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Abstract: This paper investigates the effect of moisture transfer on the thermal performance of
an alternating-current heat recovery ventilator (AC-HRV). Contrary to conventional direct-current
ventilation in two separate ducts, alternating-current ventilation periodically changes its airflow
directions in a single duct. Exhaust energy is stored and recovered in and out of the thermal storage
unit during charging and discharging processes. A theoretical model has been developed to obtain
the transient temperature and humidity distributions inside a thermal storage unit in partially wet
conditions. Based on the distributions, the thermal performance of the HRV is analyzed at cyclic
steady states. Results show complicated patterns of moisture condensation and evaporation during
an entire period of charging and discharging processes. The maximum thickness of water condensate
is 2.67 um, which is negligible under the present test conditions. The enthalpy efficiency of an AC-
HRYV increases as the accumulated mass of condensate increases due to the latent heat.

Keywords: evergreen; Heat recovery ventilator, Alternating-current ventilation, Enthalpy

efficiency, Condensation

1. Introduction and Background

As people spend most of their time indoors in houses
and workplaces”, indoor air quality becomes a crucial
factor for their performance and productivity as well as
their comfort and health?. It is essential to provide an
adequate amount of fresh air ¥ to create a comfortable and
healthy indoor environment* . Heat recovery ventilators
(HRVs) are frequently used® in order to save ventilation
energy. Proper design of HRV systems can provide quality
indoor air and save heating and cooling loads”. There are
several types of commonly used HRVs (e.g., flat plate,
rotary wheel, heat pipe, and run-around types® %).
Conventional ventilators require two sets of inlet and
outlet air ducts to exchange energy simultanecously'?.
These air ducts and HRV systems are usually located
above the ceiling panel. Ductworks can be complicated
and troublesome when the building does not have enough
space above the ceiling panel'?.

A new concept of HRV system has been proposed,
namely alternating-current HRV (AC-HRV), which works
similar to human respiration'?. During exhalation, the
warm air heats the respiratory tract as it passes through it
whereas, during inhalation, cold outside air is warmed up

by the respiratory tract that has been heated during
exhalation. The same principle is used in an AC-HRV,
which has the advantage of using a single-duct system for
both supply and exhaust purposes'®. Thermal storage
material is charged during the exhaust process and is
discharged during the supply process. In a sense, this is
similar to a rotary-type HRV. Instead of swapping the
matrix position by rotating a wheel, the airflow direction
is reversed with the matrix fixed at a certain position.
Extensive studies have been conducted to investigate
the effect of the system parameters on HRV
performance'?, the optimization strategy for ventilation',
and the effect of phase changes in heat exchangers'®. A
series of papers that analytically evaluated the efficiency
of heat recovery, with the inclusion of the effects of
condensation!” and frost formation'®), were published.
Experiments were conducted for a parametric study on
sensible plate heat exchangers under condensation
conditions'® 29, As the inlet humidity level is increased,
the heat transfer rate was observed to increase with an
increase in the amount of condensed water?" 22, A
simplified numerical model for internal condensation,
which can be used along with CFD calculations, has been
proposed and applied to a flat-plate-type heat recovery
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ventilator in partially wet conditions®?.

There are only a few studies to investigate the heat
transfer characteristics of a thermal storage medium for an
AC-HRV system. Experiments have been done to validate
the cyclic heat transfer model for AC-HRVs only for dry
conditions?* 2,

This paper numerically investigates the effect of water
vapor condensation and evaporation on an AC-HRV
thermal storage unit composed of mini square channels on
the efficiency of the HRV.

