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Abstract: The main objective of this study is to calculate and determine design parameters for a
novel wire cloth micro heat exchanger. Wire cloth micro heat exchangers offer a range of promising
applications in the chemical industry, plastics technology, the recycling industry and energy technology.
We derived correlations to calculate the heat transfer rate, pressure drop and temperature distributions
through the woven structure in order to design wire cloth heat exchangers for different applications.
Computational Fluid Dynamics (CFD) simulations have been carried out to determine correlations
for the dimensionless Euler and Nusselt numbers. Based on these correlations, we have developed a
simplified model in which the correlations can be used to calculate temperature distributions and
heat exchanger performance. This allows a wire cloth micro heat exchanger to be virtually designed
for different applications.

Keywords: heat exchanger; micro tubes; wire structure; computational fluid dynamics; dimensioning;
modeling; heat transfer

1. Introduction

In order to tackle problems in energy management, improvements in the efficiency of existing
systems are needed. In this context, the miniaturization of heat exchangers has been a constant area of
research for decades [1,2]. A limiting factor in many configurations, whether parallel-, counter- or
cross-flow, is the heat transfer from the gas-phase to the solid medium. A metallic wire-screen/tubing
structure, as shown schematically in Figure 1, can be used to reduce this limitation by increasing the
volume-specific heat transfer surface area and magnifying the contact area between gas-phase and
heat exchanger [3,4].

Wire screens are regular structures, consisting of small diameter wires which are woven in two
orthogonal directions in a plane, similar to woven textile materials. There is a range of different types
of weaves that are suited for heat exchange applications. A modification of the standard linen weave,
employed in this context, consists of replacing the weft wire with small diameter tubes. The resulting
cross-flow heat exchanger, shown in Figure 1, is highly versatile and provides a high volume-specific
heat transfer surface area. It can be used in the chemical industry, by applying a catalyst coat on the
surface of the screen, or in energy storage applications in combination with phase change materials.
The concept of the wire-screen heat exchanger was introduced and experimentally investigated in [5–7].
These studies with multilayer meshes in a rectangular channel and with variations in the wire structure
suffered from poor thermal contact between the tubes and the wires. The resulting heat transfer
coefficients were significantly lower than those of comparable systems. We refer to an improved and
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patented concept that increases the thermal contact, as presented in [8]. Experimental and numerical
investigations of these systems were conducted by Martens and Fugmann et al. [9–11], with an extension
to different wire-on-tube structures by the latter authors. The improvements resulted in increased heat
transfer coefficients which are in the upper range of comparable compact heat exchangers.

Energies 2020, 13, x FOR PEER REVIEW 2 of 20 

 

improved and patented concept that increases the thermal contact, as presented in [8]. Experimental 
and numerical investigations of these systems were conducted by Martens and Fugmann et al. [9–
11], with an extension to different wire-on-tube structures by the latter authors. The improvements 
resulted in increased heat transfer coefficients which are in the upper range of comparable compact 
heat exchangers. 

 
Figure 1. Illustration of a woven cloth micro heat exchanger featuring a wire-screen/tubing structure, 
with coolant flow through tubes in blue and cross-flow of gas through the wire-screen in red. 

Woven wire mesh structures allow a broad variety of combinations of geometric dimensions 
and shapes. In conjunction with the properties of the working fluids used, they offer numerous 
possibilities for optimizing heat exchanger cost and performance for a wide range of operating 
conditions. Due to the large number of influencing parameters, research into the thermal 
transmission potential and the development of design criteria on a purely experimental basis is not 
expedient [12–14]. For this reason, this article presents a numerical approach to characterize and 
calculate the heat transfer across wire cloth heat exchangers of the type shown in Figure 1. For an 
efficient design of the heat exchanger, the transmitted heat flow, the pressure drop and the 
temperature profiles along the tubes and along the wires are of particular interest. 

In the first step, the gas-side heat transfer coefficient is determined numerically using CFD 
simulations. With this, the heat flow as well as the average gas and coolant temperatures can be 
determined by a P-NTU approach. The temperature profile in tube direction, which is particularly 
relevant for applications in chemical reaction engineering, is calculated by an effective 1-D model 
(EM). The maximum temperature along the wire can be determined analytically by considering the 
wires to be connected to the tube as fins [15]. For all calculations, water is used as coolant and air as 
gas with temperature-dependent material values. In the following, the geometry and the relevant 
parameters of the heat exchanger are presented. 

2. Materials and Methods 

2.1. Geometric Parameters 

Following the approach of Balzer [8] and assuming a common inlet and outlet for the coolant 
tubes, the heat exchanger configuration shown in Figure 2a with the length dimensions ,  and 

, is considered. The total volume of the heat exchanger is given by = · ·  (1)

The wires are combined with the tubes in a weaving process comparable to that known from 
textiles. Solder is added in order to stabilize the structure and improve the thermal contact between 
wires and tubes. Wire diameters  can range from 100 µm to 1 mm. The outer diameter  of the 
tubes can be significantly less than 2 mm and with small wall thicknesses (in the range of 100 µm) 
while providing high-pressure resistance [16]. 

