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Abstract. In this paper, the degree of thermodynamic ineffectiveness of an air-to-air
heat recovery system has been investigated based on second law analysis. For this pur-
pose, direct numerical simulation (DNS) of a generic air-to-air plate heat exchanger at
a moderate Reynolds number of Re = 5500 has been carried out. At first, thermal and
fluid flow properties are examined and compared with reference data from the literature.
Then, entropy production rates evolving during the thermofluid processes are investi-
gated in order to identify the causes of irreversibilities in such thermal devices. Thereby,
it turned out that vigorous turbulent activity of heat and fluid flow appears in the vicinity
of the heated wall associated with high turbulent production and dissipation rates while
at the same time the heated wall acts as a strong source of irreversibility with high en-
tropy generation for both, entropy production by viscous dissipation and by heat transfer
across a finite temperature difference. This suggests that the thermodynamic ineffective-
ness of such devices is caused primarily by the near-wall region and not by thermofluid
processes evolving in the outer region. Finally, a dataset of local rates of entropy produc-
tion by viscous dissipation and heat transfer is provided that is very difficult to obtain
experimentally and might be of particular interest for the validation of large eddy and
Reynolds-averaged Navier-Stokes modeling approaches that are frequently used for the
conceptual design of air-to-air plate type heat exchangers.

1 INTRODUCTION

Heating, ventilation and air conditioning account for approximately 40% − 60% of
the total energy consumption in buildings [1] and is responsible for more than 15% of the
worldwide carbon emission [2]. It is therefore not surprising that a wide range of processes
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and equipments have been developed to minimize energy consumption of buildings. One
of them is waste heat recovery which is frequently applied to reduce the heating and
cooling demands of buildings. Thereby, thermal energy from exhaust air is transfered
to incoming fresh air (or vice versa in the case of cooling) by means of air-to-air heat
exchangers. Depending on the technical requirements, different types of heat exchangers
are utilized for waste heat recovery like rotary wheel heat exchangers, heat pipes, run
around heat exchangers or plate type heat exchangers. Reviews of recent development of
air-to-air heat recovery technologies can be found in [2, 3, 4, 5] and others.

Because of their high efficiency, most common type of heat recovery devices being used
in practice are plate type heat exchangers. In this kind of heat exchangers, exhaust air
and fresh air streams are divided by thin plates stacking together with small spacing
between the plates to form thin flow channels [5]. Thermal energy is transfered via the
plate heat exchanger surfaces from one air stream to the other. Thereby, the plates
maybe smooth or may have some form of corrugation [5] and the airflow arrangement can
be counter flow, cross flow or parallel flow [2]. Unfortunately, it has come to recognized
that the effectiveness of sensible heat transfer depends on a large number of parameters
in such devices like plate types, distance between the plates, pitch and orientation of
corrugation and chevron angles, flow pattern, Reynolds number, fluid properties, and
many more, that impede the conceptual design of efficient and compact air-to-air plate
heat exchangers. For this purpose, several experiments have been carried out in the
past to examine the influence of different design parameters of the performance of plate
heat exchangers [6, 7, 8]. Furthermore, many researchers used Reynolds-averaged Navier-
Stokes (RANS) [9, 10, 11, 12] and scale resolved simulations [13, 15, 16] technique in order
to complement these experimental results.

Although air-to-air heat exchangers have been the subject of extensive research in
the last decades and are widely employed for waste heat recovery in buildings, very lit-
tle is known about irreversibilities evolving in such thermal devices. Thermodynamic
irreversibilities in thermofluid processes, which can be expressed by means of entropy
production rates, manifests itself through local degradation or loss of degrees of freedom
in the system behavior or in the turbulence structure of a flow, and manifests itself as a
monotonous increase in disorder in the system [17, 18, 19]. From an engineering stand-
point, the concept of entropy generation minimization can be useful or even necessary as
a design tool in order to avoid the imminent loss of available mechanical power [20, 21],
likewise in the design of air-to-air plate type heat exchanger. Therefore, for efficient use
of energy, the designer must know the irreversibility picture of the thermal device in order
to reduce its degree of thermodynamic ineffectiveness. This concept of thermodynamic
irreversibility and its relation to the one-way destruction of available work are not new
[20], however entropy generation maps for application with practical relevance are most
often not available in the literature. This motivates the present study which intends to
provide an entropy generation map of an generic air-to-air plate type heat exchangers
based on direct numerical simulation technique.

