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Optimisation of Metallic Fibre Network Materials for Compact Heat
Exchangers**
By I. O. Golosnoy, A. Cockburn, and T. W. Clyne*

Compact convective heat exchangers are becoming in-
creasingly important in various areas of application,[1] with
highly porous materials or structures offering obvious advan-
tages. However, optimisation of the material and structure is
subject to several conflicting requirements. For example, a
high internal surface area favours rapid heat exchange with
the fluid, but may be associated with a relatively low perme-
ability, inhibiting fluid flow, and increased danger of clog-
ging from foreign material carried by the fluid. This intro-
duces uncertainty about the optimal scale of the porosity.
There have been several studies in recent years of the use of
highly porous metals as heat exchangers.[2–5] Bonded metal
fibre network materials offer advantages for use as heat ex-
changer cores, since they can be produced by simple and
cost-effective routes, with considerable versatility concerning
metal composition and network architecture.[6–9]

There have been several previous studies[5,10–14] of porous
materials in steady state heat exchange. The heat transfer per-
formance is usually expressed in terms of a Nusselt number,
Nu, obtained using a system dimension (such as channel
height or length) as the characteristic distance. While this is
useful for comparative studies with a given geometry, it is of
limited use for material performance assessment, since the
overall heat exchange rate does not in general scale linearly
with system dimensions. For example, the local rate of lateral
heat exchange usually falls off along the length of a system.[15]

(Furthermore, there are several dimensions which could be

used to obtain a Nu number, including the pore size, ex-
changer length etc.) In order to obtain an overall Nu number,
which is independent of system length,[15] it is necessary to
take the mean log temperature DTlm as the temperature dif-
ference between fluid and surroundings. However, there
have been studies[5,11] in which this has not been done, mak-
ing comparison of results difficult. Also, the surface area
available for heat exchange does not scale linearly with poros-
ity level. This makes it difficult to draw general conclusions
about the behaviour of porous materials from these experi-
mental results.

In view of the relatively complex interplays between per-
formance, exchanger size and pore (fibre network) architec-
ture, it is difficult to just use experimental data as a guide,
and modelling approaches should be explored. The difficulty
of identifying geometry-independent parameters characteris-
ing the performance suggests that modelling is required of
convective and conductive heat transfer for specific geome-
tries, in such a way that figures of merit can be extracted. Sev-
eral authors have modelled the use of porous materials in
convective heat exchange, using both analytical and numeri-
cal approaches.[12–14,16] Of course, analytical models are likely
to be more tractable and versatile, provided they can be
shown to be acceptably accurate. Lu et al.[16] modelled the
structure of a wide plate of aluminium foam as a cubic array
of solid cylinders. The rate of convection was equated to the
rate of conduction to the channel wall, to find the overall heat
transfer rate. The overall heat exchange rate, in steady state,
was obtained by examining conductive heat flow in the solid
and equating the transverse conductive heat flux, the convec-
tive heat flux at the foam surface and the rate of thermal ener-
gy change in the fluid. Lu et al.[16] arrived at a prediction for
the optimal foam density for minimum power consumption,
by considering the way heat exchange and flow resistance
vary with porosity level. They concluded that the heat
exchange performance improves (without limit) as the cell
size is increased, with no dependence on foam density. These
conclusions are clearly rather counter-intuitive, which may
be attributable to their failure to account for the effect of
pump performance on the heat exchange rate. For real
pumps, the pressure drop is not independent of flow rate.[17]

Pump behaviour can be characterised by a curve defining
pressure drop as a function of flow rate, with the pressure
drop reducing as the flow rate increases. If the pore size is
increased, the flow rate required for efficient system opera-
tion also increases. When system scale, and therefore flow
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rate, are increased, the pressure drop available from a given
pump is reduced. This gives a flow rate lower than that pre-
dicted by Lu et al.[16] and correspondingly impaired heat ex-
change performance. This effect limits the performance of
heat exchangers with a coarse structure.

It’s therefore clear that, since the performance of a (steady
state) heat exchanger is affected by its dimensions, surface
heat exchange, core thermal properties, operating tempera-
tures, core permeability and pumping system characteristics,
determining the optimal structure is complex and challeng-
ing. In the present paper, an analytical model is presented,
which allows the dependence of heat exchange performance
on fibre network architecture and operating conditions to be
examined. Its validity is assessed by comparison with experi-
mental data.

