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a b s t r a c t

This paper reports an experimental investigation into the heat transfer response of plastic microcapillary
films (MCFs). The first section presents experimental determination of temperature profiles and heat
transfer coefficients for an MCF-based micro-heat exchanger. The next section presents two case studies:
the first concerns cooling an electrical load, whereas the second examines heat transfer from an exother-
mic chemical reaction occurring within the MCF. The results demonstrate that heat transfer transients
within MCF heat exchange devices are rapid. These systems provide an effective means of either heating
or cooling fluids flowing within an MCF, or for removing heat from a hot surface.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction and background

There is currently interest in the field of micro-heat exchange
and its application to a variety of heat transfer problems. One area
that has received attention is the cooling of computer processors;
as the transistor density on these devices increases, and as their
operating speeds accelerate, the thermal power dissipation rises.
The need to effectively and efficiently remove this waste heat is
of great importance to the stability and long-term reliability of
these devices. An early investigation into on-chip liquid cooling
of integrated circuits recognised that a key heat transfer constraint
was the heat transfer coefficient between the heated surface and
the coolant flow [1]. Further research into on-chip heat exchange
includes the modelling and the creation of a design formulation
for on-chip liquid heat exchanger design [2] and various designs
of etched on-chip exchanger used with forced air cooling [3]. The
creation of on-chip liquid cooling systems using flow impingement
from micro-jets has also been studied [4] highlighting differences
in the heat transfer process at the micro-scale when compared to
macro-scale jet impingement. Numerical and experimental study
of the use of micro-channel arrays as heat spreaders to alleviate
on-chip hot spots has also been reported [5].

In these studies, the heat exchangers have been fabricated on
the integrated circuit itself, using silicon as the substrate. Other
studies have looked at alternative methods of cooling chips, using
non-silicon based materials. One study [6] concerned the charac-
terisation of a polymeric heat exchanger, fabricated from poly-(di-
methyl siloxane) (PDMS), as an inter-chip heat exchange device for
use in multiple chip packages, termed multi-chip modules.
ll rights reserved.
More generally, micro-scale heat exchangers have been the
focus of intense study with the advent of manufacturing tech-
niques such as photolithography, diamond machining and other
micro-machining processes. Micro-heat exchange devices tend to
be characterised by high volumetric heat transfer coefficients. A
laminated, cross-flow, device fabricated from diamond-machined
sheets of copper foil [7] attained volumetric heat transfer coef-
ficients of up to 44 MW/m3 K. Investigation was carried out on
two different designs of wire-cut micro-heat exchangers, also
fabricated from copper [8]. These devices consisted of either
empty deep channels or porous media filled channels and were
able to achieve heat transfer coefficients of 38.4 and 86.3 MW/
m3 K, respectively. Theoretical studies have also been under-
taken to explore the most effective micro-channel shape when
faced with problem of minimising the temperature of the hot
surface [9], or when optimising the micro-channel geometry
with the constraints of high heat transfer and low pressure drop
[10].

Micro-heat exchange devices that take advantage of phase
change on the cool side have also been investigated for cooling de-
vices that exhibit very high heat fluxes. Water has been used in mi-
cro- and mini-channels to cool electron gun accelerator targets,
where heat fluxes in excess of 1 kW/cm2 can be found [11],
whereas advantage has been taken of refrigerants to achieve phase
change in the coolant at lower temperatures [12].

Small liquid hold ups, and large volumetric heat transfer coeffi-
cients, can lead to fast transient responses within micro-heat
exchangers [13]. Fast transient heat transfer response makes these
devices attractive for use in areas of science and engineering that
fall outside of microelectronics cooling. One such application,
DNA amplification, is carried out by a process termed the polymer-
ase chain reaction, or PCR [14], which involves the rapid thermal
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Nomenclature

Acap total capillary surface area (m2)
ALM log mean area (m2)
AMCF surface area of one face of an MCF (m2)
hdi average capillary diameter (m)
h heat transfer coefficient (W/m2 K)
I current (A)
k thermal conductivity (W/m K)
l MCF length (m)
n number of capillaries
Qelectrical electrical power (W)
Qthermal thermal power (W)
Tfluid fluid temperature (K)
Tmetal metal temperature (K)
Uv volume heat transfer coefficient (W/m3 K)
Uoverall overall area heat transfer coefficient (W/m2 K)
V voltage (V)

Greek letters
d thickness (m)
DTlm log mean temperature difference (K)

Subscripts
Al aluminium
fluid fluid
i measurement location
metal metal
PE polyethylene
tape double sided tape

Non-dimensional group
Nu Nusselt number
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cycling of a solution of DNA and enzymes between different tem-
perature regimes.

Fast and precise heating and cooling is also beneficial in many
areas of chemical processing. Due to their small mass, microreac-
tors have very rapid thermal cycling times, and therefore the abil-
ity to control secondary reactions and by-products by rapid cooling
of a synthesised product after the reaction is complete, results in
higher purities [15]. With the wide variety of possible applications
that require a fast heat transfer response on the micro-scale, cou-
pled with the typically laminar flow regime within the fluid flow
of these heat exchangers, this area of microengineering presents
exciting opportunities for the development of innovative materials
and novel devices.

