperature distribution became a global per-

formance indicator and not correlated to the refrigerant

distribution.

IR thermography was used by Sa et al. (2003) to provide

information on two-phase distribution. Transient measure-

ments were performed with various exchanger configura-

tions. Knowledge of transient temperature distribution,

together with quantitative data such as heat transfer rate and

pressure drop, are used to select the best configuration.

Another approach is to use IR thermographywith a steady-

state technique. This non-invasive measurement method

delivers rapid temperature measurements and qualitative

information about the distribution. If local heat flux and fluid

temperature are exactly known, a mapping of the heat

transfer coefficients is then possible and could provide more

information. Unfortunately, there is no simple way to mea-

sure local internal temperatures of the fluid.

The present paper focuses on the development of an

innovative method designed to measure the efficiency of a

heat exchanger. The overall heat transfer coefficients mea-

surement allows qualifying the efficiency of the distribution.

This method is based on an IR thermography measurement

of the flat tubes surface temperature under a periodic heat

flux delivered by Joule effect. Measurements are coupled to a

mathematical model to compute the heat transfer coeffi-

cient. The method was first applied and validated on a round
3

tube by Leblay et al. (2013). Considering the satisfying re-

sults, it was then applied on a multiport flat tube and on a

complete heat exchanger to evaluate the heat transfer

distribution.
2. Measurement principle

The method was initially developed to determine local heat

transfer coefficients on the inner wall of a pipe, with a non-

invasive, fluid independent method. It was first applied in

laminar and turbulent flow for a single multiport flat tube. It

was then applied on a heat exchanger composed of seven

multiport flat tubes.

The measurement system consists of an IR camera, a

modulated electrical heat source, software to control the

camera as well as visualising and recording the IR images, an

ammeter, and a voltmeter. Measurements of heat flux and

temperature amplitude were used as input variables for the

model to calculate the heat transfer coefficients.

A sinusoidal wave DC generator electrically heated the

connected tubes and the output voltage wasmodulated at low

frequency (f ¼ 0.05 Hz in this study). Since the tube acts as a

pure resistance, the current wave has the same frequency and

phase as the voltage. Their expressions are given in Eq. (1).

U ¼ Umean þ UaltcosðutÞ
I ¼ Imean þ IaltcosðutÞ (1)

The power dissipated by Joule effect in the tubes is equal to

the product UI and therefore has three components: a

continuous one, one at the excitation frequency f and one at

the frequency 2 f. It is given in Eq. (2):

P ¼ Pc þ PucosðutÞ þ P2ucosð2utÞ (2)

and 3:

Pc ¼ UmeanImean þ UaltIalt
2

Pu ¼ UmeanIalt þ UmeanIalt

P2u ¼ UaltIalt
2

(3)

The measurement of the distribution can be decomposed

in three stages. Firstly, an experimental facility was developed

to apply and modulate the heat flux, and to measure the

evolution of the wall temperature. Secondly, a model was

developed to link the heat transfer coefficient to themeasured

data. Thirdly, heat transfer coefficients were compared in

terms of Nusselt ratio to analyse the quality of the

distribution.



Fig. 2 e Test section.

Fig. 4 e Electrical assembly.
2.1. Experimental facility

Measurement sessions are conducted both on a multiport flat

tube and on a heat exchanger. The tube is made of aluminium

and its geometry is presented in Fig. 1. It is supplied with

water.

The exchanger, presented in Fig. 2, is composed of two

headers and seven multiport flat tubes with two-phase air/

water flow. Both headers are acrylic round tubes of 2.1 cm

diameter. They are transparent to allow flow pattern visual-

isation. The tubes are connected to the vertical headers with a

pitch of 1 cm and inserted with an intrusion depth of 1 cm, as

presented in Fig. 3.

The flat tube and the heat exchanger are electrically heated

through a power supply that provides a periodic heating by

Joule effect. A tube length of 30 cm, located between elec-

trodes connected to the power supply with copper cables, is

heated at a frequency of 0.05 Hz. To supply every tube of the

exchanger with the same power, tubes are connected in series

with copper electrodes, as presented in Fig. 4.