Experimental Procedures

Material Production

Cylindrical fibre network specimens were made by sinter-
ing (4 hours at 1200 °C) of stainless steel (type 446) fibres, pro-
duced by Fibretech Ltd using a melt extraction process. These
fibres have a distorted circular section, with a shape that
might be described as resembling a crescent or a kidney. It’s
convenient to treat the fibres as if they were cylinders, and
the appropriate diameter, giving the correct porosity and sur-
face area, is about 40 lm. The fibre orientation distribution
was found (using X-ray tomography) to be approximately
isotropic. Further details of the microstructure and network
architecture are available elsewhere.[7–9]

Heat Flow Apparatus

The heat exchange behaviour of the porous materials was
studied using the experimental apparatus shown in Fig. 1.

Testing was carried out with a high flow rate of cooling
water, such that Ts,in and Ts,out differed by less than 0.5 °C.
Good thermal contact between the tube wall and porous
medium was ensured by wrapping the sample in Al foil and
applying a layer of high thermal conductivity (3.0 W m–1 K–1)
heat transfer compound between the foil and tube wall, in
order to remove air gaps and improve interfacial conduc-
tance.

Air from a compressor was heated to a predetermined
temperature, using an in-line process heater, controlled via a
digital PID controller (Honeywell) with a K-type control ther-
mocouple located on the downstream side of the heater. Mea-
surements were carried out in the steady state, after allowing
30 minutes for the thermal profile to stabilise. The pressure
difference across the sample was measured with a Digi-
tron P200 H digital manometer. Assuming Darcy’s law, the
specific permeability was calculated from the relationship
between flow rate and pressure drop. The latter was deter-
mined for flow rates varying from 10–100 litres per minute.
For each sample, recordings were repeated three times, and
the average value taken.

Heat Extraction Rates under Steady State Conditions

The system is described in terms of cylindrical co-ordi-
nates, (x, r, h), with L being the system length, R the internal
radius of the conduit, u the average gas velocity, uinside (= u/
(1-�), where � is the fibre volume fraction) the average gas
velocity within the fibrous material, Tg,in and Tg,out the en-
trance and exit temperatures of the gas and Ts the wall tem-
perature.

By measuring u, Tg, in, and Tg, out, in the steady state, the
rate at which heat is being extracted from the gas can be ob-
tained

Q � pR2u�gcg�Tg�in � Tg�out� �1�

The heat exchange rate per unit volume of heat
exchanger material, a key performance parameter,
can be expressed as

Q
V

� ucg�g�Tg�in � Tg�out�
L

�2�

Taking gas properties and surface temperature
to be constant, the rate of heat exchange is often[15]

linearly related to the logarithmic mean tempera-
ture difference, DTlm,

DTlm ≡
DTout � DTin

ln�DTout�DTin�
�2a�

in which, for the present case

DTout � �Tg�out � Ts��DTin � �Tg�in � Ts� �2b�
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Fig. 1. Schematic depiction of the heat exchange apparatus.



Four sets of experimental data are plotted in the form of
(Q/V) against DTlm in Fig. 2. It can be seen that these indicate
a linear relationship, which suggests that the conditions are
amenable to analytical modelling.

The assumption that Tg is independent of r (see later) was
investigated experimentally by measuring Tg, out(r). Its varia-
tion between r = 0 and r = R was found to be less than 1 °C,
confirming the validity of the assumption of negligible radial
thermal gradients in the gas.

Modelling of Heat Flow

Model Framework

The model is based on balancing the heat exchange
between gas, fibrous material and cylinder walls. The main
assumptions are: (i) the system is in a steady-state, (ii) the
wall temperature, Ts, is constant, (iii) no viscous heating of
the gas, (iv) gas properties are constant, (v) radial thermal
gradients in the gas are negligible, (vi) thermal conduction in
the axial direction is negligible for both fibre network and gas
and (vii) the gas flow velocity within the fibre network is uni-
form and constant.