This paper is concerned with the transient heat exchange prop-
erties of a novel material termed microcapillary film (MCF). MCFs
are a class of novel, extrusion-processed, polymer films containing
an array of continuous, parallel, capillaries that run along the film’s
length [16,17]. The current embodiment of the MCF product con-
tains 19 capillaries with a mean hydraulic diameter typically
around 200 lm; manipulation of process conditions can, however,
result in mean hydraulic diameters ranging between 30 and
500 lm. MCFs have been successfully manufactured from a range
of different polymers; the polymer that was used for the MCFs in
this study was a commercially available linear low-density poly-
ethylene (LLDPE) manufactured by the Dow Chemical Company
Inc. (Dowlex NG5056G). A cross-section of a typical MCF is shown
in Fig. 1.

A previous paper [18] presented an investigation into the
hydraulic and steady-state heat transfer performance of LLDPE
MCFs. This study demonstrated that, despite the plastic construc-
tion of the MCF, volumetric heat transfer coefficients of order
35 MW/m3 K could be attained using both sides of an MCF for heat
transfer, and around 14 MW/m3 K for single-sided MCF systems.
Additionally, heat transfer in a variety of geometric configurations
could be achieved due to the flexible nature of the MCF.

The first section of this paper presents an experimental investi-
gation into the temperature profiles that develop along MCFs
Fig. 1. Optical micrograph showing the cross-section of a typical MCF.
whilst performing heat transfer duties in a flow system. Water is
pumped through an MCF wound onto a cartridge heater and the
temperatures of the surface of the film are recorded in six different
locations. Using results from an additional experimental study,
presented in Appendix A, it is possible to relate the surface temper-
ature of the MCF to the average temperature of the fluid flowing in
the MCF’s capillaries. Furthermore, thermal imaging is used to
investigate the natural convective cooling of hot water as is it is
pumped along a vertically orientated MCF. Volumetric heat trans-
fer coefficients are calculated for each case to serve as a compari-
son with literature values [8].

The second section of this paper then presents two case studies
where MCFs fabricated into heat transfer devices are evaluated.
The first of these presents an example where the direction of heat
transfer is from a heated metal plate into fluid flowing within the
MCF, this providing a proof-of-principle for the cooling of elec-
tronic components, such as computer processors. The second
example demonstrates the reverse scenario. A strongly exothermic
reaction is carried out within an MCF microreactor and the direc-
tion of heat transfer is from the reacting mixture flowing within
the MCF to the external environment. Thermal imaging was used
in each of these two case studies, providing valuable insight into
the nature of the heat transfer as well as providing quantitative
information on thermal gradients and temperature distributions.
All MCFs used in the experimental work in this paper contained
capillaries of average diameter 203 lm and standard deviation of
6.9%.

2. The experimental determination of temperature gradients
within an MCF

2.1. Fluid heating

2.1.1. Equipment and experimental protocol
The equipment used to investigate the continuous heating of

fluid in a length of MCF is shown in Fig. 2. A length of MCF was
wrapped around a sleeved cartridge heater, with a layer of conduc-
tive paste (not shown in the diagram) to aid conduction between
the two materials. The MCF was wound in such a manner that a
small gap was left every two turns, exposing the surface of the hea-
ter sleeve. Water was pumped into the MCF at a controlled flow-
rate by means of a high pressure piston pump. The cartridge heater
had an inbuilt k-type thermocouple that was used in the control
loop to monitor the heater temperature. The surface temperature
of the MCF was measured using additional k-type thermocouples



Fig. 2. (A) Photograph of MCF wrapped around a heater indicating direction of flow
and (B) schematic diagram of the MCF wrapped around a heater showing the loc-
ations of the thermocouples on both the heater surface and the MCF surface.
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placed in small-sized amounts of thermally conductive paste at se-
ven locations, marked by white text on a black background in
Fig. 2B. Further k-type thermocouples, placed in small-sized
amounts of thermally conductive paste, were used to measure
the surface temperature of the exposed brass sleeve at the five
intermediate locations, shown in Fig. 2B by black text on a white
background.

The volumetric flow-rate of water being pumped through the
MCF was set to 5 ml/min and the heater set point temperature to
60 �C. After a few moments, once the system had reached a stea-
dy-state, the MCF surface temperature was measured in each of
the seven locations and the temperature of the brass sleeve in each
of the five locations. The experiment was then repeated with hea-
ter set point temperatures of 80, 100 and 110 �C.

2.1.2. Results and discussion
Experimental work, detailed in Appendix A, resulted in a corre-

lation that allowed the surface temperature of the MCF to be re-
lated to the average temperature of the fluid flowing within the
MCF capillaries. Plots of the MCF fluid temperature and brass
sleeve surface temperature as a function of position for different
heater set-point temperatures are shown in Fig. 3. Error bars in
these plots have been set to ±2.2 �C since this is the standard
uncertainty associated with a k-type thermocouple [19].

The fluid velocity in the capillaries at a volumetric flow-rate of
5 ml/min is 14 cm/s, resulting in a residence time of 0.23 s/turn
and a total residence time of 1.6 s. It can be seen from the plot in
Fig. 3A that the fluid within each capillary very rapidly approaches
the temperature of the heater sleeve with the exit temperature of
the fluid being within a few degrees Celsius of the heater temper-
ature for heater set-points of 60, 80 and 100 �C. At 110 �C, the fluid
exit temperature was about 100 �C indicating that the water had
started to boil in the heat exchanger.