The characteristic geometric parameters of the wire-screen/tubing structure are shown in a 
representative section of the heat exchanger in Figure 2b. Whereby  denotes the distance between 

Figure 1. Illustration of a woven cloth micro heat exchanger featuring a wire-screen/tubing structure,
with coolant flow through tubes in blue and cross-flow of gas through the wire-screen in red.

Woven wire mesh structures allow a broad variety of combinations of geometric dimensions and
shapes. In conjunction with the properties of the working fluids used, they offer numerous possibilities
for optimizing heat exchanger cost and performance for a wide range of operating conditions. Due to
the large number of influencing parameters, research into the thermal transmission potential and the
development of design criteria on a purely experimental basis is not expedient [12–14]. For this reason,
this article presents a numerical approach to characterize and calculate the heat transfer across wire
cloth heat exchangers of the type shown in Figure 1. For an efficient design of the heat exchanger,
the transmitted heat flow, the pressure drop and the temperature profiles along the tubes and along
the wires are of particular interest.

In the first step, the gas-side heat transfer coefficient is determined numerically using CFD
simulations. With this, the heat flow as well as the average gas and coolant temperatures can be
determined by a P-NTU approach. The temperature profile in tube direction, which is particularly
relevant for applications in chemical reaction engineering, is calculated by an effective 1-D model (EM).
The maximum temperature along the wire can be determined analytically by considering the wires to
be connected to the tube as fins [15]. For all calculations, water is used as coolant and air as gas with
temperature-dependent material values. In the following, the geometry and the relevant parameters of
the heat exchanger are presented.

2. Materials and Methods

2.1. Geometric Parameters

Following the approach of Balzer [8] and assuming a common inlet and outlet for the coolant
tubes, the heat exchanger configuration shown in Figure 2a with the length dimensions Lx, Ly and Lz,
is considered. The total volume of the heat exchanger is given by

VHex = Lx·Ly·Lz (1)

The wires are combined with the tubes in a weaving process comparable to that known from
textiles. Solder is added in order to stabilize the structure and improve the thermal contact between
wires and tubes. Wire diameters d1 can range from 100 µm to 1 mm. The outer diameter d2 of the tubes
can be significantly less than 2 mm and with small wall thicknesses (in the range of 100 µm) while
providing high-pressure resistance [16].
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Figure 2. (a) Schematic view of the entire woven wire heat exchanger with common manifold inlet and
outlet for the coolant tubes colored in blue. The relevant length dimensions are shown with the axes of
the heat exchanger tubes pointing in the x-direction. (b) Characteristic symmetric/periodic (in the x- and
y-directions) section of the woven heat exchanger with relevant geometric variables. The gas-side heat
transfer surface area can be separated in the tube and connected wire AHTS,t and fin AHTS, f .

The characteristic geometric parameters of the wire-screen/tubing structure are shown in a
representative section of the heat exchanger in Figure 2b. Whereby l1 denotes the distance between the
centers of two wires in the y-direction, l2 the distance between the tube centers in the x-direction and
d3 the inner tube diameter. The total number of tubes ntubes and wires nwires is therefore given by

ntubes =
Ly

l2
and nwires =

Lx

l1
(2)

A dimensionless diameter
D12 =

d1

d2
(3)

dimensionless warp wire pitch

T1 =
l1
d1

(4)

and dimensionless weft tube pitch

T2 =
l2
d2

(5)

are used to characterize geometric variations of the heat exchanger.
In Figure 2b, lw denotes the entire length of the wire within the periodic section and is composed

of a curved part attached to the tube lcu and a straight section lst. The latter can be calculated as follows:

lst =
d2

2

√
T2

2 − (D12 + 1 )2 (6)

lcu = d2
(D12 + 1)

T2
γ (7)

where the tangential angle

γ = arcsin
(D12 + 1

T2

)
(8)
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describes half the angle over which a tube and a wire are in contact. In other words, it describes
the angular range over which the wire bends around a tube. Based on geometrical considerations,
the overall gas-side heat transfer surface area AHTS, composed of the tube surface area with connected
wire area AHTS,t and the wire fin surface area AHTS, f can be calculated from Equations (9)–(11):

AHTS,t = d2π l1 + 2d1πlcu (9)

AHTS, f = 2d1πlst (10)

AHTS = AHTS,t + AHTS, f (11)

Additional geometric parameters are the gas-side specific surface area of the solid in relation to
the total heat exchanger volume ϕ and the gas fraction εg, which are defined as:

ϕ =
π
d2

T1 +
√

T2
2 − (D12 + 1)2 + (D12 + 1)γ

T1T2(2D12 + 1)
(12)

εg = 1−
π
4

T1 + D12

[√
T2

2 − (D12 + 1)2 + (D12 + 1)γ
]

T1T2(2D12 + 1)
(13)

With the help of additional dimensionless parameters, it is possible to quickly investigate the
behavior of the system. For the characterization of heat exchangers, gas-side pressure loss ∆pg and

heat transfer rate
.

