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Abstract -Gas-to-liquid heat exchangers lack in an adequate heat transfer coefficient on the gas side due to low
convective heat transfer into the gas. Enhancing the heat transfer mechanism by increasing the surface area yields an
improved heat transfer. Woven wire heat exchangers allow enlarging heat transfer surface area, decreasing material
usage and the flexibility of different geometrical dimensions with the drawback of an increasing pressure drop. A
further advantage of woven capillary-tube-and-wire structures is the possibility to combine the process of production
of the mesh with contacting it to a tube. However studying heat transfer and hydraulics of woven capillary-tube-and-
wire structures in experimental set-ups shows barriers in achieving good connection between wires and capillary
tubes in first samplings. A medium heat transfer coefficient of 110 W/m2K for air velocities of 2 m/s with water as
second fluid and stainless steel as solid structure can be achieved. Numerical simulations can reproduce the
measurements and extended simulations of the same geometry, with less heat resistance between wires and tubes,
yield a heat transfer coefficient of 330 W/m2K for a solid structure of 300 W/mK, showing the potential for wire
structures as heat exchanger enhancer.
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1. Introduction

In general gas-to-liquid heat exchangers have a high heat transfer coefficient on the liquid side, but
lack in good heat transfer characteristics on the gas side. This is represented by the low value of heat
transfer coefficient from gases to surrounding heat transfer surfaces in a forced convection process. Thus
an increase in efficiency of the heat exchanger can be achieved by concentrating on enhancements of the
gas side heat transfer surface. The surface structure must fulfil four important aspects. Firstly the surface
has to have a high surface area in comparison to the liquid side heat transfer surface area, secondly the
enhancement should increase the heat transfer coefficient, while thirdly the pressure drop on the air side
and fourthly the use of heat exchanger material should be as low as possible.

This enhancement is possible with structures having a low characteristic diameter and the flexibility
of assembling it in a flow resistance minimizing way, whereas the heat conduction through the structure is
optimal in orientation towards the primary surface. Wire mesh structures meet these requirements. They
are widely used as filter media (Sun et al., 2015; Glatt et al., 2009) and as regenerators due to the high
surface area density. For heat transfer enhancement in heat exchangers with low convective heat transport
on the gas side a variety of different design ideas are shown in literature and on the market. Metallic
woven wire mesh structures (Liu et al., 2015; Xu et al., 2007; Prasad et al., 2009) and screen-fin
structures (Li, Wirtz, 2003) are contacted to a flat primary surface, separating the fluid from the heat
source or sink. Whereas wire-on-tube type heat exchangers (Kumra et al., 2013; Lee et al., 2001) have to
enable contact on rounded surfaces. Wire diameter ranges primarily from 100 pm to 1mm. In the
literature named above the wire structure is woven or knitted separately from the process of contacting it
to the primary surface. Combining the two surfaces, the primary surface and the surface enlargement with
a wire structure, in one process is experimentally studied in (Vlot, 2003) and design ideas are patented in
(Balzer, 2006; van Andel, van Andel, 2006). During this weaving process small capillary tubes are used
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as weft instead of wire. In perpendicular direction wire in the order of 100 um is used as warp. In this
paper the thermodynamic behaviour of a woven capillary-tube-and-wire structure will be characterized by
presenting experimental results on pressure drop and heat transfer and compared to simulation studies of
fluid dynamics.

2. Woven Wire Heat Exchanger

Different geometrical configurations of wire structures are manufactured by the company Sporl KG
(Web-1) for first tests of the production process and the measurement scope. One of the structures is
shown in Fig. 1 (left). In this implementation the wire mesh width is very small, resulting in a tight
textile. The geometrical possibilities can be realized by changing the wire diameter, the tube diameter and
the distance of tube and wire in warp and weft direction.

air out

Fig. 1. Left: Wire structure with mesh width of approximately 3 mm (warp direction) and 0.1 mm (weft direction).
Right: CAD of woven wire heat exchanger with distributor/collector

The structures are made of stainless steel, the capillary tubes are diffusion welded to the wires and
soldered to a distributor/collector. For thermodynamic characterization hot water is pumped through the
distributor, the capillary tubes and the collector, while cold air flows perpendicular to the tubes through
the structure and is heated up (see Fig. 1: right). The geometrical characteristics of one of the heat
exchangers (HX1) with wire mesh structure are presented in Table 1.