Convective heat exchange at the gas/fibre interface is
modelled by evaluating a heat exchange coefficient for cylin-
ders in a transverse gas flow. The thermal conduction charac-
teristics of the fibre network have been established in a sepa-
rate study[18], and the gas permeability was measured as a
function of the fibre volume fraction. The heat exchange rate
through the wall is based on a Newtonian thermal conduc-
tance, hi, measured experimentally. The elemental volume
used in the model is shown in Fig. 3.

Heat Transport in the Gas

The temperature of the gas in the elemental volume is af-
fected by advection, heat exchange with fibres and conduc-

tion. The change in the thermal energy of the gas within the
elemental volume, over a time interval Dt, is given by the dif-
ference between the thermal energies of gas entering and
leaving the volume, plus the amount of heat exchanged with
the surface of the fibrous material, plus the heat conducted in
or out of the volume during this period. The energy balance
can be re-written in differential form, replacing the local fibre
temperature Tm (t,x,r) with Tm averaged over the cross-sec-
tion, from r = 0 to r = R.

�gcg�1 � �� ∂Tg�t� x�
∂t

� u�gcg
∂Tg�t� x�

∂x

�hS Tm� ��t� x� � Tg�t� x�� � � 0 �3�

in which

Tm� ��t� x� � 1
pR2

�R

0

Tm�t� x� r�2prdr �3a�

In Eqn. (3), �g is the gas density, cg is the gas specific heat
capacity, h is the gas/fibre heat transfer coefficient, Tg is the
gas temperature, Tm is the fibre temperature, � is the fibre
volume fraction, S is the specific surface area of the fibre net-
work material and kg is the thermal conductivity of the gas.
For a steady state, Eqn. (3) reduces to

u�gcg
∂Tg�x�

∂x
� hS Tm� ��x� � Tg�x�

� � � 0 �4�

In order to solve for Tg(x), an expression is needed for
<Tm>(x).

Heat Transport in the Fibrous Network

A similar approach can be used for the thermal energy
changes taking place in the fibrous material, by considering
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Fig. 2. Variation of volumetric heat exchange rate with log mean temperature differ-
ence, for four combinations of fibre volume fraction, �, and average gas velocity, u.

Fig. 3. Elemental volume used in the model.



the effects of radial and axial conduction, and heat exchange
with the gas. The balance in this case may be written

kx
∂2Tm

∂x2 � kr

r
∂
∂r

r
∂Tm

∂r

� �
� hS Tg�t� x� � Tm�t� x� r

� �

� ��mcm
∂Tm�t� x� r�

∂t
�5�

where cm and �m are the specific heat capacity and density of
the fibres. If axial heat conduction is negligible, and there is a
steady state, Eqn. (5) can be simplified to

kr

r
∂
∂r

r
∂Tm�x� r�

∂r

� �
� hS Tg�x� � Tm�x� r�� � � 0 �6�

Since this is a differential equation in r only, and Tg is inde-
pendent of r, a new variable, T=(Tm–Tg), can be introduced. A
substitution can be made for r by defining y as

r

������
hS
kr

�� 	
� y �6a�

allowing Eqn. (6) to be rewritten in standard Bessel form

y2 d2T
dy2 � y

dT
dy

� y2T � 0 �7�

Solutions to differential equations of this type are well
known[19]

T � C1I0�y� � C2K0�y� �8�

where I0 and K0 are Bessel functions, which can readily be
evaluated using commercial spreadsheet software, and C1

and C2 are constants, which can be evaluated from the bound-
ary conditions. A boundary condition at r = y = 0 dictates
C2 = 0, while another at r = R gives C1. Eqn. (8) can then be
expressed as

Tm�x� r� � Tg�x� �
Tw � Tg�x�
I0 R

����
hS

kr


� � I0 r

������
hS
kr

�� 	
�9�

where Tw is the temperature of the fibres where they contact
the wall, Tw = Tm (r = R), and is constant. The radial conduc-
tive flux from the system at x is thus given by

qr�x� � �kr
dTm�x�

dr

����
r�R

�
���������
krhS

�
Tg�x� � Tw
� � I1 R

����
hS

kr


� �

I0 R
����
hS

kr


� � �10�

Gas Temperature Distribution and Heat Exchange Rate

The axial temperature profile of the gas is obtained using
two assumptions: there is no thermal conduction in the x or r
directions and Tg is not a function of r. The expression for
Tg(x) is found by considering heat exchange over the entire
cross-section (0 ≤ r ≤ R) for an element of extent Dx in the
axial direction. Since the fibre network is at a constant tem-
perature (steady state), the total heat transfer rate into the sol-
id (convective heat exchange with gas), can be equated to the
rate of lateral conduction through the wall. Combining
Eqns.(4), (6) and (10), the change in gas temperature over the
axial distance Dx can be related to the rate of radial conduc-
tive flux from the system to give