The IR camera (Titanium Cedip) measures the temperature

on the external surface of the tubes at a 2 Hz frequency. This

enables to capture 400 points in 200 s and thus 10 periods.

Every tube external surface is painted in black so as to in-

crease and homogenise the emissivity. The area observed by

the camera, presented in Fig. 5, is about 20 cm long and is

located in the middle of the area heated by Joule effect. The

areas considered for calculation are part of each tube, about

1.2 cm wide and 2.4 cm high. Each coloured rectangle in Fig. 5

corresponds to a flat tube. To measure the temperature evo-

lution of the complete exchanger, the IR camera is inclined

with an angle of 45�. An example of temperature evolution of

the tubes over time is presented in Fig. 6. The peak-to-peak

amplitude of the oscillations varies from a few tenths of a

degree to few degrees of magnitude, depending on the

experimental conditions.
Fig. 3 e Connection between header and tubes.
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The same hydraulic circuit, presented in Fig. 7, is used for

the flat tube and for the exchanger. For the flat tube, the water

flowrate is controlled by a valve in order to reach Reynolds

numbers ranging from 800 to 10 000. For the exchanger, air

andwater are used asworking fluids. The two fluids aremixed

through a static mixer to homogenise the flow. Both fluids

flowrates are measured by flowmeters and valves control

water and air flowrate. Total inlet mass flux and quality of

airewater range from 29 kg m�2 s�1 to 116 kg m�2 s�1, and

10%e70%, respectively. A thermocouple, located at the outlet

of the test section, measures the water temperature during

experiments in order to check that it remained constant

during the test. The tank temperature is controlled using a

thermocouple connected to the data logger.
2.2. Heat transfer model

The developed heat transfer model considers the flat tube as a

wall, as presented in Fig. 8. Since there is a symmetry plane

induced by the geometry, only half of the flat tube is consid-

ered. The relation between the periodic heating energy and

the temperature oscillations of the external wall is given by

the heat conduction equation in the wall and by the boundary

conditions. These conditions are a convective heat flux

imposed on the inner surface of the tube and an adiabatic

condition on the outer surface. External radiative and

convective heat transfer coefficients (hrd z 6 W m�2 K�1 and

hcv z 4 Wm�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. To take

into account the influence of the fins formed by small-channel

separations, two different surfaces were added to the model.

Surfaces S1 and S2 were considered respectively for conduc-

tion and for convection.

Considering the low heat flux provided by the power sup-

ply, between 5W and 35W, a second assumption is a constant

fluid temperature as boundary condition. The thermodynamic

properties of the material and the convection coefficient are



Fig. 5 e Areas considered for IR thermography measurement.
assumed to be independent of the temperature. Finally, heat

transfers in any other direction than the x-axis are neglected

and the model will be developed in one dimension.

The system to solve, composed of the energy equation and

boundary conditions, is given in Eq. (4).

8>>>>>>><
>>>>>>>:

v2Twðx;tÞ
vx2 � 1

a

vTwðx;tÞ
vt

¼ �
_qðtÞ
k

x ¼ th � kS1
vTwðx;tÞ
vx

����
x¼th

¼ hS2

�
Twðth;tÞ � Tf;in

�

x ¼ 0� k
vTwðx;tÞ
vx

����
x¼0

¼ 0

(4)

with _qðtÞ the heat generation divided by the volume of

aluminium of the tube and th the thickness of the wall (cf.

Fig. 8). Temperature, similarly to power, has three compo-

nents: a continuous one, one at the excitation frequency, and

one at a frequency twice the excitation frequency. By defining

the difference of temperature qw(x,t) by:

qwðx;tÞ ¼
�
Twðx;tÞ � Tf;in

�
(5)

and assuming a periodic established state, we obtain:
Fig. 6 e Temperature evolution of tubes over time.
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qwðx;tÞ ¼ qw;cðxÞ þ qw;uðxÞexpðjðutþ 4uÞÞ þ qw;2uðxÞexpðjð2utþ 42uÞÞ

(6)
and:

_qðtÞ ¼ _qc þ _quexpðjutÞ þ _q2uexpðj2utÞ (7)

where 4 is the phase shift between the temperature and the

heat source. The system at the excitation frequency becomes:

8>>>>>>><
>>>>>>>:

v2qw;uðxÞ
vx2 expðjðutþ4uÞÞ�

ju
a
qw;uðxÞexpðjðutþ4uÞÞ ¼� _qu

k
expðjutÞ

x¼ th�kS1
vqw;uðxÞ

vx

����
x¼th

expðjðutþ4uÞÞ¼ hS2qw;uðthÞexpðjðutþ4uÞÞ

x¼ 0�k
vqw;uðxÞ

vx

����
x¼0

expðjðutþ4uÞÞ ¼ 0

(8)

The energy equation becomes:
Fig. 7 e Hydraulic circuit.