The trend of heater sleeve temperature as a function of position,
shown in Fig. 3B, demonstrates that there is a significant tempera-
ture gradient along the heater whilst fluid flow is present in the
MCF. Under no-flow conditions within the MCF, this gradient dis-
appeared and the heater sleeve was uniformly 6 �C less than the
heater set point temperature; this 6 �C difference was attributed
to a calibration difference between the inbuilt heater thermocou-
ple and those used to measure the surface temperature. It can be
seen, therefore, that the cooling effect of the fluid flowing within
the MCF on the brass is significant; over the first quarter of the
heater sleeve length, its surface temperature is reduced by up to
one-third of its no-flow temperature. The heater sleeve tempera-
ture increased steadily over the middle section of the casing before
reaching a temperature within 2 �C of the no-flow temperature in
the final third of its length.

The heat transfer coefficient based on the internal volume of the
capillary array was calculated between each heating location. In
order to do this, firstly the thermal power transferred to the fluid
within a section of MCF was calculated, using the following
equation:

Q thermal ¼ _mCpðT fluid;i � T fluid;iþ1Þ ð1Þ

In this equation, Qthermal represents the thermal power, _m the mass
flow-rate of water, Cp the specific heat capacity of the water. The
temperatures Tfluid,i and Tfluid,i+1 represent the temperatures of the
fluid within the MCF at a measurement location i, as shown by
Fig. 2B. The fluid temperature at each location was calculated from
the measured MCF surface temperature using the correlation out-
lined in Appendix A.

The overall heat transfer coefficient for the MCF heat exchanger
based on internal volume, Uv, can be calculated between each mea-
surement location using standard formulae [20]; this is shown in
the following equation:

Uv ¼
4Q thermal

nphdi2lDT lm

ð2Þ

In this equation, hdi is the average diameter of a capillary within the
capillary array in the MCF, n is the total number of capillaries and l
is the length of the MCF heat exchanger. The log mean temperature
difference, DTlm, is defined as shown in Eq. (3). Here, the definitions
of Tfluid,i and Tfluid,i+1are the same as those in Eq. (1) and Tmetal,i and
Tmetal,i+1 represent the heater temperature that would be found at
each location where the fluid temperature is measured. These hea-
ter temperatures were calculated by linear interpolation of the
measured heater temperatures under the assumption that the fluid
measurement locations fall at one-quarter and three-quarters of the
distance between each heater measurement point:

DT lm ¼
ðTmetal;iþ1 � T fluid;iþ1Þ � ðTmetal;i � T fluid;iÞ

ln ðTmetal;iþ1�Tfluid;iþ1Þ
ðTmetal;i�Tfluid;iÞ

� � ð3Þ

Naturally convective heat losses from the surface of the MCF were
calculated assuming a heat transfer coefficient of 5 W/m2 K and
found to be insignificant compared to the heat gain from the heater.
Contact resistance between the heater and the MCF was neglected
since generous quantities of thermal paste were used at the inter-
face. A plot showing the heat transfer coefficient based on the total
internal volume of the capillary array is shown in Fig. 4. It can be
seen in this plot that there are potentially anomalous readings at
positions 5 and 6. This has been attributed to the temperature of
the MCF surface recorded at position 5 being slightly higher than
would be expected given the trend of the remaining surface tem-
peratures, as can be seen in Fig. 3A. This slightly higher reading also
impacts the values of the heat transfer coefficients at position 6 and
makes them slightly lower than would be expected given the data
trend. The error bars for positions 5 and 6 have been adjusted to
take this extra uncertainty into account, whereas the error bars
for the remaining positions have again been set to represent an
uncertainly of ±2.2 �C [19] in the measured fluid temperatures.

Despite the inaccuracy of the heat transfer coefficients at posi-
tions 5 and 6, it can be seen that the heat transfer coefficient calcu-
lated on a volumetric basis, values lie in the range 8 to 14 MW/
m3 K; the corresponding heat transfer coefficients calculated on
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Fig. 3. (A) Plot of fluid temperature as a function of length along MCF for increasing heater set point temperatures. (B) Plot of heater surface temperature as a function of
position for increasing heater setpoint temperatures. Lines between data points are intended as a visual guide only.
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an area basis lie between 400 and 800 W/m2 K. These values are
comparable with values reported for a single-sided MCF heat ex-
changer [18].

2.2. Fluid cooling

2.2.1. Equipment and experimental protocol
This section of the case study presents experimental results of

the cooling of fluid within an MCF, orientated vertically, under con-
ditions of natural convection in free air. These results are intended
to act as a baseline from which the effects of forced convective
cooling could be investigated. A schematic diagram of the experi-
mental equipment is shown in Fig. 5.

The heater set-point temperature was initially set to 50 �C.
Water was pumped into the MCF using the high pressure piston
pump outlined in the previous section, at a volumetric flow-rate
of 1 ml/min hence giving an average velocity within each capillary
of around 2.8 cm/s. A thermal imaging camera (FLIR SC3000) was
used to image the MCF in the vertical section every 2 cm in the
range 5–15 cm from the point at which the MCF left the heater
sleeve. This procedure was repeated for 10 �C increments in heater
set-point temperature up to 100 �C.