Qg are of interest under given operating conditions. The dependencies are governed
by a set of geometry parameters, as well as Reynolds, Euler and Nusselt numbers. Here, the Reynolds
number Reg is based on the undisturbed inflow velocity ug, gas-phase density ρg and viscosity µg,
and the specific surface area ϕ of the mesh structure

Reg =
ugρg

µgϕ
(14)

The Euler number Eug is defined by the ratio of the gas-phase static pressure drop ∆pg across the
heat exchanger and the dynamic pressure of the undisturbed flow

Eug =
∆pg

ρgu2
g

(15)

The Nusselt number Nug of the gas-side surface heat transfer is defined as

Nug =
hgs

kgϕ
(16)

where by hgs denotes the gas-side heat transfer coefficient, kg is the thermal conductivity of the gas and
1/ϕ again serves as characteristic length.

2.2. Heat Transfer Paths and Mechanisms

The overall heat transfer through the woven wire mesh heat exchanger can be separated into
five contributions:

• Heat transfer between the coolant and the tubes;
• Heat conduction in the tube walls;
• Heat conduction in the wires;
• Heat transfer between the tubes and curved wire sections and the gas;
• Heat transfer between the straight wire sections as a fin and the gas.
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The heat transfer between the coolant and the tube can be described using correlations for laminar
pipe flow from literature [17]. Heat conduction in the solid phase can be described using Fourier’s
law. Heat transfer between the gas and the heat exchanger’s outer surface, on the other hand, must be
derived from numerical simulations.

The logarithmic temperature difference ∆lnT as driving force for the heat transfer is defined as

∆lnT =
Tg,in − Tg,out

ln
(

Tg,in−THTS
Tg,out−THTS

) (17)

with the gas outflow temperature Tg,out, the inflow temperature Tg,in and the mean temperature of the
heat transfer surface THTS.

In order to reduce the complexity of the problem, the concept of fin efficiency can be applied,
as described in [18]. Accordingly, the straight part of the wire is assumed to be a fin with a rectangular
profile and the thickness d1. A mean heat transfer coefficient hgs between the gas and solid phase,
which does not vary significantly along the surface, is defined and the temperature profile in the fin is
given by

T f − Ta =
(
T f ,0 − Ta

)cosh
[
ξ
(
lst − x f

)]
cosh(ξlst)

(18)

with

ξ =

(
4 hgs

d1ks

)0.5

(19)

where T f is the fin temperature and x f is the distance on the fin from the base of the fin referred to as
fin coordinate, with the length of the straight wire part lst representing the fin length. The ambient
temperature Ta is approximated by the gas inlet temperature Tg,in. Considering low thermal resistance
for the heat transfer through the tube, the temperature at the base of the fin T f ,0 is approximately the
coolant temperature Tc. With this assumption we obtain Equation (20) for the maximum temperature
rise along the wire ∆Ty for x f = lst.

∆Ty =
(
Tg,in − Tc

)(
1−

1
cosh(ξlst)

)
(20)

Taking the fin efficiency into account, the gas-side heat transfer is described by Equation (21).

.
Qg

∆lnT
= hgs

(
AHTS,t + ηAHTS, f

)
= hgsAHTS,e f f (21)

whereby the fin efficiency η, given by

η =
tanh(ξlst)

ξlst
(22)

is a function of hgs.

2.3. 3D-Computational Fluid Dynamics Simulation (CFD)

The aim of the numerical model presented here is the numerical determination of the heat transfer
coefficient hgs for a large variation of the heat exchanger’s geometric parameters. The governing
equations in the gas flow and solid region are solved using OpenFoam®, while the liquid flow in the
tubes can be modeled analytically assuming constant coolant temperature (Tc = const.) and using
Nu-correlations from the literature. For the gas flow the following assumptions are made:

• Gas density is constant and heat generation due to frictional forces is negligible, due to low
gas-phase velocities (Mach number << 1);
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• All material properties are calculated for a constant temperature;
• Natural convection is negligible compared to the imposed forced convective flow;
• Heat transfer into the environment and radiative heat transfer is negligible.

The gas-phase governing equations to be solved based on the prescribed assumptions are
Equations (23)–(25).

→

∇ · ug = 0 (23)

∂ug

∂t
+
→

∇ ·

(
ugug

)
= −
∇p
ρg

+
1
ρg

→

∇ · τ (24)

cp,g
∂Tg

∂t
+ cp,g

→

∇ ·

(
ugTg

)
= −

→

∇
.
q

ρg
+

1
ρg

→

∇ ·

(
τug

)
(25)

where ug, ρg, p, τ,
.
q and Tg denote velocity vector, density, pressure, shear stress tensor, the transferred

heat flux density and temperature in the gas-phase and µg and cp,g represent the dynamic viscosity and
specific heat capacity of the gas. In the area of the fabric, specific Reynolds numbers below 1000 occur
at low flow velocities (up to approx. ug = 10 m/s) and therefore a laminar state around the fabric
is expected.