Fig. 8 e Representation of the multiport flat tube and related quantities.
v2qw;uðxÞ
vx2

expðj4uÞ �m2
uqw;uðxÞexpðj4uÞ ¼ � _qu

k
(9)

with:

mu ¼
ffiffiffiffiffi
ju
a

r
(10)

The solution of the equation of energy conservation being

the amount of the particular equation plus the general equa-

tion, we have:

qw;uðxÞexpðj4uÞ ¼ � _qu

m2
uk

þAucoshðmuxÞ þ BusinhðmuxÞ (11)

With the boundary condition for x ¼ 0, we obtain:

Bu ¼ 0 (12)

Finally, with the boundary condition for x ¼ th, we obtain:

Au ¼
� _qu

m2
uk

muk
h

S1
S2
sinhðmuthÞ þ coshðmuthÞ

(13)

The resolution of the system provides the expression of

temperature variation in the wall qu(x) exp(jfu), given in Eq.

(14).
Fig. 9 e Numbering of the tubes along the header.
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qw;uðxÞexpðj4uÞ ¼
_qu

m2
uk

�
1� coshðmuxÞ

kmu

h
S1
S2
sinhðmuthÞþ coshðmuthÞ

�
(14)

The same resolution was applied to the system at twice the

excitation frequency to obtain the expression of qw,u(x) exp(jfu)

given by:

qw;2uðxÞexpðj42uÞ ¼
_q2u

m2
2uk

�
1� coshðm2uxÞ

km2u
h

S1
S2
sinhðm2uthÞ þ coshðm2uthÞ

�

(15)

with:

m2u ¼
ffiffiffiffiffiffiffiffi
2ju
a

r
(16)

For the flat tube, the heat flux ranged from 30 W to 80 W.

Considering Eqs. (5)e(7) with:

TfðtÞ ¼ qf;c þ qf;uexpðjðutþ 4uÞÞ þ qf;2uexpðjð2utþ 42uÞÞ (17)

and the energy balance giving:

qf;uexpðj4uÞ ¼
_quV

2 _mfcp;f
(18)

the expression of qw,u(x) exp(jfu), is given by:

qw;uðxÞexpðj4uÞ ¼
_qu

m2
uk

0
BBB@1�

�
1� m2

ukV
2 _mf cp;f

coshðmuxÞ
�

kmu

h
S1
S2
sinhðmuthÞþ coshðmuthÞ

1
CCCA (19)
Fig. 10 e Comparison of heat transfer coefficients obtained

experimentally and from correlations as a function of the

Reynolds number.



Fig. 11 e Comparison of heat transfer coefficients obtained

experimentally and from correlations as a function of the

Reynolds number for laminar flow.
Knowing that:

qðxÞ ¼
��quðxÞexpðj4uÞ þ q2uðxÞexpðj42uÞ

�� (20)

an evaluation of the heat transfer value is finally obtained by

minimizing ε such that given in Eq. (21).

ε ¼ ��qð0Þmeas � qð0Þ
�� (21)

where q(0)meas is the experimental amplitude of the tempera-

ture oscillations. The convective heat transfer coefficient h

can be determined with the properties of the tube material cp,

k, r, the excitation frequency u, the power densities _qu and
_q2 u, and the amplitude of the measured temperature q(0)meas.

The algorithm developed to deduce heat transfer coeffi-

cient from temperature measurement was detailed in Leblay

et al. (2013). The three main steps are, firstly, the data anal-

ysis of the results to compensate for temperature increase

over time, secondly, the temperature amplitude calculation,

and, thirdly, the iterative calculation of the heat transfer

coefficient.
Table 1 e Uncertainty propagation.