2. Method

2.1 Thermal storage model

The thermal storage model used in this study is a
collection of multiple square channels, as shown in Fig. 1.
The channel walls are made of thermal storage material. A
charging process takes place during the first half-period
(tp), and a discharging process follows with the flow
direction reversed for the next half-period; this continues
periodically and alternately. Table 1 shows the
specifications of the thermal storage unit. The thermal
storage material used in this study is made of aluminum
oxide and silicon oxide(Al203 61%, SiO2 29.3%, MgO
3.82%, TiO2 2.34%, Fe203 1.08%, CaO 1.08%), whose
properties are shown in Table 2.
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Fig. 1: Thermal storage unit for AC-HRV

Table 1. Specifications of thermal storage unit

Properties Value
Diameter, D 0.15m
Length, L I m
Air passage, w 3.4 mm
‘Wall thickness, a 1 mm
Solid mass per unit length, Ms/L 13.8 kg/m

Table 2. Properties of thermal storage material

Properties Value
Density, ps 1958 kg/m?
Heat capacity, Cps 757 J/kg/°C
Thermal conductivity, ks 36 W/m/°C

Table 3. Reference conditions

Variables Value
Air velocity, U 5.24 m/s
Mass flow rate of dry air, ™, 0.065 kg/s
Half-period, tp 120 s

Table 4. Indoor and outdoor temperature and humidity

Variables Value
Indoor temperature, Ty 22 °C
Outdoor temperature, T 0°C
Indoor relative humidity, RHy, 50%
Outdoor relative humidity, RH,,; 50%

The reference operating conditions for this study are
shown in Table 3. The air velocity corresponds to 200
CMH of HRV airflow rate. The half-period is 2 minutes.
The indoor and outdoor conditions are shown in Table 4.

2.2 Governing equations

Assumptions have been made to derive governing
equations as follows.

- Constant thermal properties of air and solid material

- Uniform air velocity in a channel

- Constant heat/mass transfer coefficients on surfaces

- Negligible volume of condensed liquid water

The mass balance and energy balance equations can be
written as Eq. 1 and Eq. 2'% 29, The heat and moisture
transfer rates are positive for the cooling and condensation
processes, and negative for the heating and evaporation
processes.

m W, = m,W, —m,, (1)
Mgy, = Mgl — ¢ — Myl (2

When hot and humid air passes over the surface of the
thermal storage during a charging period, condensation
occurs on the surface when the solid temperature is below
its dew-point temperature. During a discharging period,
when cold and dry outdoor air passes over the warm and
wet surface of thermal storage, the air is warmed and
humidified by the evaporation from the surface. If the
surface is dried out, only sensible heat transfer takes place.
Fig. 2 shows schematics of heat and moisture transfer
during the charging and discharging processes.

The boundary conditions for periodically repeated
charging and discharging processes are:

- Charging process (0 <t< tp);

u(t,0)=U Ty (t,0) = Ty W(t,0) = Wy

- Discharging process (tp <t< 2tp);
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Fig. 2: Cooling and condensation during the charging process
and heating and evaporation during the discharging process

The heat transfer rate is calculated by the temperature
difference between the solid wall and the surrounding air
as in Bq. 32529,

G=hA(T-T,) 3)

The Reynolds number in a mini channel is within a
laminar range under the reference condition, and the
Nusselt number is known as 3.612">2® in a square channel
(Fig. 1) with constant heat flux. The surface heat transfer
coefficient is calculated from the definition of the Nusselt
number, h = Nu - ky/w, where w is the width of the
square duct.

The mass transfer rate is calculated by the humidity
ratio difference between the air stream and the saturated
wall surfaces using Eq. 4°® 3Y. The mass transfer
coefficient is calculated from the Lewis analogy of heat
and mass transfer? 39,

m, =h, AW -W,,,) )

The transient solid temperature is calculated by
considering the sensible and latent heat transfer rates
acquired from the air stream as in Eq. 5°% 3. The heat
conduction in the axial direction is neglected.

or, . ..
Mc,, ats =q+m,i, (5)

2.3 Efficiency

The heat and moisture accumulated on the solid surface
during a charging process are released into the supply air
stream during a discharging process. After several cycles
of calculation, it reaches a cyclic steady state.