2.2.2. Results and discussion
A typical thermal image and temperature profile of the MCF is

shown in Fig. 6.
It can be seen from Fig. 6B that the profile recorded by the ther-

mal imaging camera can differentiate between locations in the film
that contain a capillary and locations in the film that do not, with
each of the capillaries appearing to be around 5 �C hotter than the
polymer matrix surrounding it. This elevated capillary temperature
could either be physically realistic or it could be an artefact of
anisotropic emissivity. The thermal imaging camera was set to an
emissivity of 0.93, a value that had been experimentally proved
to correlate well with polyethylene. However, since the capillary
walls within the MCF are very thin, it could be possible that the lo-
cal emissivity in the vicinity of a capillary could be a bulk average
of that of polyethylene (0.93) and that of water (0.98); this average
would be higher than the emissivity of polyethylene alone, and
hence would return a locally hotter temperature. Use of the
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Fig. 4. Plot of heat transfer coefficients as a function of position along the heater for different heater set-point temperatures. The volumetric flow of fluid was 5 ml/min during
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Fig. 5. Schematic diagram of the experimental apparatus used to investigate the
cooling of fluid within an MCF using natural convection. The fluid is firstly heated in
the MCF wrapped around the heater before being allowed to cool in the vertical
section; a thermal imaging camera was used to map out the thermal profile of this
section.
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thermal imaging camera, therefore, to obtain accurate absolute
temperature measurements must be therefore done with care.

Fig. 7A shows the variation in temperature as a function of dis-
tance along the MCF at different heater set-point temperatures. In
this plot, each temperature point corresponds to the average of the
maximum temperatures, each corresponding to the location of a
capillary, that were recorded by the thermal imaging camera when
set to an emissivity of 0.93. These data are re-plotted on semi-log
axes in Fig. 7B to form a composite mastercurve. Each set of data,
corresponding to a different heater set-point temperature, has
been shifted in length such that the temperature profile of fluid
with an MCF undergoing cooling by natural convection can be
extrapolated to lengths longer than that was initially imaged.

The plot of Fig. 7B suggests that there are two regimes of heat
transfer, each with subtly different heat transfer coefficients.
Fig. 8 shows a plot of the calculated heat transfer coefficients based
on both internal capillary volume and internal capillary area as a
function of average temperature within the MCF. These values
were calculated using Eqs. (1)–(3). The log mean temperature dif-
ference was based on the difference between the inlet and exit
temperatures recorded by the thermal imaging camera and the
measured ambient temperature, the area that was used was the to-
tal internal area of the capillaries and the difference between the
inlet and exit temperatures multiplied by the heat capacity flow-
rate was used to calculate the thermal power. It is not clear from
the plot shown in Fig. 8 whether the heat transfer coefficient is
constant, or whether it changes as Fig. 7B suggests. Moreover, it
is not clear that if a change exists, whether this could be attributed
to subtle differences in experimental technique or a physical effect.
Clearly, further experimental work is required to resolve this ques-
tion. What is clear, however, is that the magnitude of these coeffi-
cients are both roughly a factor of 20 lower than their respective
heating coefficients given in Fig. 4. This suggests that the efficiency
of cooling the fluid within the MCF using natural convection is not
very high. Error bars in this plot correspond to a temperature
uncertainty of ±1 �C which was due to uncertainty within the ther-
mal imaging.

3. Case study 1: heat transfer to the fluid flow – a prototype
electronics heat exchanger

3.1. Equipment and experimental protocol

A schematic diagram of the experimental equipment used to
investigate a prototype MCF electronics heat exchanger is shown
in Fig. 9.

Cooling water was taken from the mains water supply and
pressurised to roughly 5 barg using a small piston pump; the



Fig. 6. (A) Typical thermal image of the vertically orientated MCF. The horizontal line on the image represents the locations where temperature data is recorded. (B) Typical
plot of MCF temperature as a function of position across an MCF. These data were measured by the thermal imaging camera at a distance of 5 cm from the point where the
MCF left the heating sleeve (open diamonds) and at a point 15 cm from where the MCF left the heating sleeve (open squares) for a heater set-point temperature of 60 �C. The
emissivity was set to 0.93.
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Fig. 9. Schematic diagram of the equipment used to simulate heat exchange from electronic components showing the cooling water supply, MCF heat exchanger and
electrically heated thermal load.
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volumetric flow-rate of water exiting the pump was controlled by
means of a manual needle valve. Prior to entering the MCF heat ex-
changer, the water passed through a coiled copper tube that was
immersed in an agitated bath containing a mixture of ice and
water. The temperature of the fluid exiting the coiled copper tube
was measured by means a k-type thermocouple that had been
mounted within a Swagelock� union with epoxy resin such that
it was in contact with the cold water flow. Connected to the outlet
side of the Swagelock� union was a bundle of seven parallel LLDPE
MCFs that had been glued in place to allow the water to flow into
the capillaries. A thick layer of thermal insulation had been ad-
hered to the MCF bundle between the union exit and the active
surface of the heat exchanger to minimise heat transfer from the
environment to the fluid flow. The seven MCFs were adhered to
the back of a small aluminium plate using a very thin double-sided
tape adhesive; this plate could be heated and these seven MCFs
constituted the working part of the heat exchanger. A photograph
of this exchanger is shown in Fig. 10A. The MCF bundle leading
away from the active heat exchange surface was again wrapped
in a thick layer of insulation until it was terminated in another
Swagelock� union fitted with an embedded k-type thermocouple.
Water leaving this union was collected in a collection vessel on a
top-pan balance such that the time averaged water flow-rate could
be accurately calculated. The thermal power removed by the heat
exchanger, Qthermal, could be calculated in a standard way [20], as
shown in Eq. (1).

