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Friction losses and heat transfer of single-phase flow in a mini-channel

N. Caney *, P. Marty, J. Bigot

LEGI-GREThE, CEA Grenoble, 17, rue des martyrs 38054 Grenoble Cedex 9, France

Experimental frictional pressure drop and heat transfer during single phase flow in a vertical mini-channel have been studied with the
aim of determining the validity of classical correlations available for conventional size channels. A 1 mm square channel etched in a
420 mm long test section of aluminum has been investigated. The Reynolds number has been varied from 310 to 7780 in order to cover
the laminar regime as well as the beginning of the turbulent regime. The heat flux supplied to the fluid varies from 1 kW/m? to 8 kW/m?>.
Experimental frictional pressure drop measurements show that classical correlations accurately apply. Temperature measurements along
the channel show that the temperature profile is drastically different from the expected linear behaviour owing to an important longitu-
dinal heat flux in the channel wall. This heat flux mal-distribution which has been recently discussed in the literature is clearly shown and
studied in more details by a numerical simulation of the experiment. This numerical work has allowed to make a correction on temper-
ature measurements. Once corrected, the heat transfer measurements are in fair agreement with the classical literature results.
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1. Introduction

The development of new applications needing the cool-
ing of components in a confined space has motivated recent
studies aiming at predicting the fluid flow in mini- and
micro-channels.! Surprisingly, the frictional pressure losses
measurements reported in the literature do not agree each
other although accurate techniques have been used in the
small size channels which have been investigated. More
surprising is the tendency which is often reported to depart
from conventional channels behaviour. In a recent paper,
Brutin [4] reviews different studies in mini-channels and
concludes that classical predictions fail when an ionic
working fluid is used in association with an electrically
insulated wall. This raises the question of the electrical con-

* Corresponding author. Tel.: +33 4 38 78 94 22; fax: +33 4 38 78 51 72.
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! The classification proposed by Kandlikar and Grande [8] is used:
conventional channels (D, > 3 mm), mini-channels (200 um < Dy, <
3 mm), and micro-channels (Dy, <200 pm).

ductivity of the fluid and of its influence on the pressure
drop. More recently, Baviere et al. [2] investigate water cir-
culation in a 7.5 um x 3 mm single flat channel made of
Pyrex. As expected, the authors find the classical value of
96 for the Poiseuille number. Phares and Smedley [12]
report similar results from experimentations done in a ser-
ies of short microtubes ranging from 80 to 150 um. Gao
et al. [6] investigate water circulation in a channel having
an hydraulic diameter ranging from 200 um to 1923 pm
and also obtain a good agreement between their results
and those of conventional channels. Fig. 1 shows their fric-
tion measurements as a function of the Reynolds number
for different hydraulic diameters. Both Shah and London
[13]and Blasius [3] correlations suitably predict their exper-
imental results for laminar and turbulent regimes,
respectively.

A study of the influence of the experimental uncertain-
ties shows a considerable importance of the precise knowl-
edge of the hydraulic diameter. An inaccurate evaluation of
this quantity can lead to a huge error in the friction factor
calculation. This point is confirmed by Agostini [1] who



Nomenclature

cp specific heat of the fluid [J kg~ ' K™'] T temperature [°C]
Dy, hydraulic diameter [m] z axial coordinate [m]
ew wall thickness [m] 0 distance in the fluid [m]
f friction factor [m] ¢ heat flux [W]
g gravity [m s 2] 10 heat flux density [W m 2]
h channel height [m] A fluid thermal conductivity [W m ' K™']
l channel width [m] u fluid dynamic viscosity [Pa s]
L channel length [m] 0 fluid density [kg m ]
L thermal length [m]
m mass flow rate [kg s~ '] Indices
P pressure [Pa] exp experimental
Po Poiseuille number Po = 4fRe [-] th theoretical
Pr Prandtl number Pr =52 [-] w wall
Re Reynolds number Re = % -] f fluid
U velocity [ms™]
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Fig. 1. Evolution of the Poiseuille number (4fRe) with Re for various channel dimensions in Gao et al. [6] study.

shows that friction factor value is strongly influenced by
the channel dimensions uncertainties. Considering Fig. 2
[10] allows to illustrate the current dispersion between the
experimental results from many authors. This figure shows
how careful we should be when considering an apparently
simple situation such as a laminar flow in a straight
channel.