�dTg

dx
� 2

���������
krhS

�
Ru�gcg

I1 R
����
hS

kr


� �

I0 R
����
hS

kr


� � Tg�x� � Tw
� �

� 1
Leff

Tg�x� � Tw
� � �11�

in which the effective exchange length, Leff, is given by

Leff �
Ru�gcg

2
���������
krhS

� I0 R
����
hS

kr


� �

I1 R
����
hS

kr


� � �12�

Eqn. (11) is solved by performing a standard integration

Tg�x� � Tw � Tg�in � Tw
� �

exp � x
Leff

� �
�13�

Eqn. (13) implies that the difference between the gas and
surface temperature decays exponentially with axial distance,
x. Applied for x set equal to the length of the heat exchanger,
L, Eqn. (13) can be used to evaluate the exit temperature of
the gas

Tg�out � Tw � Tg�in � Tw
� �

exp � L
Leff

� �
�14�

The heat exchange rate per unit volume can be evaluated
using Eqns. (2) and (14).

Q
V

� ucg�g

L
1 � exp � L

Leff

� �� �
�Tg�in � Tw� �15�

Effect of Lateral Interfacial Thermal Resistance

While Tw refers to the fibres where they contact the inter-
nal surface of the container, a more readily measured temper-
ature is that of the coolant, Ts. This is related to Tw via an in-
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terfacial conductance, hi. In the steady state, for systems with
thin walls, the heat flow rate across the interface will be equal
to the network flux at r = R

Q x� � � qr�x��r�R2pRDx � hi Tw � Ts� �2pRDx

� 2pRDxH Tg�x� � Tw
� � �16�

in which, from Eqn. (10), H is the overall heat exchange con-
ductance, given by

H �
���������
krhS

� I1 R
����
hS

kr


� �

I0 R
����
hS

kr


� � �17�

where the meaning of h is defined in §3.2. It follows from
Eqn. (16) that

Tg � Tw � hi

hi � H� � �Tg � Ts� �18�

Using this expression to replace (Tg–Tw) in Eqn. (11) leads
to an alternative form of the equation for Leff

Leff � H � hi

Hhi

� �
Ru�gcg

2

� �
�19�

Heat Exchange between Gas and Fibres

In order to calculate Tg, out, using Eqn. (14), and Q/V,
using Eqn. (15), Leff must be evaluated. In order to use
Eqn. (19) for this, an expression is required for the surface
conductance, h. This can be obtained using an appropriate
empirical or semi-empirical correlation expression for the sys-
tem geometry concerned. The Nusselt number is given by

Nu � hD
kg

�20�

where kg is the gas thermal conductivity and D is some char-
acteristic dimension of the system, such as pore size or fibre
diameter. An expression for the Nusselt number for a set of
cylinders in transverse gas flow[20] is

Nud≈0�5Re0�5
d Pr0�36 �21�

where Nud and Red are the Nusselt and Reynolds numbers
defined using the fibre diameter as the characteristic dimen-
sion. Since the Prandtl number term is approximately unity
for a gas, and using an expression from Zukauskas[20] to
account for the fact that the fibres do not all lie normal to the
gas flow, the following equation for h is obtained

h � kg

d
0�5Re0�5�1 � 0�54 � cos 2h �� �22�

where <cos2h> is the average value of cos2h, with h being the
angle between the specimen axis and the fibre axis.