Three high-power 2.2 X resistors were mounted to the reverse
face of the aluminium plate which the MCFs were attached to.



Fig. 10. Photographs of the experimental equipment used to simulate heat exch-
ange from electronic components. (A) Front view showing placement of high power
resistors and (B) back view showing the MCF heat exchanger adhered to the alu-
minium plate and the placement of one of the thermocouples.
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These resistors were connected together in parallel thus presenting
a resistive load of 0.73 X to the power supply. It was assumed that
the dissipation from each resistor would be similar, within the
manufacturing tolerance of the components, therefore the temper-
ature of the hottest part of the heated plate was measured by a
k-type thermocouple that was attached to the underside of one
of the resistors. Heat transfer paste was liberally smeared on the
surfaces of both the resistors and the aluminium plate to aid heat
transfer. A photograph of the assembly is shown in Fig. 10B. The
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Fig. 11. Plot of thermal power removed by the MCF heat exchanger as a function of input
y = x, where the power removed and the input power are the same.
resistors were connected to a variable power supply that was capa-
ble of supplying loads up to 50 W at high current. Voltage and cur-
rent measurement was built in to the power supply, providing a
convenient way to measure the electrical power supplied to the
resistive load, Qelectrical, as shown in the following equation:

Qelectrical ¼ VI ð4Þ

A thermal imaging camera (FLIR SC3000) was mounted on a XYZ ta-
ble in such a way that the infra-red emission from the active part of
the MCF heat exchanger could be examined. The camera’s field of
view was such that roughly one-ninth of the active surface area
could be viewed at any one time. An image of the entire active sur-
face was obtained by waiting until a steady-state heat transfer sit-
uation had been reached and then by traversing the camera on the
XYZ stand by pre-calculated amounts, taking a picture in an appro-
priate location. The resulting nine images were then combined to
create the final image.

The protocol for running the experiments was as follows.
Firstly, the water flow was set to 30 ml/min without power sup-
plied to the resistive load on the heat exchanger. The temperature
of the water entering and leaving the active part of the heat ex-
changer was measured at steady-state such that the thermal load
under background conditions could be calculated. A steady-state
was assumed to have been reached when the temperature of
the aluminium plate, recorded by the thermocouple mounted un-
der one of the three resistors, no longer changed. At steady-state,
nine thermal images of the exchanger were taken. Keeping the
water flow constant, the power supply was turned on and varied
such that the power applied to the resistive load spanned five lev-
els between 11 W (electrical) and about 50 W (electrical). At each
different power setting, the temperature of the water entering
and leaving the heat exchanger was recorded once a steady-state
had been achieved, and a composite thermal image acquired.
Additionally, voltage and current measurements were recorded
such that the electrical power applied could be accurately calcu-
lated. This protocol was repeated for water flow-rates of 60 and
120 ml/min.

3.1.1. Results and discussion
A plot of the thermal power removed by the MCF heat exchan-

ger as a function of the resistive load’s electrical power for different
volumetric flow-rates of water is shown in Fig. 11. Marked on this
25 30 35 40 45 50
ical power (W)

30 ml/min
60 ml/min
120 ml/min

electrical power for increasing MCF fluid flow-rates. The black dotted line represents
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diagram is the locus of points corresponding to y = x which is the
point where the thermal power extracted by the MCF heat exchan-
ger matches the electrical power supplied to the resistive load.

There are several features shown in this plot. Firstly, there is al-
ways thermal power extracted by the heat exchanger, even when
the electrical power supplied to the resistive load is zero. This is
due to heat transfer from the ambient surroundings to the plate
containing the resistors and the heat exchanger coupled with the
fact that the water temperature entering the active part of the heat
exchanger was close to freezing point. It can also be seen on this
plot that there is a trend of increasing thermal power extraction
with applied electrical load. This suggests that at no point in any
of the experiments did the heat exchanger reach the limit of its
operation, with the water becoming ‘saturated’ with heat. A further
observation that supports this conclusion is that successive dou-
bling of the volumetric flow-rate of water through the heat ex-
changer from 30–60 to 120 ml/min has little effect on the
thermal power extracted.

In terms of the effectiveness of the MCF heat exchanger, be-
tween zero and roughly 17 W of electrical power, the heat exchan-
ger is typically removing more thermal power than applied
electrical power as a result of the influence of the ambient condi-
tions. Over 17 W, the thermal power extracted from the resistive
load is less than the electrical power supplied. This is not surpris-
ing, since not only are there a series of thermal resistances be-
tween the heat source and the MCF heat exchanger but, as can
be seen in the photograph in Fig. 10B, the resistors are large and
have an outer casing designed to convect heat away from the
surface.