Concerning the literature on heat transfer measurements
in small size channels, heat transfer coefficients seem either
higher or lower than classical heat transfer correlations.
The deviations from classical heat transfer coefficients
may be justified by errors in the measurement of channels
dimensions or uncertainties in the temperature recordings.
However, no experimental study investigates the exact
influence of the measurement method. In order to yield
accurate heat transfer coefficients, at least two questions
should be addressed. The first one is the method of mea-
surement of the wall temperature: many authors use ther-
mocouples imbedded in the wall in the vicinity of the
interface between the solid and the fluid and have access
to the interface temperature by performing an interpola-

tion of the thermocouples values. A second question is
worth of interest: does the heat flux homogeneously distrib-
ute in the channel? Maranzana et al. [9] compare longitudi-
nal conduction heat flux along the channel walls to the flux
which is conveyed by convection by the fluid (cf. Fig. 3).
They introduce a parameter M defined as following:

pc,hU

(1)

which M is the ratio of the resistance that the channel walls
offer to the axial heat flux to the convective resistance. A,
and e,, are the wall conductivity and the wall thickness
respectively, and L is the channel length (equal to 420 mm
in the present study). 4 is the fluid thickness and U its
velocity. The results of their analytical treatment show that
the axial heat flux becomes significant when the parameter
M becomes greater than 0.01. For values of M greater than
0.05, the fluid temperature distribution ceases to have a
linear evolution along the channel axis.

As a contribution to this lack of clarity this paper
reports a study on the frictional pressure drops and heat
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Fig. 2. Experimental Poiseuille numbers (4fRe) published in the literature [5,7,11,14-16] as a function of the Reynolds number (after [10]).
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Fig. 3. Heat fluxes distribution in a 2D channel (after [9]).

transfer in a vertical mini-channel. In the first part, the fric-
tional pressure drop is studied in order to check the validity
of classical correlations. In the second part, the measure-
ment of the heat transfer coefficients exemplifies the diffi-
culty of working in a confined channel.

The present results will be compared to those obtained
with a simple numerical modelling of one experiment: this
will allow to provide some future recommendations con-
cerning measurement and heat flux distribution in confined
spaces.

2. Experimental apparatus

Fig. 4 shows the experimental set up. The test section
consists of a vertical 15 mm thick aluminium plate (dimen-
sion 80 x 500 mm) in which a 1 x 1 mm rectilinear channel
has been machined. Details about this channel are shown
in Fig. 5. The liquid enters at the bottom of the test section
through a hole which is drilled perpendicularly to the alu-
minium plate. After a 90° bend, the fluid flows vertically
and is permanently heated all along its circulation into
the channel. The fluid is heated to control the temperature

A

_ Thermocouple

Condenser

I
5 pressure
measurement

Tank

Test section >

BB

Heater

—(

Pump

Acquisition system

Fig. 4. Schematic of the experimental loop.
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Fig. 5. Cross-sectional view of the test section showing the grooves in
which thermocouples are inserted. The same technique is used to ensure
fluid communication with the pressure transducers.

at the entrance of the test section. The temperature of the
fluid at the inlet and outlet is measured with a platinum
sensor. A heating resistive foil is glued onto the back side
of the aluminium plate. It delivers a heat flux up to
75 W. Every 50 mm, 9 type-K thermocouples (external



Table 1
Range and precision of experimental data (a) and channel dimension
measurements (b)

Physical Device Range Precision
quantity
Panel (a)
Fluid K Thermocouple diameter 20-80 °C 0.2°C
temperature  0.25 mm

Pressure Pressure sensor 0-1.7 bar 1.3 mbar
Flow rate Coriolis flowmeter 0-5 kg/h 0.42%
Panel (b)

Channel height (mm)
Sensor 1.014 £ 0.001
Lens 1.023 +0.02
Microscope 1.004 +0.013
Table 2
Experimental conditions
i (kgs™") 2x107* —49x1073
Re 310-7780
Pr 7.3
Room temperature (°C) 20
P (Pa) 10°

diameter 0.25 mm) are inserted in a 0.3 mm deep groove.
As shown in Fig. 5 the tip of each thermocouple is located
at the wall-fluid interface. This technique avoids using the
classical technique described in the introduction and which
consists in drilling small diameter holes in the aluminium
plate. As it will be discussed in the next section, this mea-
surement technique, although technically more simple,
raises the following question: what is the significance of
the temperature which is really measured? Is it representa-
tive of the wall temperature or, despite its location at the
fluid interface, is it strongly influenced by the fluid
temperature?

Concerning the fluid temperature in the core, its value is
determined by an energy balance between the inlet and the
position considered. The pressure profile along the channel
is measured by five pressure transducers communicating
with the channel through grooves located every 100 mm.
A coriolis-type flow meter measures the mass flow rate of
the fluid downstream of the pump. Reynolds numbers
range from 310 to 7780. Channel dimensions have been
carefully measured with three devices: a sensor, a lens
and a microscope. Details about the experimental condi-
tions and the uncertainties of the measurements are pre-
sented in Tables 1 and 2.

3. Friction factor measurements

The friction factor is experimentally investigated with
the conditions summarised in Tables 1 and 2. The range
of Reynolds number extends from laminar regime to the
onset of turbulence. Owing to its wide industrial interest
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Fig. 6. Experimental Poiseuille number vs. the Reynolds number (rect-
angular windows show the uncertainties on the measurement).

(for example in the cooling of hydrogen fuel cells), much
attention has been paid to the laminar regime.