The temperature efficiency represents the heat recovery
efficiency of sensible heat. It is defined as the ratio of the
indoor and outdoor temperature difference to the supply
air temperature increase, as given by Eq. 6°% 33, As the

supply air temperature varies periodically for AC-HRVs,
it needs to be averaged over a discharging half-period.

p =T 6)
T,-T,

Likely, the enthalpy efficiency can be defined as in Eq.
77631, The enthalpy efficiency is the total efficiency of the
HRYV, which transfers both latent and sensible heat. The
enthalpy of the supply air is averaged over a discharging
half-period as shown in Eq. 82631,

gy —1

n =t (7
iy —ic

— 1 p2,.

= Lp ig, (1)t 8)

3. Results and Discussion

The efficiencies in dry and partially wet conditions are
compared for the given reference conditions by varying
system parameters one by one. Fig. 3 shows the
difference is appreciable, especially when the thermal
storage unit is longer than 0.5 m. The longer the unit is,
the greater the amount of condensation on its surfaces,
which increases the enthalpy efficiency. As the length
increases, the solid temperature varies over a wide
range along the axial direction, and the heat transfer
surface increases.
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Fig. 3: Enthalpy efficiency for various lengths of
thermal storage units (RHin=50%, Q=200 CMH)
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Fig. 4: Enthalpy efficiency for various airflow rates
(RHin=50%, L=1 m)
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Figure 4 illustrates the effect of the airflow rate on
enthalpy efficiency. As the airflow rate increases, the
efficiency decreases. The higher the airflow, the more
moisture is entrained into the channel, and more
condensate should be produced®®. However, increased
airflow increases the air velocity and reduces the time
duration for the air stream to interact with the channel
surface. Increased airflow rate affects the discharging
process similarly. The slower the airflow, the more time
for moist air to condensate and evaporate, which results in
higher efficiency.

The effect of indoor humidity level is shown in Fig. 5.
The enthalpy efficiency decreases as the indoor relative
humidity (RH) increases up to 50%, and remains nearly
constant afterwards. This is because the enthalpy
difference between indoor and outdoor air increases as the
indoor RH increases. The amount of water content in the
air also affects the amount of heat transfer’. However, for
RH over 50%, the enthalpy efficiency slightly increases
due to the contribution of the latent heat of the water vapor
recovered from the condensate water accumulated on
solid surfaces.

The temperature efficiency is nearly constant and
decreases slowly as the condensation takes place. The
latent heat contributes to increasing the enthalpy of the
incoming outdoor air but reduces its temperature. The
psychrometric chart in Fig. 6 explains the physical reasons
regarding the effects of the parameters on efficiencies.
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Fig. 5: Enthalpy and temperature efficiencies with respect to
indoor relative humidity (L=1 m, Q=200 CMH)
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Fig.6: Psychrometric chart showing the temperature efficiency
and the enthalpy efficiency.
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Fig. 7: Enthalpy and temperature efficiencies with respect to
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(RHin=50%, L=1 m, Q=200 CMH)

In order to understand the physics of heat and mass
transfer inside the thermal storage unit, transient
temperature and moisture distributions are obtained for
charging and discharging processes at cyclic steady state.

Figure 7 shows the effect of the outside air temperature.
Both the temperature and the enthalpy efficiencies are
nearly unaffected by the outdoor temperature for dry
conditions. For wet conditions, the temperature efficiency
increases slightly, but the enthalpy efficiency decreases as
the outdoor temperature increases. The decreased outside
air temperature increases the condensation rate, which
results in greater enthalpy efficiency. This simulation is
carried out with a fixed RH of both outside and inside
(50%). The indoor temperature remains at 22°C.