The overall heat transfer coefficient was calculated on the basis
of the total internal area of the capillaries, using Eqs. (1)–(3). These
data are plotted in Fig. 12b. The typical values of the overall heat
transfer coefficient are between three and four times lower than
those previously reported [18] for a heat transfer set-up where
only one side of the MCF is in contact with a heated surface. This
is likely to be due to the quality of the adhesion between the
MCF surface and the surface of the plate and the subsequent in-
crease in heat transfer resistance. The interfacial heat transfer coef-
ficient, hcontact, can be calculated using the equation shown in the
equation:
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In this equation, Utotal represents the overall heat transfer coeffi-
cient; the thicknesses of the aluminium plate, double-sided tape
and the walls of the MCF are represented by dAl, dtape, and dPE,
respectively, and their thermal conductivities by kAl, ktape, and
kPE. The heat transfer areas AMCF and Acap, respectively, represent
the surface area of one of the MCF faces attached to the alumin-
ium plate and total internal surface area of the capillaries within
one MCF attached to the aluminium plate. ALM represents the log
mean of these two areas. The heat transfer from the walls of the
polyethylene MCF to the fluid flowing within the capillaries is as-
sumed to be analogous to convective heat transfer to a laminar
fluid flow within a tube having a constant surface temperature.
The final term in the denominator of Eq. (4) represents an esti-
mate of this convective heat transfer coefficient based on a Nus-
selt number, Nu, of 3.656 [20]. If a typical overall heat transfer
coefficient that was calculated from this experiment, 150 W/
m2 K, is used to calculate the interfacial heat transfer coefficient,
it is clear that the contact resistance dominates this heat transfer
problem; the interfacial heat transfer coefficient is almost a factor
of 10 lower than the next smallest value. Interestingly, if a typical
heat transfer coefficient from the fluid heating experiment in Sec-
tion 2.1 is used, roughly 800 W/m2 K, it demonstrates that the use
of heat transfer paste greatly improves the situation as the limit-
ing heat transfer resistance is that of the polyethylene walls of
the MCF rather than that of the contact. Full details are given
in Table 1.

The ability to image the operation of the MCF heat exchanger
in the infrared spectrum is a powerful method of assessing the
exact operation of the heat exchanger under different experimen-
tal conditions. Fig. 13 shows two images of the MCF heat exchan-
ger in operation with an applied electrical load of 24 W; Fig. 13A
is at a water flow of 30 ml/min and Fig. 13B is at 60 ml/min. The
dotted lines in the figure denote the edges of one the strips of
MCF.

These images provide insight into the how quickly the fluid
within the MCFs heats up as a function of flow-rate and position
along the heated surface. In general, the fluid contained in the
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Table 1
Individual heat transfer coefficients for MCF heat exchanger calculated for two
different overall heat transfer coefficients

Individual heat
transfer coefficients for
Uoverall = 150 W/m2 K
(W/m2 K)

Individual heat transfer
coefficients for
Uoverall = 800 W/m2 K
(W/m2 K)

Conductive HTC for
aluminium plate

103,000 103,000

Contact HTC 280 24,800
Conductive HTC for

double-sided tape
5000 5000

Conductive HTC for
polyethylene

1590 1590

Convective HTC to fluid
flow

10,600 10,600
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MCF capillaries closest to the edges tends to heat up quickest. This
is expected since the MCF manufacturing process almost always
results in slightly smaller diameter capillaries at each edge [21],
hence the fluid velocity in these capillaries will be smaller for a
constant pressure drop across the entire capillary array. The major-
ity of the fluid, however, contained within the bulk of the capillar-
ies tends not to heat up to the same extent. This observation
suggests that the fluid is capable of extracting more thermal en-
ergy hence longer lengths of MCF in a heat exchanger would still
perform useful heat transfer.

4. Case study 2: heat transfer from the fluid flow – cooling of an
exothermic reaction

4.1. Introduction

MCFs are flexible, continuous in length, and can be shaped in
various configurations in order to match the needs of different
Fig. 13. Compound thermal images of the MCF heat exchanger at (A) 30 ml/min and (B) 6
left and the dotted lines represent the edges of one of the MCFs within the heat exchan
chemical reactions. Previous work has been carried out on the
use of a compact MCF microreactor for liquid phase reactions
[22] where a single film of typically 5–40 m in length was rolled
up and heat pressed to form a solid disc reactor. These devices
are designed to carry out slow reactions in continuous flow,
such as organic synthesis, with residence times of up to 2 h.
The flow-rates in these cases were very low, typically between
0.1 and 1 ml/min, hence fast and efficient heat transfer is not
important.

In fast reactions, where the heat transfer needs to be optimised,
either the cooling of an exothermic reaction, the heating of an
endothermic reaction or also for accurate temperature control in
general, MCF structures that maximise heat transfer area are ben-
eficial. This case study is concerned with a microreactor which
consists of a mixing cell that allows two MCF feed lines to be com-
bined with the combined flow entering an MCF that is either
tightly coiled around a metal rod or kept straight. A simple neutral-
isation reaction was carried out inside the MCFs and the heat pro-
duced was monitored with a thermal imaging camera (FLIR
SC3000).

4.2. Equipment and experimental protocol

The first part of the microreactor is a customised MCF mixing
cell. This unit was made up of three MCFs, laminated together with
two blank sealing films, with holes connecting the central capillar-
ies. Fig. 14 shows a schematic diagram and a photograph of the
mixing cell. The device enables two feed lines (marked in the dia-
gram with A and B) to be fed into one MCF inside a small unit with-
out the use of external connectors and fittings.