Table. 1. Specification of woven wire heat exchanger geometry

Specification Units | HX1
Number of capillary tubes - 50
Outer / Inner diameter of capillary tubes [mm] [ 2/1.9
Distance between centres of capillary tubes [mm] | 45
Length of capillary tubes [mm] | 205
Diameter of wires [mm] | 0.1
Number of wires - ~ 740
Distance between centre of wires (on one side of capillary tube) | [mm] | 0.5
Length of structure in wire direction [mm] | 231
Outer / Inner diameter of distributor and collector [mm] | 42/38
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In the first batch, weaving, welding and connecting the capillary tubes to the distributor and collector
have yielded a displacement of the wires with respect to the tubes for structures with large mesh width.
For the latest batch mesh width has been reduced, which will result in a higher pressure drop and a higher
heat transfer, but yielded a more homogenous structure. The latest structure is shown in Fig. 2.

Fig. 2. Heat exch

anger of the latest batch

3. Testing Facility and Simulation

3. 1. Testing Facility

For measuring pressure drop and heat transfer of gas flow through the heat exchanger a test rig has
been installed at Fraunhofer ISE within the project Effimet (Web-2). Air and water can be used for
characterizing gas-to-liquid heat exchangers. Prior to the test section containing the testing model (see
Fig. 3), a flow conditioning section is installed on the air side. It comprises a chiller, an electric heater, a
humidifier, a controllable fan and the respective sensors for air temperature, humidity and volume flow
(nozzle). It can deliver temperatures in the range of 5 — 40 °C and volume flow rates between 150 — 1000
m3/h.

Ultrasonic flow
meter

Testing Differgntial

Temperature
p model presgure

Sensorsy.
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Fig. 3. Sketch of the air side of the heat exchanger test rig at Fraunhofer ISE; the air flow conditioning section is
connected at the right side of the test rig.

In order to be able to measure heat exchangers at lower air volume flows a bypass valve is installed
in the upper side of the test stand and a DN50 duct section with ultrasonic flow meter can be inserted into
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the measurement channel. This way we can measure with air volume flows down to 10m3/h. Following
the bend (DN280) is a 510 mm straight rectangular channel of 185 mm x 231 mm. In the test section fast
reacting thin film Pt100 temperature sensors are used (Class A, uncertainty: 0.07 K). Four sensors are
installed at the inlet channel, followed by two metal screens which ensure a uniform velocity profile. In
the outlet channel 12 sensors record the temperature. All sensors are installed in the centre of squares of
equal area. The pressure drop across the testing model is measured with two differential pressure
transmitters (PU/PI, halstrup-walcher) with a measuring range of 0 — 50 Pa (for good accuracy at low
pressure drops; uncertainty: 0.15 Pa) and 0 — 250 Pa (for higher pressure drops; uncertainty: 1.04 Pa). The
entire testing section is leakage tested and thermally insulated.

On the water side temperature and volume flow rate can be controlled by a chiller/heater (Unichiller
017Tw-H, Huber) and measured with Pt100 resistance temperature sensors (Omnigrad T TST310,
Endress+Hauser; uncertainty: 0.07 K) and an electromagnetic flow sensor (Optiflux 1000, Krohne).
Pressure drop is measured via differential pressure transmitter (idm331, ICS Schneider Messtechnik
GmbH).

During measurements the inlet air temperature is fixed to ambient temperature in order to avoid
losses, while the water enters the heat exchanger at 60°C. The water flow rate is set to ~1 m?/h, therefore
the change in water temperature across the heat exchanger is very small (<1K). For the characterization of
heat exchangers the air volume flow is increased stepwise from 30m3/h to 800m3/h. The heat exchanged is
then determined on the basis of the average air temperatures before and after the testing model.

3. 2. Simulation

As the wire structure is symmetric, simulating the flow can be reduced to a small segment of the heat
exchanger, while later an upscaling is necessary to determine the performance of the whole heat
exchanger. This segment is shown in Fig. 4 (left). It is given by two parts of the tube and the wired
structure between the tubes. A heat transfer resistance between the outer wall of the tubes and the wire
structure can be included to account for defective welding, either by inserting an air gap or a fixed volume
with low conductivity between the wires and the tubes.