Variable ± uncertainty Partial derivative % of the
uncertainty

k ¼ 237 ± 10 [W.m�1 K�1] vh/vk ¼ �0.09 0.00%

cp ¼ 910 ± 10 [J kg�1 K�1] vh/vcp ¼ �0.03 0.00%

r ¼ 2700 ± 100 [kg.m�3] vh/vr ¼ �0.01 0.00%

L ¼ 0.2920 ± 0.0005 [m] vh/vL ¼ �14 649 0.02%

th ¼ 0.00046 ± 0.00005 [m] vh/vth ¼ 9 298 706 69.17%

Wt ¼ 0.0160 ± 0.0005 [m] vh/vWt ¼ 264 893 5.61%

Hch ¼ 0.00083 ± 0.00005 [m] vh/vHch ¼ �350 952 0.10%

Wch ¼ 0.00159 ± 0.00005 [m] vh/vWch ¼ �1 831 055 2.68%

Umin ¼ 0.084 ± 0.005 [V] vh/vUmin ¼ �17 883 2.56%

Umax ¼ 0.174 ± 0.005 [V] vh/vUmax ¼ 33 142 8.79%

Imin ¼ 120 ± 5 [A] vh/vImin ¼ �13 1.25%

Imax ¼ 249 ± 5 [A] vh/vImax ¼ 23 4.30%

f ¼ 0.050 ± 0.001 [Hz] vh/vf ¼ �549 0.00%

q ¼ 0.65 ± 0.02 [K] vh/vq ¼ �6561 5.51%

h ¼ 4234.7 ± 559.0

[W.m�2 K�1]

100.00%

7

2.3. Data processing

The experiments for the flat tube were conducted for a large

range of water flowrates. The results obtained experimentally

were compared with values obtained from the correlation of

Gnielinski (1976). The thermodynamic properties were

considered at mean temperature, such that:

Tmean ¼ Tin þ Tout

2
(22)

The correlation of Gnielinski (1976), adapted to transitional

and turbulent flows, is given by:

Nu ¼ f=8ðRe� 1 000ÞPr
1þ 12:7

ffiffiffiffiffiffiffiffi
f=8

p ðPr2=3 � 1Þ
�
1þ ðDh=LÞ2=3

	
ðPr=PrwÞ0:11 (23)

where L is the establishment length of the flow in the tube

before the measurement point, Prw is the value of the Prandtl

number at wall temperature, and f is the Darcy friction factor

defined by:

f ¼ 0:3164

Re1=4
(24)

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

and 0 < Dh/L < 1.

For laminar flow, the correlation of Shah and London (1978)

was used:

Nu ¼ 1;953ðRe Pr Dh=LÞ1=3 (25)

This correlation is valid for Re Pr Dh/L � 33.3. It was

developed for non-established flow and uniform heat flux.

Generally, in distribution studies, the flowrate in each

channel is evaluated in terms of liquid and gas flow ratio in

each channel. The flow ratio _m�
i is the ratio of the flowrate of

the phase considered _mi inside the tube number i over the

mean flowrate of this phase. It is given in Eq. (26):

_m*
i ¼

_miPN
j¼1

_mj=N
(26)

The discrepancy between the flowrates in each channel is

representative of the distribution in the heat exchanger.

Similarly, to compare the distribution of heat transfer co-

efficients obtained for various flowrates and qualities, results

are presented here in terms of Nusselt ratio. The Nusselt ratio

Nu�
i of the tube number i is the ratio of the Nusselt number

measured Nui on the tube i over the mean Nusselt number

calculated for all the tubes (Eq. (27)).

Nu�
i ¼

NuiPN
j¼1 Nuj



N

(27)

We have a relative comparison of the heat transfer ob-

tained along the header, with a value of 1 for a homogeneous

distribution. The channel numbering is presented in Fig. 9.
3. Experimental results

3.1. Multiport flat tube

The results concerning themultiport flat tube are presented in

Fig. 10. The results obtained in laminar flow are presented in



Fig. 12 e Effect of mass flux on Nusselt ratio (a) and Nusselt number (b) distribution along the header.