In the solid phase, only a heat conduction equation has to be solved, i.e.,

ρscp,s
∂Ts

∂t
+ ks∇

2Ts = 0 (26)

with the thermal conductivity ks, the heat capacity cp,s and the density ρs of the solid phase material.
Coupling between the fluid and solid phase domains is achieved via boundary conditions (BC) as

illustrated in Figure 3. The applied boundary conditions are summarized in Table 1. A Neumann BC
for the temperature field is applied on boundary faces (W) pertaining to both solid and fluid domains.
The gradient is calculated by Equation (27) conservation of heat flux through the boundary face

ks
∂Ts

∂n

∣∣∣∣∣
W

= −kg
∂Tg

∂n

∣∣∣∣∣∣
W

(27)

with kg, ks as the thermal conductivity of the gas and the solid and n as the normal vector.
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Table 1. Overview of the boundary conditions employed for the CFD analysis.

Boundary Temperature Pressure Velocity

X0
∂T
∂n = 0 ∂p

∂n = 0 ∂u
∂n = 0

X1
∂T
∂n = 0 ∂p

∂n = 0 ∂u
∂n = 0

Y0 TY0 = TY1 pY0 = pY1 uY0 = uY1

Y1 TY1 = TY0 PY1 = PY0 uY1 = uY0

Z0 TZ0 = Tg,in
∂p
∂n = 0 uZ0 = uin

Z1
∂T
∂n = 0 pZ1 = pout

∂u
∂n = 0

I T = TI

W TW from Equation (27) ∂p
∂n = 0 u = 0

K ∆TK from Equation (28)

On the fluid side default (nonslip) wall BCs are employed. Temperature and velocity at the
inlet (located at z = Z0) as well as the pressure at the outlet (located at z = Z1) are fixed, while zero
gradients in the respective variables are set at opposing sides of the flow field. In tube direction
(x-direction) symmetry conditions are imposed at the boundaries of the simulation domain, i.e.,
at x = X0,1. In warp-wire direction (y-direction) the geometry is mirrored, and cyclic BCs are applied
at y = Y0,1, which allows to capture unsteady flow behavior like vortex shedding. The temperature
gradients in the tubes are expected to be small compared to the other heat transport mechanisms.
The velocity field is therefore independent of the temperature, which supports the assumption of the
applied symmetry condition.

In the solid domain, adiabatic BCs are used on walls that are not coupled with the gas-phase
domain, except for the inner surface of the tubes (I), where the temperature is fixed. The transport
processes of the coolant are therefore not part of the simulation but are calculated using suitable
analytical models.

To account for thermal resistance due to limited wire/tube contact, a zero-dimensional wall
element is inserted between tubes and wires with a defined thermal resistance (K). The heat flux at this
contact surface is given by

.
Q

AK
= R−1

K ∆TK, (28)

with
.

Q as the transferred heat flux, AK the contact surface, ∆T the temperature difference and the
thermal resistance RK. The value of RK. can be varied and calibrated based on experimental data.
For this investigation, the thermal resistance is neglected, i.e., ideal heat transfer is assumed.

Figure 4 shows an exemplary temperature field within the gas-phase of the analyzed symmetry
element in a z = constant plane. Aside from providing an increased surface area, the wires cause
a strong deflection of the air flow as it passes through with intense flow mixing behind the wires.
This results in a fairly uniform temperature field behind the wires and between the tubes, even though
considerable temperature differences between this area and the wakes behind the tubes exist.

For a numerical evaluation of the heat transfer, the temperatures of the gas-phase (Tg), on the
gas–solid surface (THTS), in both solid phases, i.e., wires and tubes, (Ts), on the coolant-side solid
surface (Tsc) and at the gas outlet (Tg,out) are calculated. The gas-side heat transfer results in

.
Qg =

.
mg cp,g

(
Tg,in − Tg,out

)
(29)

From a CFD analysis of a specific heat exchanger, heat transfer rate and temperature values
appearing in Equations (29) and (21) are obtained. Accordingly, these equations can then be iteratively
solved for the heat transfer coefficient hgs and fin efficiency η. In Section 3.3, correlations for Eug and
Nug derived from the CFD results are presented.
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exchanger section, as obtained from CFD analysis. The inner tube surface temperature is set to Tc = 333.15 K.
The inflow gas velocity and temperature are set to vg = 5.0 m/s and Tg,in = 293.15 K, respectively.

2.4. Effective Heat Transfer Model (EM)

CFD analyses are computationally expensive and time-intensive and, therefore, not suitable for
extensive parameter surveys or design optimizations. This is especially true, if successively connected
layers of wired heat exchangers are to be considered, e.g., for applications where tight temperature
control of chemical reactions is required. In this case, the temperature distribution along the tubes
(x-direction) and of the surface temperature on the mesh surface (THTS) is of crucial importance. A CFD
analysis of the prescribed case would require a very large computational domain and is impractical
and depending on the gas-phase Reynolds numbers unfeasible.