The mixing cell was manufactured in five steps. Firstly, the en-
trances of three MCFs were heat sealed by melting the final few
millimetres of each film. Then these three films were laminated
together at a controlled temperature close to the melting point
of the plastic for 5 min using a heated press; for the LLDPE films
0 ml/min with an electrical load of 24 W. The flow direction in each image is right to
ger. The emissivity was set to 0.93.



Fig. 14. Diagram and photograph of an MCF mixing cell.

Fig. 15. Schematic diagram of the experimental set-up of an acid–base neutrali-
sation, carried out inside an MCF and monitored with a thermal imaging camera.
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used in these experiments, the temperature was set to 116 �C.
This process allowed the flat surfaces of the MCFs to form a solid,
gapless, joint without melting or deforming the capillaries inside
the films. After cooling down, either one or a number of holes
were punched into the unit perpendicular to the capillaries, such
that up to 10 of the central capillaries in the three MCF layers
could be connected together. The fourth step consisted of a sec-
ond heat treatment step: blank, capillary-free, films were layered
on the top and bottom of the mixing holes, using the same pro-
cess conditions as in the first laminating step, such that they were
sealed. In a final step, a short length of heat shrink tubing, made
from a polyolefin, was shrunk over the whole unit to act as a fur-
ther seal.

This device represents a compact method for joining together
two fluid streams and feeding them into one MCF. This not only
minimises the fluidic pathway between the mixing point of the
two streams and the entry into the MCF but also uses a minimal
amount of material.

Fig. 15 shows a schematic diagram of two experimental config-
urations used to investigate a fast exothermic liquid phase reaction
performed inside MCFs in continuous flow mode.

For this set of experiments, two high pressure piston pumps
were used to supply a constant flow of acid and base into the mic-
H3CCOOH NH5C2 C2H5

C2H5

H+

Fig. 16. Exothermic acid–base neutrali
roreactor consisting of two MCF feed lines, an MCF mixing cell and
a main MCF reactor. The two configurations shown in Fig. 15 were
used to investigate cooling solely due to natural convection (con-
figuration 1) and cooling by conduction to a solid cylindrical object
at ambient temperature (configuration 2). The thermal imaging
camera was used to image the heat produced during an exothermic
acid–base reaction at three different points in the system; at the
mixing cell (position 1), at a point in the straight MCF section (po-
sition 2) and at a point in the coiled section (position 3). The latter
two of these positions were downstream from the point of mixing
(see Fig. 15).

To test this microreactor, a simple acid–base neutralisation be-
tween acetic acid and triethylamine was chosen, which has very
fast kinetics and produces enough heat to be monitored with a
thermal imaging camera. Fig. 16 shows the acid-to-base proton-
transfer of this system.

A solution of both acid and base in 50% acetonitrile was chosen.
The total flow-rate through the microreactor was set between 0.1
and 4 ml/min, with an equal ratio between acid and base phases
(0.05–2 ml/min acid/base flow-rate). These conditions produced
good results, heating up the fluid phase inside the capillaries up
to 60 �C, without working with too concentrated a system.

The experiments were conducted in short runs. From the
point of switching on both pumps, it took the system anywhere
between a few seconds to several minutes to reach steady-state.
Once images and data from steady-state conditions were col-
lected, the pumps were turned off which lead to the cessation
of flow within the capillaries within a few seconds and a cooling
down of the microreactor a few seconds after that. Movie se-
quences with the thermal imaging camera were taken to moni-
tor the transition states, and still images were taken at steady-
state.
3CCOO NH5C2 C2H5

C2H5

H

+
+

ΔHR < 0 

sation: acetic acid + triethylamine.
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4.3. Results and discussion

Fig. 17 shows four images taken at steady-state conditions at
three different positions of the microreactor. Fig. 17A shows the
MCF mixing cell at 0.1 ml/min (at camera position 1), Fig. 17B
the MCF mixing cell at 4 ml/min (at camera position 1). Fig. 17C
shows the straight MCF 120 mm downstream from the mixing
point (at camera position 2), and Fig. 17D shows the coiled MCF,
directly after the mixing point (at camera position 3). The light
open rectangle in the lower part of the first two images indicates
the mixing point where the acid and base feed lines join. From this
point downstream, the neutralisation reaction takes place leading
to the liquid inside the capillaries being heated up. White arrows
on the images indicate the flow direction, and a legend at the side
represents the monitored temperature range.

Average and maximum temperatures were calculated at differ-
ent points of these images for different flow-rates using software
that was supplied with the thermal imaging camera. Temperature
profiles could be taken at the mixing point (within the light rectan-
gle) and across a line over the central active capillaries of the MCF a
few millimetres downstream from the mixing cell, for images a and
b. In the same fashion, average and maximum temperatures were
determined across the active channels of a straight MCF in image c
and across the active channels at five different positions along a
coiled section in image d. In the latter case, the first of these five
temperature profiles was taken upstream from where the MCF
contacts the steel rod, the second up to the third profiles were ta-
ken at the beginning of coils 1–4 (see Fig. 17).

Fig. 18 shows temperature profiles for these sections as a func-
tion of flow-rate. Fig. 18A shows the average and maximum tem-
peratures at the mixing point and at the MCF a few millimetres
Fig. 17. Thermal images of the MCF microreactor at different positions: (A) camera positi
min and (D) camera position 3 at 4 ml/min, arrows indicating the direction of flow.
downstream (camera position 1), Fig. 18B the average and maxi-
mum temperatures at the central active capillaries and the average
temperature of the whole cross-section of a straight MCF (camera
position 2) Fig. 18C shows the average temperature profiles at five
different positions along a coiled MCF section (camera position 3).