Fig. 13 e Effect of mass flux on flow distribution of liquid (a) and gas (b) along the header.
Fig. 11. Regarding the general trend, it appears that the flow

regimes are consistent with theory. In particular, the transi-

tion from laminar to turbulent occurs for a value of the Rey-

nolds number between 2000 and 2500. A commonly accepted

value for the appearance of turbulence for round tubes is 2300.

However, the experimental results appear lower than

those obtained from the correlations. These differences may

be related to the geometry. Indeed, correlations were estab-

lished for round tubes. Small-channels have a rectangular

section. Furthermore, the variations observed for high Rey-

nolds numbers highlight the need to increase the heat flux

provided to increase the accuracy. Other sources of error

considered are the longitudinal conduction and conduction by

power cables. Additional tests should be carried out to check

this assumption.

An 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 in-

fluence of each parameter on the heat transfer coefficient

uncertainty is presented in Table 1. It can be seen that the
Fig. 14 e Effect of quality on Nusselt ratio (a) and Nu
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measurement of wall thickness and heat flux has a major

influence on the heat transfer coefficient evaluation.

The thermophysical properties of the tube material have

little influence. This is an interesting result, as the material

properties are not always accurately known.

3.2. Exchanger

The effect of mass flow on heat transfer distribution for a

vertical downward header is presented in Fig. 12. It appears

that, independently of the value of mass flux, greater heat

transfer characterises the seventh channel. Heat transfer is

almost evenly distributed for the tubes one to five. These re-

sults can be compared to the results from Poggi et al. (2009)

(Fig. 13) for a similar vertical heat exchanger and similar

operating conditions. The visualisation of the flow through the

transparent header showed that liquid flow hitting the first

tube is projected at the bottom of the header. Liquid accumu-

lates at the bottom of the header, resulting in a major supply

through the last tubes. The gas phase is evenly distributed.
sselt number (b) distribution along the header.



Fig. 15 e Effect of quality on flow distribution of liquid (a) and gas (b) along the header.
Our results are consistent with the results of Poggi et al.

(2009). Indeed, with a homogeneous gas distribution, heat

transfers are mainly linked to liquid distribution.

The effect of quality on the distribution of heat transfer is

presented in Fig. 14. It appears through the heat transfer co-

efficientmeasurements that, for a low quality (x¼ 0.1), the last

tubes are oversupplied and the tubes 2 to 5 undersupplied. For

an intermediate quality, the distribution is homogeneous for

the first five tubes and sharply increases for the last two.

Finally, for a high quality (x ¼ 0.70), the distribution of heat

transfer is homogeneous for the first four tubes, falling for the

fifth and increasing for the last two. Results obtained by Poggi

et al. (2009) on the influence of quality on distribution confirm

these observations (Fig. 15).
4. Conclusion

Amethod has been developed to measure the convective heat

transfer coefficient in a tube. This method is based on a

modulated heat flux generated by Joule effect. The tempera-

ture amplitudes of the external wall of the tube are measured

with an IR camera. Using these values as inputs of a simple

analytical model, it is possible to quickly obtain a map of the

local internal heat transfer coefficients. Using the same

approach and a validated CFD model (Leblay, 2012), the

method can also be extended to other shapes that are more

complex than cylinders and plates. This flexibility makes it a

suited tool to check series of elements.

However, measurements on a flat tube showed that the

method provides values of heat transfer coefficients lower

than those provided by correlations in this configuration.

Additional tests are required to identify the cause of these

differences. Still, the relative values of these heat transfer

coefficients were consistent with the theoretical values. The

transition from laminar to turbulent was thus properly

measured.

This method has several advantages. It is a non-invasive

measuring method which does not require the knowledge of

the flowrate, temperature, or properties of the fluid. Moreover,

heat fluxes delivered are low enough to avoid anymajor effect

on the fluid flow. The use of IR thermography allowed us

measuring heat transfer on several parallel flat tubes and to

analyse the distribution of heat transfer.

Lock-in thermography can be used as an additional tool. In

this case, thermograms could be used with a synchronous
9

detection algorithm to obtain complete maps of amplitude

and phase. These can then be correlated with heat transfer

coefficient maps.
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