For this reason, a reduced-order effective heat transfer model (EM) has been developed which is
presented next.

As shown in Figure 5, the heat transfer system is separated into three phases (coolant, solid, gas)
and two-phase boundary layers. The tubes and wires are considered as one phase which has one
common boundary with the gas-phase PBHTS. The inner surface of the tubes is represented as PBsc.
Heat exchange takes only place between the individual phases described through a general approach,
i.e.,

.
qi j = hi j

(
Ti − T j

)
.
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Additionally, the following assumptions are made:

• Laminar flow of the gas-phase in the x-direction
(
vz = vy = 0

)
;

• There are no external (thermal) sources or sinks;
• A linear driving force approach for the heat transfer is used;
• The system is in steady-state;
• In a boundary layer, energy transport takes place only by heat conduction.
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By reducing the general energy Equation (25) to the flow direction (x) of the coolant, a
one-dimensional equation for each phase can be derived:

0 = −

.
mgcp,g

AinLz

(
Tg,out − Tg,in

)
+ εgkg

∂2Tg

∂x2 − hgs
ntubeAHTS

VHex

(
Tg − THTS

)
(30)

0 = hgs
(
Tg − THTS

)
+ hsg(Ts − THTS) (31)

0 = εsks
∂2Ts

∂x2 − hsg
ntubeAHTS

VHex
(Ts − THTS) − hsc

πd3

LyLz
(Ts − Tsc) (32)

0 = hsc(Ts − Tsc) + hc(Tc − Tsc) (33)

0 = −
.

mc cp,c
∂Tc

∂x
+ kc

π d2
3

4
∂2Tc

∂x2 − hcπd3(Tc − Tsc) (34)

With hgs, hsg, hsc, hc the heat transfer coefficient, εg, εs the volume fraction and
.

mc,
.

mg the mass
flow rate of the corresponding phases.

All temperatures only depend on the x-coordinate and thus are comparable with the temperatures
from the CFD simulations, in which the inner tube temperatures were held constant. The assumption
of negligible heat losses of the heat exchanger leads to a zero gradient Neumann boundary condition
for the gas-phase and the wall/solid phase in the x-direction. At the coolant entry a Dirichlet boundary
condition for the inlet temperature (Tc,in) is used. At the outlet a zero gradient Neumann boundary
condition is applied.

The boundary conditions for the system of differential equations:

∂Tg

∂x

∣∣∣∣∣∣
x=0,Lx

= 0;
∂Ts

∂x

∣∣∣∣∣
x=0,Lx

= 0; Tc|x=0 = Tc,in;
∂Tc

∂x

∣∣∣∣∣
x=Lx

= 0 (35)

The heat transfer coefficient hgs is calculated using the correlation presented in Section 3.3 and
derived from the CFD simulations.

The mean heat transfer coefficients hsg and hsc have also been determined from the CFD calculations
and are approximated to be constant with hsg = 2500 W/m2K and hsc = 8500 W/m2K. Their values
are significantly higher than the values of the other coefficients and thus do not limit the heat transfer.
To calculate the heat transfer coefficient hc between coolant and tube walls a Nu-correlation given in
the literature [17] is used:

Nuc =

 39.37 +

 1.615
(
PrcRec

d3

Lx

)1/33

− 0.7


1/3

(36)

Since there are six unknown temperatures and no explicit equation for Tg,out, the logarithmic
temperature difference in Equation (37) is used as an additional equation to solve the system of
Equations (30)–(34) and (37).

Tg,in − Tg,out

ln
(

Tg,in−THTS
Tg,out−THTS

) = Tg − THTS (37)

After discretizing the special derivatives in the x-direction, using a central differencing scheme,
and specifying the input variables

.
mg, Tg,in,

.
mc and Tc,in, the system of equations is solved using the

Matlab® function fsolve [19]. All material properties are calculated as a function of temperature.
This method provides heat flow for one tube. To calculate the total heat exchanger, the result must be
extended by the number of tubes ntube.
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2.5. P-NTU Method

In order to quickly estimate the heat transfer over the entire heat exchanger, as well as the average
outlet gas and coolant temperatures, the P-NTU [20] method is used. In addition to the EM method
described in the previous section, this method provides a simple way to design heat exchangers.
The overall thermal transmittance UA∗ for a single tube can be calculated by using

UA∗ =
[
(hA)−1

g + (UA)−1
s + (hA)−1

c

]−1
(38)

where the thermal resistance of the solid (UA)s can be approximated using Equation (39) as found in
the literature [20].