Reliability of Conduction Assumptions

It is assumed that axial conduction in both fibres and gas
are negligible, in comparison with the convective heat carried
by the gas. The diffusional (conductive) heat transfer rate (in
W m–3) in the axial direction within the gas is given by

qg�dif � kg
∂2T
∂x2 � kg

Leff� �2 Tg�in � Tw
� �

exp � x
Leff

� �
�23�
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Fig. 4. Comparisons between model predictions and experimental data for the volu-
metric heat exchange rate, as a function of gas entry temperature, for stainless steel net-
works with fibre volume fractions of (a) 14 % and (b) 32 %. Data used in the calcula-
tions are shown in Table I.



whereas the convective heat transfer rate is given by

qg�con � u�gCg
∂T
∂x

� �u�gCg

Leff
Tg�in � Tw

 �
exp � x

Leff

� �
�24�

In the present case, substitution of appropriate data in the
expression for the ratio of these two heat transfer rates

qg�dif

qg�con

����
���� � kg

Leffu�gCg
�25�

shows that it’s magnitude is less than 10–3, so that axial con-
duction in the gas can be neglected. A similar conclusion is
reached for axial conduction in the fibres.

Evaluation of Interfacial Conductance

In order to estimate the interfacial conductance, hi, an
additional thermal resistance was introduced, using a fibrous
layer with a previously-measured conductance.[21] An esti-
mate of hi was made by dividing the measured heat flux
through the system, q, by the additional temperature drop
across the interface, DTi. Results from this experiment[18,21]

suggested that, for � = 0.14, hi ∼ 350 W m–2 K–1. Assuming
that the thermal resistance is predominantly between the fi-
brous material and tube wall, hi would be expected to vary
linearly with �, since the number of fibres in contact with the
tube wall would be expected to scale with the fibre volume
fraction. If such a relationship is assumed, then experimental
data agree well with the model – see below. As expected, the
volumetric heat exchange rate increases with gas flow veloci-
ty, since both the rate of heat flow into the exchanger and the
surface heat exchange co-efficient of the fibrous material, h,
increase with flow rate. The heat exchange rate is also depen-
dent on �. This is understandable, since both the surface area
available for heat exchange, S, and the radial thermal conduc-
tivity, kr, increase with �.

Predicted and Measured Thermal Characteristics

Effect of Network Architecture

Data used in the calculations are shown in Tables 1 and 2.
Noting from Eqn. (15) that Q/V depends strongly on L/Leff,
the focus is on the parameters in the expression for Leff. The
temperature of the gas gradually approaches the wall temper-
ature, Ts, and the heat exchanger is obviously ineffective
when this occurs. For optimum performance, the exchanger
length L should be smaller than Leff. In this case, the gas
velocity (and its thermal properties) disappear from the final
expression (see Eqns. (15) and (19)) and the performance
(Q/V) is directly proportional to the overall heat exchange
conductance, H, and inversely proportional to the transverse
dimension, R. It should also be noted that both h and S
depends on the effective fibre diameter (their product being
proportional to d–3/2). The value of H is now examined as a
function of kr and d, and compared with the interfacial con-
ductance hi.

The predicted sensitivity of H to both d and kr is shown in
Fig. 5. It can be seen that the sensitivity of H to the transverse
dimension R is very weak in all cases. This is because the
argument of the Bessel functions in Eqn. (17) is large, for typi-
cal fibre arrays. It is also clear that H is rather more sensitive
to fibre diameter than to the thermal conductivity of the net-
work. Heat exchanger performance is expected to improve on
reducing the fibre diameter (thus increasing the surface area
for heat exchange). This is an expected effect, providing the
permeability does not drop sufficiently to impair the gas flow
- see §4.2. (Of course, in practice there may be other reasons
for avoiding a very fine fibre diameter, such as manufactur-
ing and handling difficulties and an increased danger of dam-
age, blockage etc.)

However, for the conditions studied here, (hi = 350 and
800 W m–2 K–1, d = 40 lm, kr = 0.67–1.5 W m–1 K–1 and
R =10 mm) the predicted values for H, obtained using
Eqn. (17), are over 3 kW m–2 K–1, so that the overall heat
exchange rate is relatively insensitive to the exact values of
fibre diameter or network conductivity. According to
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Table 1. Data used in figures.