Temperature profiles at the mixing cell (Fig. 18A) show a gen-
eral upwards trend with increasing flow-rate. The temperature in
the main reactor MCF is roughly 10 K higher than at the mixing
point, except for very low flow-rates (0.1 ml/min). The crossover
of these two lines in the first plot can be explained by the fact that,
at low flow-rates, most of the reaction is occurring in the mixing
cell. Due to the rapid heat transfer out of the system, the fluid bulk
has already cooled down significantly by the time it exits the mix-
ing cell and flows down the reactor MCF. For flow-rates between
0.5 and 4 ml/min, the temperatures measured in the main film
are higher than at the mixing point. This results from the higher
convective heat and mass transport along the channel due to the
increased flow velocities, which leads to the reaction and heat
transfer across the polymer walls taking place further downstream.

Most of the temperature profiles further downstream in the
MCF, plotted in Fig. 18B and C show a steep increase in tempera-
ture at low flow-rates and a slow increase at high flow-rates. The
profiles taken at the 2nd, 3rd and 4th coil, shown in Fig. 18C, dem-
onstrate a trend of decreasing temperature with turn number; this
is due to the cooling effect that the metal rod has on the flow inside
the capillaries. This cooling effect could be significantly increased
by installing an active cooling system, such as a pipe with a chilled
liquid flow inside, instead of just having a solid object. This set of
experiments shows, that a highly exothermic reaction can be car-
ried out and cooled efficiently in a small microreactor system using
MCFs.
on 1 at 0.1 ml/min, (B) camera position 1 at 4 ml/min, (C) camera position 2 at 4 ml/
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Fig. A1. Schematic diagram of the apparatus used to correlate the surface tempe-
rature of the MCF to the bucket temperature of the fluid flowing within the
capillaries.

B. Hallmark et al. / International Journal of Heat and Mass Transfer 51 (2008) 5344–5358 5357
5. Conclusions

This paper has presented an experimental investigation of the
development of temperature profiles along MCFs when used for
heat exchange in flow systems along with two case studies where
MCFs have been successfully used as micro heat exchange devices.
Despite their plastic construction, the experiments presented in
this paper have shown that these devices are effective heat
exchangers that can remove heat either from a heated surface (in
the case of microelectronics cooling) or from a highly exothermic
chemical reaction. Heat transfer coefficients based on internal vol-
ume have been typically in the region between 8 and 14 MW/m3 K
(400–800 W/m2 K in terms of internal capillary area) when the
MCF has been in direct contact with the heated surface, or around
0.43 MW/m3 K (around 21.5 W/m2 K) for naturally convective
cases. The figures for direct contact are consistent with previous
research [18] for a single-sided MCF heat exchanger. Experimental
data has also shown that the quality of adhesion between the heat
exchanger and a surface is an important factor in determining
overall heat transfer performance and that in a practical design,
great care must be used in joining together these surfaces.

Novel features of MCF heat exchange devices include their long
length and their flexibility; these features have allowed innovative
heat exchange configurations to be tested in each application area.
The ability to wrap a thin-film heat exchanger over a non-uniform
surface could have interesting application in space-critical heat
removal.

Thermal imaging has been used to characterise and quantify the
operation of the MCF heat exchangers. This has proved to be very
useful in providing detailed insight into the temperature profiles
within operational devices. However, care must be taken when
making absolute temperature measurements with such an instru-
ment though, since slight changes in surface emissivity can lead to
erroneous measurements.
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Appendix A. The relationship between surface and fluid
temperatures within an MCF

A.1. Experimental method

The easiest temperature measurement to make on an MCF, in
the absence of an instrument such as a thermal imaging camera,
is surface temperature. It is desirable, therefore, to establish a cor-
relation such that the external surface temperature of the MCF and
the fluid temperature within the MCF can be related. A schematic
diagram of the experimental equipment is shown in Fig. A1.
60 65 70 75 80 85

emperature (°C)

g the MCF as a function of MCF surface temperature.
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An MCF was wrapped around a sleeved cartridge heater seven
times and a short section taken vertically downwards. A k-type
thermocouple was placed in a small-sized amount of heat transfer
paste as close as practical to the outlet of the MCF; in practice the
distance between the thermocouple and the MCF exit was about
5 mm. A further k-type thermocouple was placed in the exit flow,
such that the temperature of the emergent water could be mea-
sured. Water was supplied to the MCF at a flow-rate of 5 ml/min
and the temperatures of the MCF surface and emergent water ta-
ken over a range of heater set-point temperatures.

A.2. Results and discussion

A plot of the volumetric average temperature of the water exit-
ing the MCF as a function of the surface temperature of the MCF is
shown in Fig. A2. Error bars in this plot have been set to ±1 �C to
allow for thermocouple error.

This plot demonstrates that there is a linear relationship be-
tween the temperature of the fluid exiting the MCF and the MCF
surface temperature, with extrapolation of the results revealing
that the surface temperature and the fluid temperature were equal
at 16 �C, the temperature of the laboratory during the experiment.
Linear regression resulted in the correlation shown in the following
equation:

T fluid ¼ 1:11Tsurface � 1:7: ðA:1Þ
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