This paper is organized as follows. In section 2, the numerical methods and the second
law of thermodynamics in the form of entropy transport equation are introduced. Next,
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the configuration investigated in this work, a generic air-to-air plate type heat exchanger
is described in section 3. The achieved results are presented and discussed in section 4.
Finally, some concluding remarks are given in section 5.

2 METHODS

DNS of incompressible turbulent channel flow with convective heat transport and con-
stant physical properties has been carried out. Thereby, temperature is treated as a
passive scalar and buoyancy effects are neglected. By means of this assumptions, the
governing equations applied are the continuity equation

∂Ui

∂xi

= 0, (1)
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and the energy equation in form of temperature transport equation
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Here, Ui are the local velocity components, p is the local hydrodynamic pressure, T the
local temperature, ν the kinematic viscosity and Pr the molecular Prandtl number, which
is set to Pr = 0.71 in the present study corresponding to the value of air at standard
conditions.

In order to display irreversibilities within a turbulent flow with convective heat trans-
port, the second law of thermodynamics in form of local entropy imbalance at the con-
tinuum level is used following [20, 22, 17, 23]. In the case of single phase, non-reacting,
single component fluid flow with Fourier heat conduction and no external body force, the
local entropy imbalance reads [21]
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where s is the entropy density, λ the thermal conductivity, Πv the local rate of entropy
production by viscous dissipation and Πq the local entropy production rate by heat trans-
port. Here, it is assumed that inequality 2 holds at any position in space and time and
Πv and Πq are always non-negative, such that the entropy imbalance holds. Note that
equation 4 goes beyond the usual formulation of the second law in equilibrium thermo-
dynamics where only the global increase of entropy between two equilibrium states in an
isolated system is considered [24].

The governing equations 1-3 are solved numerically using a low-dissipative projection
method [25] with a three-stages explicit Runge-Kutta time integration scheme of second
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order accuracy [26], which were added to the open source C++ library OpenFOAM 2.4.0.
Regarding entropy production rates, Πv and Πq are calculated for each time step and
averaged over time. A second order central differencing scheme is used for the convection
term of the momentum equation and a second order, conservative scheme is utilized for the
Laplacian and gradient terms. Concerning passive scalar fluxes, a second order minmod
differencing scheme [27] is applied to ensure total variation diminishing of the solution.
A detailed code verification of the present numerical approach is provided in [28].

3 TEST CASE

Only the fresh air intake side of the generic air-to-air heat exchanger is considered
in the present work. This consists of a full developed both side heated channel flow at
Reτ = 180 based on the friction velocity and Reb = 5500 based on the bulk velocity. A
representation of the flow domain is sketched in figure 1.

Figure 1. Computational domain and di-
mensions.

Table 1. Computational conditions.

Reτ 180
Reb 5500
Pr 0.71
domain size 3.2δ × 2δ × 6.4δ
grid points 161× 85× 161
boundaries periodic (x,z-direction),

no-slip (y-direction),
Tw = 500K

The computational domain applied in this work has a height δ = 0.01m, a width of
3.2δ and a length of 6.4δ. A three-dimensional block-structured grid with 161× 85× 161
grid points is used, which is refined towards the wall to ensure a non-dimensional wall
distance smaller than one.

An isotropic turbulent velocity field is used to initialize the channel simulation. There-
fore, a random velocity field is generated in physical space with a mean value of zero. In
order to fulfill the continuity equation in Fourier space, the random field is cross-multiplied
with the wavenumber vector and rescaled. In the next step, an autocorrelation spectrum
similar to that found in [29] is imposed on each velocity component and the resulting ran-
dom field is multiplied with a random phase. Finally, an inverse Fourier transformation
is carried out leading to the initial fluctuation field. To avoid any uncertainties caused
by the initial transient, five flows through the domain were solved before averaging was
started.