Fig. � d (lm) kr(W m–1 K–1) hi(W m–2 K–1) H(W m–2 K–1) L (mm) R (mm) S (mm–1)

4(a) 0.14 40 0.67 350 Eqs .(17) & (22) 50 10 14

4(b) 0.32 40 1.5 800 Eqs. (17) & (22) 50 10 32

5 d axis 0.14 varies 0.7 & 1.4 – Eqs. (17) & (22) 50 10 & 100 Eq. (26)

5 k axis 0.14 40 & 80 varies – Eqs. (17) & (22) 50 10 & 100 Eq. (26)

6(a) varies 40 varies with � ∝ �(300 for � = 0.1) Eqs. (17) & (22) 50 10 Eq. (26)

6(b) 0.14 varies 0.67 2000 Eqs. (17) & (22) 50 100 Eq. (26)



Eqn. (19), the main limiting factor for heat exchange is the in-
terfacial resistance at the walls. The range of kr over which
this occurs is dependent mostly on the thermal conductance
at the tube wall, hi, but not on the lateral dimensions of the
heat exchange system, R. Even if all obvious measures are
taken to reduce the contact resistance at the wall[22], it is diffi-
cult to imagine that values of hi greater than 5 kW m–2 K–1

could be achieved. This being the case, material selection
based solely on a high thermal conductivity is not appropri-
ate. Even stainless steel fibre networks, with a relatively low
conductivity of kr ∼ 2 W m–1 K–1, provide sufficient heat con-
ductance. The 14 % dense networks have a conductivity kr

∼ 0.7 W m–1 K–1, which can be increased slighly by improving
the inter-fibre bonding[18]. However, performance improve-
ments are expected from improved contact between fibres
and wall – for example, brazing may be worthwhile. Increas-
ing hi from 0.35 to 3 kW m–2 K–1 is predicted to improve the
performance by 400 %, for the conditions being studied here.

When operating with a constant gas flow rate, the effect
of fibre volume fraction, �, and diameter, d, can be predicted,
taking into account the effect of � on the radial conductivity,
kr, the specific surface area, S, and the internal gas velocity,

uinside. The model predicts that the heat exchange rate will in-
crease with increasing �. This effect is intuitive and is con-
firmed by experiment (Fig. 4). It is due to the increase in S
and kr. However, it should be noted that this is based on treat-
ing the fibres as isolated cylinders, so that S increases mono-
tonically with increasing �.

S � 4�
d

�26�

This is probably valid up to � ∼ 0.4. At high values of �, S
must start to fall with increasing �. The treatment presented
here is thus only valid up to fibre volume fractions of around
40%, but in practice this is the range of prime interest.

Effect of Network Permeability

An increase in flow resistance is expected as d is reduced,
and as � is increased. In order to examine the effect this
reduction in permeability is likely to have on the heat
exchange performance of a real system, it is necessary to con-
sider the characteristics of the pump used to provide the gas
flow. In general, the pressure which a pump can provide
decreases with increasing flow rate. In order to illustrate this,
consider a pump[9] for which the output pressure varies
linearly with flow rate, from a maximum value at u = 0 to 0
at u = umax.

∂P
∂x

� ∂P
∂x

� �
0
�Cug �27�

This allows the flow rate resulting from the combination of
a given pump and a heat exchange system to be determined
using the following equation.

ug � ∂P
∂x

� �
0

l�
j

� C
� ��1

�28�

where l is the gas viscosity and j is the permeability of the
network. Experimentally measured j values generally agree
well with the Carman-Kozeny relation,[23] which is used here
in the following form.

j � �1 � ��3

80�2 d2 �29�

The predicted effect of � on the heat exchange perfor-
mance is shown in Fig. 6(a), while Fig. 6(b) shows the effect
of d (Pmax = 104 Pa, lmax = 8 ms–1). It can be seen that there is
an optimum �, for a given set of operating conditions, giving
the best compromise between high surface area and lateral
conductivity (favoured by a high value of �) and high heat
exchange conductance and gas flow rate (favoured by a low
value). For comparative purposes, the effect of having a con-
stant pumping power (pressure drop × volumetric flow rate),
rather than the assumed pump curve, is also included. It can
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Fig. 5. Predicted dependence (for a 14 % fibre volume fraction steel network material,
with a gas inlet velocity of 4.24 m s–1) of the overall heat exchange conductance on the
radial thermal conductivity of the fibre network (for fixed fibre diameter) and on fibre
diameter (for fixed radial thermal conductivity). Data used in the calculations are
shown in Table I.