Air Inlet

® Fraunhofer ISE

Fig. 4. Left: Simulated geometry showing the cold air entry and warm air exit. The wire structure and the tubes are
shown in purple. Middle: Velocity streamlines and temperature distribution in air, in the tube wall and in the wire
connecting the two tubes (red: warm; blue: cold). Right: Velocity magnitude in air (red: high; blue: low) and the
meshing of the solid .

Fluid flow and heat transfer is simulated by using the finite element method (FEM), implemented in
COMSOL Multiphysics® (Version 4.4). Boundary conditions for temperature, pressure and velocity are
chosen to result in a steady state laminar flow. The simplified continuity equation, Navier Stokes
Equation and energy equation are describing the system on the air side:

V:(pairw) =0 (1)
pair(W- V)u = V- [ =pl + pgir (Vu + (VW)T) — 2 p1530:(V - W] )
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PairCp,airl VIr=V- (kairVT) (3)
The energy (heat) equation describes the solid domain:
V- (kso1iaVT) =0 (4)

The material properties pg;r, Ugir, Cpair AN kg are the temperature and pressure dependent
density, dynamic viscosity, heat capacity at constant pressure and thermal conductivity of air, while k¢,;i4
is the thermal conductivity of the wires and tubes and I is the identity. The scalars for temperature T and
pressure p and the velocity field u are the dependent variables. The thermal conductivity of the solid
ksoniq 1S chosen to be 15 W/mK for comparison to the experiments (stainless steel) and increased up to
300 W/mK to express the potential for usage of high conductive materials as wires.

The water side is not simulated, as the mass flow on the water side in the experiment is so high, that
the temperature experiences only a slight reduction. Instead a fixed temperature is set on the inner
capillary tube wall as a boundary condition. Faces between solid and air domain are set to no-slip
condition, at inlet resp. outlet faces velocity resp. pressure is fixed. All other boundaries are symmetric.
The velocity streamlines, temperature distribution, velocity magnitude and the meshing of the solid for
one of the geometries are depicted in Fig. 4.

3. 3. Comparison

For comparison to the experimental results the geometry of HX1 has been built in COMSOL
Multiphysics® and simulation with different gap sizes between wire and capillary tube have been
performed at different inlet velocities of air. Additionally the thermal conductivity of the capillary tubes
and wires has been changed. Simulation and experimental results are presented in terms of a convective
heat transfer coefficient and pressure drop, as well as in non-dimensional quantities.

The exchanger overall heat transfer rate equation is given by (cf. (Shah, R. K, Sekuli¢, 2003,
p. 105)):

Q = UAyrsATy, (5)

with the total heat transfer rate in an exchanger Q, the overall heat transfer coefficient U, the heat
transfer surface area Ayrs on the air side and the true (or effective) mean temperature difference (MTD),
also referred to as mean temperature driving potential AT,,. In the simulation case the MTD equal the
logarithmic temperature difference. For the experiment additional NTU-Method has been used to
determine a correct MTD.

When a wire structure is contacted to tubes the same procedure can be applied to estimate the
convective heat transfer coefficient as for classical fins. In this case we refer to a pseudo-convective heat
transfer coefficient that includes the heat transfer from the air to the wire structure and the heat
conduction through the solid towards the inner capillary tube wall (cf. (Hutter et al., 2011)). For the
simulation this pseudo-convective heat transfer coefficient @ equals U in Equation 5. For the experiments
the heat resistance on the water side has to be eliminated from the overall heat transfer coefficient by

1_1__ Aurs (6)
a U QwaterAHTS,water

to get the pseudo-convective heat transfer coefficient a. The heat transfer coefficient on the water side
awater NAs to be calculated based on available correlations in literature (cf. (Wérmeatlas, 2006)).

The Nusselt number Nu is a non-dimensional quantity, expressing the convective heat transfer versus
the conductive heat transfer. It is defined as
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Nu = ad (7)

kair

Whereas d is a characteristic length of the wire heat exchanger (d = 44yL/Ayrs With minimum free
flow area A, and length of heat exchanger in air flow direction L).