Periodic boundary conditions are applied at the x- and z-direction. At the walls no-
slip conditions are set for the velocity and a Dirichlet condition is imposed in the case of
temperature. The pressure and temperature gradient that drives the heat and fluid flow
is adjusted dynamically to maintain a constant mass flux and mean mixed temperature,
respectively. Therefore, the pressure and temperature is split into a periodic and a non-
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periodic part. A source term for the non-periodic part is added to the momentum and
temperature equation, respectively (see [30]).

4 RESULTS

In the following, thermal and fluid flow properties are analyzed in order to characterize
the general heat and flow pattern of the generic air-to-air plate type heat exchanger.
Then, local entropy production rates are presented and correlated with the related flow
and thermal results.

4.1 Thermal and Fluid Flow Properties

Figure 2 shows mean and rms values of the velocity and non-dimensional temperature
as a function of non-dimensional wall distance y+. Thereby, the non-dimensional temper-
ature is defined as θ+ = (Tw − T )/Tτ , where Tτ = qw/(ρcpuτ ) is the friction temperature
and qw the heat flux from both walls (qw = 1180K/m). For comparison reference DNS
data from the literature [30] are used.

0
5

1
0

1
5

2
0

1 10 100 200

y
+

U
+

Kawamura et al.

present DNS

(a)

0
0

.5
1

1
.5

2
2

.5
3

1 10 100 200

y
+

U
rm

s
+

Kawamura et al.

present DNS
Urms,y

+

Urms,y
+

Urms,z
+

(b)

0
5

1
0

1
5

1 10 100 200

y
+

θ
+

Kawamura et al.

present DNS

(c)

0
0

.5
1

1
.5

2
2

.5

1 10 100 200

y
+

θ
rm

s
+

Kawamura et al.

present DNS

(d)

Figure 2. Mean (A), (C) and rms (B), (D) velocities and temperature as function of
the non-dimensional wall distance y+. Comparison of results from the present DNS with
the reference data of [30].
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As expected, mean values of the velocity (A) and dimensionless temperature (C) are
small in the vicinity of the wall and increase rapidly apart from it. Both profiles exhibit
a characteristic viscous sublayer region (y+ < 5), a buffer layer region (3 < y+ < 30), and
a log-law region (y+ > 30). Regarding velocities (B) and temperature (D) fluctuations,
highest values appears within the buffer layer region (peak values at y+ ≈ 20), while
they are negligible small in the viscous sublayer (y+ < 5). Furthermore, mean and
rms profiles agree very well with the reference DNS dataset of [30]. This establishes
the validity of the present DNS results and confirms that the numerical method applied
is appropriate to describe the thermofluid processes inside the generic air-to-air heat
exchanger configuration.

Next, the evolution of the turbulent kinetic energy and temperature variance are ana-
lyzed in figure 3 (A) and (B), respectively, in order to identify and quantify the turbulence
and heat transport phenomena that are not directly described by mean and rms values.
Thereby, budget terms of the turbulent kinetic energy are normalized by ν/u4

τ and budget
terms of temperature variance by ν/(u2

τT
2
τ ), where uτ is the friction velocity.
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Figure 3. Normalized budget terms of turbulent kinetic energy (A) and temperature
variance (B) as a function of dimensionless wall distance y+. Comparison of results from
the present DNS with the reference data of [30]. ( ): production; ( ): dissipation; ( ):
turbulent diffusion; ( ): molecular diffusion; ( ): pressure-related diffusion.

It can be seen in figure 4, that the balance of budget terms of turbulent kinetic energy
and temperature variance are very similar. Throughout the heated channel, production
and dissipation are the dominant terms, while pressure related diffusion is negligible small.
Furthermore, all contribution terms are small far away from the wall and increase rapidly
within the thermo-viscous boundary layer. Production reaches it peak value at y+ ≈ 20
and is predominantly balanced by dissipation. At the wall, production vanish, while
dissipation is high and being balanced by molecular diffusion only. Obviously, turbulent
thermofluid processes within air-to-air plate heat exchangers are dominated by near-wall
effects rather than free-stream turbulence.

Finally, imprints of the instantaneous skin-friction coefficient Cf = 2τw/(ρU
2
b ) and
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Nusselt number Nu =
∂T
∂y

δ

2(Tw−T∞)
at the plate heat exchanger surface are depicted in figure

4 (A) and (B), respectively.