Table 2. Property data for air.

specific heat capacity, cg (J kg–1 K–1) 1005

density, qg (kg m–3) 1.2

dynamic viscosity, l (Pa s) 1.5 10–5

Prandtl number, Pr 0.7

thermal conductivity, kg (W m–1 K–1) 0.026



be seen that the details of the pumping system do affect the
predictions, but the broad behaviour is relatively insensitive
to this. The optimum � value is of the order of 10–15 %.
Fig. 6(b) shows that there is also likely to be an optimum d,
but the sensitivity to this variable is somewhat weaker than
for the fibre volume fraction. Diameters of the order of
30–100 lm are likely to be most effective, although somewhat
coarser fibres are unlikely to have a much lower efficiency.
Finer fibres than this, however, are likely to be ineffective,
since the associated drop in permeability starts to dominate
the behaviour. Of course, this takes no account of the fact that
finer structures are also likely to be more prone to blockage
and clogging, which would accentuate the effect.

It can be seen from Fig. 6 that the optimal fibre diameter is
likely to be dependent on fibre volume fraction, and vice ver-
sa. The net effect is best visualised in a contour plot, in which
the effect of varying both � and d can be simultaneously ex-
amined. This is shown in Fig. 7. The maximum volumetric
heat exchange rate value in this plot is actually about

4.2 MW m–3 (for d∼100 lm and � ∼ 0.20). However, the whole
of the (dark-shaded) region in the highest range is above
4.05 MW m–3, so it is clear that the peak is not a sharp one,
and various combinations of fibre volume fraction and diam-
eter give similar efficiencies in this regime. Nevertheless, it
can be seen that the combinations are constrained – for exam-
ple, if the fibre volume fraction is low, then fine fibres are
required. It should also be noted that other issues may be rel-
evant. For example, if a lightweight system is required, then a
combination of fine fibres and low fibre volume fraction is
preferable. On the other hand, if ease of manufacture, robust-
ness in service and resistance to clogging are important, then
coarser fibres and a higher fibre volume fraction may be advi-
sable.

Conclusions

The following conclusions can be drawn from this work.
– A heat exchanger, operating under uniform surface tem-

perature conditions, has been constructed and used to ex-
plore the performance of heat exchanger materials based
on bonded networks of metallic fibres. The only heat trans-
fer fluid used in this work was air. It was found that the
rate of heat exchange is linearly proportional to the log
mean temperature difference.

– A new analytical model is presented for heat exchanger
performance, giving the rate of heat exchange per unit vol-
ume of material, for given dimensions and operating condi-
tions.

– The model predictions indicate that the exchange rate tends
to be sensitive to heat transfer conditions at the containing
walls. For a heat exchanger core which would be perma-
mently in place, brazing (which would enhance this trans-
fer) is likely to be worthwhile.

– The dependence of heat extraction rates on lateral thermal
conductivity has also been examined. The performance
gains achievable by using fibres with a very high thermal
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Fig. 6. Predicted dependence of network permeability and volumetric heat exchange
rate on (a) fibre volume fraction and (b) fibre diameter. Data used in the calculations
are shown in the legend and in Table I.

Fig. 7. Contour plot, showing the effect on the volumetric heat exchange rate of varying
both fibre diameter and fibre volume fraction, under a given set of operating conditions.
Pmax = 5000 Pa, lmax = 5 m s–1, L = 50 mm; R = 50 mm.



conductivity (such as copper or silver) are relatively small
for typical system dimensions and conditions. Use of a
cheaper material, such as (stainless) steel is likely to be
more appropriate.

– Taking into account the probable characteristics of the (gas)
pumping system, a study has been made of the predicted
effects on the heat exchange efficiency of varying the fibre
diameter and volume fraction. The efficiency is more sensi-
tive to the fibre volume fraction than to the fibre diameter,
although both have an effect, and optimum values for both
can be identified, under given conditions. The model may
therefore be useful in the design of heat exchanger systems
based on gas flow through fibre network materials.
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