(UA)s =
2ksπLx

ln
( d2

d3

) (39)

For the coolant flow, we have
(hA)c = NuckcπLx (40)

with Nuc given by the Nu-correlation in Equation (36). The thermal resistance of the gas flow, on the
other hand, is given by

(hA)g = nwirehgs
(
AHTS,t + ηAHTS, f

)
= nwirehgsAHTS,e f f (41)

The temperature ratio

Pg =
Tg,in − Tg,out

Tc,in − Tg,in
=

1− exp
[
−1

(
1− exp

(
−NTUg

))
Rg

]
Rg

(42)

is a function of the heat capacity ratio

Rg =
Cg

Cc
=

4 vgρgLxt2cp,g

vcρcπd2
3cp,c

(43)

the number of transfer units
NTUg =

UA∗

Cg
(44)

as well as the flow configuration, in this case a single pass counter-current flow, mixed on the
coolant side.

Finally, the gas-side heat transfer
.

Qg and the mixed outlet temperatures Tg,out and Tc,out of the
heat exchanger can be calculated as:

.
Qg = ntube

∣∣∣∣ CgPg
(
Tc,in − Tg,in

)∣∣∣∣ (45)

Tg,out = Tg,in + Pg
(
Tc,in − Tg,in

)
(46)

Tc,out = Tg,in − PgRg
(
Tc,in − Tg,in

)
(47)

3. Results

3.1. CFD Grid Convergence Study

Following best practices, mesh independence of the CFD analysis results has to be established.
Here, the Grid Convergence Index (GCI) based upon a Richardson Extrapolation as proposed in [21]
or [22] has been employed in order to estimate the spatial discretization error. The first step in this
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approach is to calculate a representative grid length lG,1 for the three-dimensional computational
domain, i.e.,

lG,1 =

 1
N

N∑
i=1

∆Vi


1/3

(48)

where N is the overall number of grid cells and ∆Vi the Volume of cell i. Three different computational
domains with a successive grid refinement ratio r > 1.3 are created:

r21 =
lG,2

lG,1
= 1.36, r32 =

lG,3

lG,2
= 1.39 (49)

This results in three different solutionsφ1, φ2 andφ3, whereφ denotes a selected solution variable.
Using the absolute errors ε21 = (φ2 −φ1) and ε32 = (φ3 −φ2) the pseudo-order p of the computational
method can be calculated iteratively, as

p =
1

ln(r21)

∣∣∣∣∣ln∣∣∣∣∣ε32

ε21

∣∣∣∣∣ + q(p)
∣∣∣∣∣ (50)

with

q(p) = ln

 rp
21 − sgn

(
ε32
ε21

)
rp

32 − sgn
(
ε32
ε21

) . (51)

The GCI is then given by

GCI21 =
1.25

∣∣∣∣φ2−φ1
φ1

∣∣∣∣
rp

21 − 1
(52)

and the estimated exact solution, as an extrapolation of the error to an infinite amount of grid cells, by

φe
21 =

 rp
21 φ1 −φ2

rp
21 − 1

 (53)

Here, the dimensionless temperature difference Θ is used as the solution variable φ , with

θ =
TY1 − TY0

TI − TY0
(54)

and temperatures T according to their indexed positions (see Figure 3 in this context). Figure 6 shows
the results of three solutions as a function of the grid length lG.
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The result for the coarse grid G1 with l = 0.19 µm is a GCIc of 13%. This is higher than the
acceptable value of 5% and therefore further grid refinement is necessary. Applying the same procedure
on a refined grid with lG = 0.13 µm results in GCI f = 1.1% and thus provides sufficient accuracy of
the solution with regards to the employed computational mesh.

3.2. CFD Analysis Results for Variation of Geometric Parameters

In order to determine the influences of the various geometric parameters, CFD simulations were
carried out for a heat exchanger with baseline dimensions as summarized in Table 2 and by varying
the inflow velocity between 0.1 and 7 m/s.

Table 2. Geometric parameters of the heat exchanger (V1) used for parametric study together with
baseline values.

d1/mm d2/mm d3/mm l1/mm l2/mm

0.2 2 1.6 0.2 3.5

The diagrams in Figure 7 show the heat transfer coefficient (a) and the pressure loss (b) as a
function of inflow velocity for different values of the dimensionless diameter D12. As expected, heat
transfer coefficients change significantly with inflow velocity, however, their variation with respect
to changes in D12 is small. The same holds true for the pressure loss across the heat exchanger.
With regards to the dimensionless warp wire pitch T1 (Figure 8), an increase in T1 results in a lower
pressure drop and a likewise decreasing heat transfer coefficient. The same behavior can also be
observed for the dimensionless weft tube pitch T2 (not illustrated).
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In Figure 9, the total heat flow transferred in relation to the temperature change in the gas
(transmission capacity) is plotted against the pressure drop ∆p. This diagram illustrates the effect
of different geometric parameter changes with respect to the baseline geometry V1 from Table 2.
By increasing T1, a more favorable ratio of heat transfer rate to pressure drop is obtained. By increasing
T2, the observed transmission capacity decreases more than by varying T1. If the dimensionless
diameter D12 is increased, the transmission capacity increases but also the pressure loss by almost the
same amount. The heat transfer limitation is on the gas-side. Therefore, changes in the tube inner
diameter d3 do not have a strong influence on the heat transfer. For the sake of brevity, only a fraction
of the conducted CFD analyses are discussed here. Additional details can be found in [9].Energies 2020, 13, x FOR PEER REVIEW 13 of 20 
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.