The pressure drop Ap is calculated by taking the difference of air inlet pressure and air outlet
pressure. Its non-dimensional representative is the Fanning friction factor f which is given by

f= = (8)
)

4(5) <pair Yair,inlet

d 2 €2

With w4 in1et representing the inlet velocity on the air side and e being equal to the ratio of minimum
free flow area A, and inlet cross flow area A;,,. The non-dimensional quantities are correlated versus the
Reynolds number

Re = Pair Uair,inletd (9)
Hair€
4. Results

The heat transfer of the woven wire heat exchanger (HX1) was much less than expected from
simulations before. These first simulations did not include any additional heat resistance between the
wires and the capillary tubes. As the HX1 is very inhomogeneous and some wires are not welded at all, a
lower heat transfer is explainable. To quantify the heat resistance, an additional gap between the wires
and the capillary tubes was added in the simulation. An air gap of 0.02mm is found to fit the measurement
data best. In Fig. 5 the pseudo-convective heat transfer coefficient a is plotted versus air inlet velocity
Uairinlet TOr Simulations and measurements with two thermal conductivities of the wires and capillary
tubes of kgg1iq = 15 W/MK and k54 = 300 W/mK. The later conductivity shall express a potential for
wire structures with highly conductive material instead of stainless steel. Results with and without a heat
resistance between the wire and the capillary tubes, expressed by a gap between the two of 0.02 mm are
shown as well.

The potential for a highly conductive material used as solid (with the same design as used in this
study) is very high, yielding pseudo-convective heat transfer coefficients of more than 400 W/m2K for
velocities of 3 m/s. Classical extended surfaces (wavy, offset strip, louvered, etc.) achieve coefficients in
the range of 50 W/m2K (cf. (Hesselgreaves, 2001)). The volume specific heat transfer surface area in the
simulation model is 990 m?#/m3 and therefore belonging to the class of compact heat exchangers (cf.
definition in (Shah, R. K, Sekuli¢, 2003): surface area density greater than about 700 m?/mg). Therefore
the product of both pseudo-convective heat transfer coefficient and heat transfer surface area in relation to
the total volume is very high. Likewise heat transfer surface area is high in comparison to the used
material volume of wires and capillary tubes with a value of more than 15000 m2/mga,

A high consistency of pressure drop measurement and simulation is given for all three presented
simulations, as the change in geometry is marginal and the change in solid thermal conductivity does
influence the flow only by a change in fluid temperature and therefore in the fluid properties p,;, and pgir
(see Fig. 6). Relative errors are maximum 8% and therefore out of the range of the measurement error for
pressure drop (0.15 Pa). An explanation for this (slight) error can be that fluid dynamics differs due to the
inhomogeneous wire structure in comparison to the symmetric simulation model. In comparison to
standard heat transfer enhancers, such as offset strip fins, the pressure drop is slightly higher for equal
fluid flow length.
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Fig. 5. Pseudo-convective heat transfer coefficient a versus air inlet velocity u;; ine: fOr simulations and
measurements with different thermal conductivities of the wires and capillary tubes and for different heat resistance
between the wire and the capillary tubes.
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Fig. 6. Pressure drop Ap versus air inlet velocity u,;, iner for simulations and measurements.

The Fanning friction factor and Nusselt number of the measurement data is correlated via the
following equations to the Reynolds number (by means of minimizing least square error of data):

f =4.10 Re™%50 (10)
Nu = 0.78Re®3” (11)

Reynolds numbers range from 50 to 1150 for air velocities at the inlet of 0.2 m/s to 4.5 m/s.
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5. Conclusion

Woven wire structures allow heat exchanger design with a noticeable geometrical flexibility,
potentially high heat transfer coefficients (in this numerical study: 400 W/m2K at 3 m/s) and high specific
heat transfer surface area with respect to total heat exchanger volume or material volume for wires and
capillary tubes. Pressure drop characteristics can be met by simulations with relative errors below 8%,
while heat transfer can only be simulated with good agreement to the measurement data by adding a heat
resistance between wires and capillary tubes and fitting the describing parameter to the measured data.
The calculated potential in heat transfer based on simulations for this non-optimized design is
approximately three times higher than the measured heat transfer characteristics, presuming an even
higher potential for a geometrically optimized structure.

Future work will focus on an optimized process of contacting wires and capillary tubes, on the use of
highly conductive wire materials and on a suitable assembly of multiple structures in succession.
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