For each value of the Reynolds number and of the heat
flux, an averaged value of the friction factor is deduced
from the slope of the pressure profile &, which includes vis-
cous effects as well as gravity. One finds

L pg
__ 0z
=% (2)

Dy,

what can be expressed as a function of the mean flow rate
and channel dimensions as

- (5

A time averaging method is used in order to reduce violent
unsteady pressure oscillations. The results are expressed as
a function of the Poiseuille number, Po = 4fRe, (cf. Fig. 6).

Shah and London [13] and Blasius [3] correlations suit-
ably correlate the present experimental results. The transi-
tion from laminar to turbulent flow occurs around a
Reynolds number equal to 2500. Effectively, for the lami-
nar regime, the experimental Poiseuille number mean value
is equal to 57 which is exactly the value given by Shah and
London [13] correlation. The Reynolds and Poiseuille num-
ber uncertainties are estimated between 2.4-3.4% and
between 6.6-23%, respectively. The larger uncertainties
correspond to measurements made in the transition zone.
As a conclusion, we can see that the present friction factor
results for a 1 mm channel seem in fair agreement with con-
ventional channels correlations.

3)

4. Heat transfer results

The heat transfer coefficient is classically deduced from
the following expression:

%
= 4
LAl (4)
¢ 1s the local heat flux density, T, the wall temperature at
the fluid-solid interface and T} is the temperature in the
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Fig. 7. Measured temperature profiles for different Reynolds number (a)
and heat flux (b). The dotted lines represent the temperature profile which
would be observed with a constant heat flux.

core of the fluid. In experiments where the local heat flux
remains constant all along the channel, T, and T¢are linear
functions of z and the temperature difference Ty, — T;
remains constant except at the channel entrance where
boundary layers form. Fig. 7 shows the axial evolution of
the temperatures recorded by the nine thermocouples to-
gether with what they would be for a homogeneous heat
flux feeding. In Fig. 7(a), the electric power has been main-

tained constant whereas the Reynolds number has been
varied. In Fig. 7(b), the Reynolds number remains equal
to 700 but the electric power varies from 2 to 11 W.

In both figures, it is clear that the experimental temper-
ature profiles are far from being linear. Calculating the
value of the parameter M introduced by Maranzana
et al. [9] gives M = 0.57 which shows that longitudinal con-
duction along the aluminium plate and the transfer by con-
vection are of the same order of magnitude. This explains
the temperature behaviour.

A simulation with the FLUENT software has been
made to check these results (cf. Fig. 8). Half the device is
represented to reduce the size of the mesh (equal to
243000 elements). Fig. 9 represents numerical temperature
profiles and experimental measurements for a Reynolds
number equal to 1425 and an electric heating power equal
to 11 W corresponding to a mean heat flux density equal to
6400 W/m>.

The computation confirms that the fluid temperature
is not linear. We also see that the temperatures given by
the thermocouples are an intermediate value between the
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Fig. 9. Comparison between measured and computed temperature pro-
files at different locations (wall interface, 50 mm from the wall, in the
middle of the channel).
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Fig. 8. Geometry and boundary conditions introduced in the numerical simulation.
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interface temperature and the core temperature. It was
actually shown that our data fit well with the temperature
profile at a distance ¢ equal to 50 um from the wall. This
result shows that inserting thermocouples at the wall-fluid
interface actually gives a value which should be corrected
to obtain the exact wall temperature.

The numerical heat flux distribution is represented in
Fig. 10(a) which shows its non-uniform evolution all along
the test section. Fig. 10(b) shows the calculated Nusselt
number distribution. In the first calculated value, the Nus-
selt number is computed with the temperature of the ther-
mocouples. As we know that the thermocouples measure
the temperature of the fluid at a distance ¢ equal to
50 um, the data from the thermocouples should be cor-
rected as follows to obtain the exact wall temperature:

@(z2)é
7 (5)

TW = Twexp(Z) +

with Ty.exp being the thermocouples measurement value, ¢
he local heat flux density and A the fluid thermal conductiv-
ity. Thus, the Nusselt number shape is not modified but the
calculated value is improved. Doing so, experimental con-
ditions of this study prove that thermal regime is not estab-
lished in the test section. The thermal length is expressed as
following [13]:

L, = 0.05D,Re Pr (6)

and this length varies from 0.113 to 2.83 m in the test sec-
tion, when Reynolds varies from 310 to 7780.

Moreover, the Nusselt number value at the end of the
test section does not converge to an asymptote value. This
phenomenon proves that both the heat flux redistribution
in the wall and the thermal entry length in the test section
give the Nusselt evolution.

5. Conclusion

Experimental friction factor results show a good agree-
ment with classical correlations for conventional chan-
nels. Heat transfer results show that experimental
temperatures correspond exactly to a calculated tempera-
ture situated at 50 pum from the wall. Thus, this study
indicates that no unexplained physical phenomena seem
to appear in a 1 mm channel. However, the difficulty to
measure fluid temperature and particularly the thermo-
couple intrusion limit is clearly emphasized. Moreover,
some precautions have to be taken to control heat flux
homogeneity.
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