3.3. CFD-Based Eu and Nu-Correlations

Correlations for the characteristic dimensionless numbers Eug and Nug as defined in Equations (15)
and (16) have been developed and calibrated by means of the prescribed CFD simulations. A detailed
description of the procedure can be found in [9]. Table 3 shows the parameter range which was used
for this purpose.

Table 3. Parameter range considered to develop the Eu and Nu-correlations.

Reg D12 T1 T2 ks/kg

min 1 0.05 1.0 1.6 650
max 500 0.2 3.0 3.5 18,000

The predictive model for the Euler number given in Equation (55) is based on the friction factor
model for straight tubes [23]:

Eug
εgd2

ϕ
(2D12 + 1)F2.8 = 14.8 Re−1

g + 1.17 Re−0.2
g ε−0.8

g (55)

F = 1 + D12(T1 − 1) (56)

For the Nusselt number model, a more generic approach was used. Here, Nug is modeled as the
product of power functions, each power function being represented by an influencing parameter as
base and an exponent fitted by means of the CFD analyses results. This yield

Nug =
hgs

kgϕ
= (ϕd2)

0.51ε1.53
g Re0.41

g (57)
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Note that the Reynolds number dependency is close to that for a straight tube. The scatter plots in
Figure 10 compare the fitted models with the results derived from the CFD simulations.Energies 2020, 13, x FOR PEER REVIEW 14 of 20 
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For both Euler and Nusselt numbers good agreement between fitted models and simulation
results is found. Accordingly, the correlations can be used with confidence in the technical design of
heat exchanger geometries.

Figure 11 illustrates the heat exchanger transmission capacity in terms of pressure drop for the
investigated geometries. These results can be fitted to a characteristic curve that can be used for the
evaluation of heat exchangers of similar geometries.
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3.4. Numerical Validation of EM and P-NTU Models

To validate the EM (effective heat transfer) model (Section 2.2) and the employed P-NTU method
(Section 2.5), the performance of the heat exchanger geometry shown in Figure 4 will be calculated
and compared to the results obtained from CFD analysis. The overall size of the heat exchanger is
given by Lx = l1, Ly = 2l2, Lz = d2 + 2d1. Results are compared for the same geometric parameter
variations described in Section 3.3 with a constant gas inlet temperature Tgas,in = 293.15 K and variable
gas inlet velocity, ranging from 0.1 to 7 m/s. The coolant side solid surface temperature was set to
Tsc = 363.15 K for all simulations. To reach this constant temperature in the effective model,

.
mc must

be chosen sufficiently large.
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Figure 12 shows the overall transferred heat from coolant to gas for the EM and the P-NTU method
in comparison to the CFD analysis results. Differences between the effective model and the CFD
simulation results are small. The relative error increases slowly with inflow gas velocity; however, it is
always within the error range of the employed correlation. Deviations for the calculated temperatures
are on a comparable level. For higher heat flows, the P-NTU method overestimates the results from the
CFD calculations. This behavior is also found when comparing the EM model and the P-NTU method
for an upscale heat exchanger, as illustrated in Figure 13. This shows a comparison of the temperatures
along the pipe/tube coordinate calculated using the EM model with the mean outlet temperature
determined by the P-NTU method. The overall temperature rise ∆Tx on the heat transfer surface is
also shown. Depending on the operating point, this can lead to highly inhomogeneous temperatures in
the gas-phase. This behavior can only be reproduced by the EM model. This is particularly important
for the connection of several heat exchangers and thus for the overall design.
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3.5. Estimation of the Temperature Distribution on the Wire Surface

An important parameter, especially for the application of a catalytically coated heat exchanger,
is the temperature distribution along the wire. Figure 14a shows this profile for a cross-section of the
symmetric/periodic element used within the CFD analysis. Figure 14b illustrates the temperature
variation along the wire coordinate lw (locally averaged over the wire cross-section) for the two
simulated wires.
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Figure 14. Temperature distribution in (a) and along (b) the two wires calculated for geometry V1
(see Table 2) and an inflow velocity of 2.0 m/s.

Clearly, there is a significant temperature change along the wire. As a consequence, temperatures
in the gas outlet are nonuniform making the design of a layered heat exchanger difficult. In addition,
the prescribed temperature nonuniformities can be intensified by heat sources on the wire, for example
as a result of chemical reactions. For an efficient design, the temperature difference on the wire mesh
should be minimized. For this purpose, the heat conduction through the wire must be improved.
The maximum temperature difference across the wire can be calculated using Equation (20) in Section 2.2.
A comparison of the analytical solution (Equation (20)) with the results from CFD analysis is depicted
in Figure 15, showing good agreement for different geometries. Equation (20) can therefore be used for
estimating the temperature nonuniformity along the weft wire.
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4. Conclusions

The relevant quantities for the design of a wire cloth micro heat exchanger, consisting of a
wire-screen/tubing structure, are the transmitted heat flux

.
Qg, the gas-phase pressure drop ∆p,

the temperature rise along the tubes ∆Tx and the maximum temperature difference in the weft wire
∆Ty. Different methods were presented to calculate these quantities quickly and with high accuracy.