(a) (b)

Figure 4. Imprints of instantaneous skin-friction coefficient (A) and Nusselt number
(B) at the plate heat exchanger surface.

By comparing figures 4 (A) and (B), it is interesting to observe that the imprints of in-
stantaneous skin-friction coefficient and Nusselt number have a very similar organization.
Thereby, large coherent streaks of concentrated Cf and Nu appear that are orientated in
flow direction and extremely elongated. Furthermore, fluctuations are high which indi-
cates strong transient heat and fluid flow processes in the vicinity of the wall, which again
suggest that turbulent thermofluid processes within air-to-air plate heat exchangers are
dominated by near-wall effects.

4.2 Entropy Production Mechanisms

After examining general thermal and fluid flow properties inside the generic air-to-air
plate type heat exchanger, entropy generation mechanisms are analyzed now in order to
identify and quantify the causes of irreversibilities in such thermal devices. Beginning
with the visual appearance, figure 5 depicts instantaneous entropy production rates by
viscous dissipation (A) and heat transport (B). Thereby, entropy production by viscous
dissipation Πv is normalized by Tτν/(ρu

4
τ ) and Πq by 2νT 2

τ λ/(ρcpPr). Notice that a
logarithmic color scale is used in order visualize the wide range of entropy scales evolving
in this configuration.

In terms of dimensionless rates of entropy production, it appears that entropy is primar-
ily produced by viscous dissipation rather than heat transport. Thereby, large coherent
streaks with high values of Π+

v and Π+
q are generated at the wall. Theses structures are

convected away from the wall and tend to smear out while they cascade into smaller ones.
By comparing Π+

v and Π+
q , it is apparent that scales of Π

+
q are considerable larger than

scales of Π+
v . This makes clear that irreversibilities in air-to-air plate type heat exchanger
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(a) (b)

Figure 5. Instances of entropy production rates by viscous dissipation (A) and heat
transfer (B) inside the generic heat exchanger.

occur on different scales, but primarily on large scales in the case of heat transport and
over a wide range of scales in the case of viscous dissipation.

Next, the observations from the visual appearance are quantified by means time-
averaged rates of entropy production as a function of non-dimensional wall distance y+

in figure 6.
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Figure 6. Instances of entropy production rates by viscous dissipation (A) and heat
transfer (B) inside the generic heat exchanger.

Both, Π+
v and Π+

q are high at the viscous sublayer (y+ < 5), decrease rapidly within
the buffer layer (y+ < 30) and are low at the log-law region (y+ > 30). This is in good
agreement with the observations in subsection 4.1 that turbulent thermofluid processes
within air-to-air plate heat exchangers are predominantly limited to the near-wall region
and as it can be seen here, these processes are essentially irreversible. Based on this,
it can be concluded that the degree of thermodynamic ineffectiveness of air-to-air plate
type heat exchangers are highly influenced by the near-wall region which acts as a strong
source of irreversibility. Therefore, for efficient use of energy in such thermal devices, the
design of the plate types are of crucial importance.
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5 CONCLUSIONS

Direct numerical simulation of a generic air-to-air plate type heat exchanger has been
carried out in order to investigate the degree of thermodynamic ineffectiveness of such
thermal devices frequently used for waste heat recovery in buildings. Thereby, several
distinctive features of heat and fluid flow along with the related entropy generation mech-
anisms have been pointed out. Some important observations from this numerical study
can be outlined as follows:

• examining turbulent near-wall flow statistics, it turned out that vigorous turbulent
activity of heat and fluid flow appears in the vicinity of the heated wall associated
with high turbulent production and dissipation rates. Thereby, fluctuation of the
skin-friction coefficient and Nusselt number are high which indicates additionally
strong transient thermofluid processes.

• it appears that entropy is primarily produced by viscous dissipation rather than heat
transport processes. Thereby irreversibilities occur on different scales, primarily on
large scales in the case of heat transport and over a wide range of scales in the case
of viscous dissipation.

• the degree of thermodynamic ineffectiveness of air-to-air plate type heat exchangers
are highly influenced by the near-wall region which acts as a strong source of irre-
versibility. Therefore, for efficient use of energy in such thermal devices, the design
of the plate types are of crucial importance.
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