For the transferred heat a Nu-correlation (Equation (57) in Section 3.3) was derived based on
detailed CFD analyses. The heat transfer coefficient hg between the outer surface and the gas, which
can be calculated with this correlation, can be used to calculate the transferred heat using the P-NTU
method (Equation (45) in Section 2.5). The gas-phase pressure loss is obtained from an Eu-correlation
(Equation (55) in Section 3.3) which was also derived based on detailed CFD analyses. An effective 1D
model (Section 2.4) was established for the temperature profiles along the tube coordinate. With this
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model, the nonuniformity of the temperature profiles along the heat exchanger tubes can be determined.
This is relevant for the interconnection of several heat exchangers and in the presence of gas-phase or
surface chemical reactions; especially in case of temperature-sensitive reactions where the use of an
average temperature value may be insufficient. For the maximum temperature difference in the weft
wire, an analytical estimation was found (Equation (20) in Section 2.2) which was validated by detailed
CFD analyses (Section 2.3). By means of this procedure, a wire cloth heat exchanger can be designed
based on the desired operating point.

Regarding the influence of geometry on pressure loss and heat transfer, an expected trend
was observed. Larger distances reduce the pressure loss, but at the same time also the heat transfer.
The spacing of the wires reduces the pressure loss at the transition from (T1 = 1) to (T1 > 1). The increase
of T1 causes an increase in the free cross-section and thus reduces the deflection. Although the heat
transfer coefficient also decreases, it does so to a much lesser extent. The diameter ratio D12 shows
a significantly lower influence compared to the tube or wire spacing. Optimization of the geometry
must be carried out specifically for each design point.

The numerically determined correlations, as well as the promising application of coated heat
exchangers for chemical reaction engineering, must be experimentally evaluated and validated in future
work. The first experimental results for wire cloth heat exchangers were published by Fugmann et al. [3,11].
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Abbreviations

The following abbreviations are used in this manuscript:

Greek Symbols
γ tangential angle of contact (m)
∆ difference of a quantity
∆ln logarithmic difference of a quantity
ε volume fraction (-)
ε numerical error
η fin efficiency (-)
Θ dimensionless temperature (-)
µ dynamic viscosity (Pa s)
ξ calculation parameter for fin efficiency (-)
ρ density (kg/m3)
τ stress tensor (kg/(ms2))
φ solution of numerical calculation
ϕ specific surface area (m2/m3)
Latin Symbols
A surface area (m2)
C heat capacity flux (W/K)
cp heat capacity (J/(kg K))
d1 wire diameter (m)
d2 outer tube diameter (m)
d3 inner tube diameter (m)
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D12 dimensionless diameter (-)
Eu Euler number (-)
GCI Grid Convergence Index
h heat transfer coefficient (W/(m2 K))
I interface between coolant and inner tube wall
k thermal conductivity (W/(m K))
K interface between tube and wire
l1 distances between wires (m)
l2 distances between tubes (m)
l length of symmetric section (m)
L length of structure (m)
.

m mass flow rate (kg/s)
N number of grid cells (-)
Nu Nusselt number (-)
NTU number of transfer units (-)
n normal vector (m)
ntubes number of tubes (-)
nwires number of wires (-)
p pressure (Pa)
P temperature ratio (-)
PB phase boundary
Pr Prandtl number (-)
.
q transferred heat flux density (W/m2)
.

Q transferred heat flux (W)
R heat capacity ratio (-)
RK specific thermal resistance ((K m2)/(W))
Re Reynolds number (-)
r refinement ratio (-)
t time (s)
T temperature (K)
T1 dimensionless warp wire pitch (-)
T2 dimensionless weft tube pitch (-)
UA∗ overall thermal transmittance (W/K)
u velocity (m/s)
u velocity vector (m/s)
V volume (m3)
W interface between solid and gas
x f fin coordinate (m)
X boundary wall in the x-direction
Y boundary wall in the y-direction
Z boundary wall in the z-direction
Subscripts
a ambient condition
c related to the coolant phase
cs related to the coolant-solid surface
cu related to the curved wire
f related to the fin surface
G related to the grid
g related to the gas-phase
gs related to the gas–solid surface
Hex heat exchanger
HTS related to the heat transfer surface on the air-side
HTS, e f f related to the effective heat transfer surface on the air-side
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in inflow
out outflow
s related to the solid phase
sc related to the solid-coolant surface
sg related to the solid-gas surface
st related to the straight wire
t related to the tube surface
w related to the wire
x, y, z geometrical directions
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