Figure 8 shows the temperature progress that starts
from a uniform initial temperature at 0°C and then reaches
cyclic steady state for the condensation case. It shows
variations of inlet and outlet air temperatures and average
temperature. Compared to the somewhat linear increase in
temperature for the non-condensation case shown in Fig.
9, the temperature graphs show some curvatures. Even
though the final temperatures are not much different, the
presence of condensation affects the temperature progress
due to the latent heat involved in the processes of
condensation and evaporation. The efficiencies shown in
the figures are obtained after initial transients fade out,
usually after five cycles.
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Fig. 8: Air temperature variations at inlet, outlet, and average

for initial 3 cycles for the condensation case
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Fig. 9: Air temperature variations at inlet, outlet, and average
for initial 3 cycles for the non-condensation case

Solid temperature variations are shown in Fig. 10 for
the condensation case and in Fig. 11 for the non-
condensation case. Initially, the solid temperatures are
assumed to be 0°C at any location. With the same initial
conditions, the temperature changes are smoother for the

non-condensation case compared to the condensation case.

However, this does not really affect the temperature
changes and air enthalpy changes that pass through the
thermal storage, which are the core of all the processes in
this HRV.
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Fig. 10: Solid temperature variations of the thermal storage
unit during initial 3 cycles for the condensation case
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Fig. 11: Solid temperature variations of the thermal storage
during initial 3 cycles for the non-condensation case

Figure 12 shows the moisture transfer rate to and from
the solid surface at several locations (x =0, 0.5, 1 m, and
average) during one period after cyclic steady state is
reached. Positive values mean condensation, and negative
values mean evaporation. At the inlet (x = 0 m),
condensation occurs at the beginning of the charging
process, and then the condensate evaporates immediately

afterward (t = 18 s) because the solid surface temperature
becomes greater than the saturation temperature. At the
outlet (x = 1 m), the rate of condensation is much greater
than at the inlet starting from the beginning. It reaches the
maximum at 56 s and decreases to nearly zero at the end
of the charging process.

As soon as the discharging process starts, the
condensate water accumulated at the end is very rapidly
evaporated because of the cold dry outdoor air. It takes
only 16 s to dry out completely. On average, all the
condensate on the surface of the thermal storage unit is
completely evaporated at 152 s. Thereafter, only the
sensible heat transfers for the rest of the air supply process.

Figure 13 shows the rate of condensation or evaporation
along the axial direction at several different time steps. We
can see in the graph that at the initial stage (t = 1 s),
condensation occurs at all the positions of the thermal
storage unit until the air exits the channel. At 30 s, there is
no condensation or evaporation up to x = 0.14 m. As time
goes on, the dry front moves from the inlet to the right.
When the flow direction is reversed at 120 s, evaporation
occurs only in the range 0of 0.62 m <x <0.8 m at 150 s.
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Q = X—Oi_ T~
= y— - —
= 0.08— '
5 X=0 240
v
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=
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Fig. 12: The rate of condensation (or evaporation) on
solid surface over one cycle.

0.75 1

0.0

-0.75 A

Mass transfer rate (g/m/s)
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-1.5 -

Fig. 13: The rate of condensation (or evaporation) on solid
surface along the x-direction at various time steps.

Figure 14 shows the accumulated amount of condensate
water remaining on the surface of the thermal storage for
one cycle. At the center (x = 0.5), the accumulated mass
reaches a peak at 60 s and it runs out at 128 s. At the outlet
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(x=1), itreaches a peak at the end of the charging process
and decreases rapidly as soon as the discharging process
starts. The maximum amount of water mass is 0.33 g/m at
x =1 m and t = 120 s, which corresponds to 2.67 um in
layer thickness. The thickness is small enough so as
neither to create liquid flows in the thermal storage unit
nor affects the airflow over the surface. One of the
advantages of using AC-HRV is the condensed water is
not steadily accumulated but dries out periodically within
a cycle. A water drain is not required for most indoor and
outdoor conditions.

The accumulated amount of condensate water is
redrawn along the solid surface in Fig. 15. We can see
from the graph that the condensate seems moving from
left to right, as time goes. At the end of the charging
process (t = 120 s) condensate remains only at the right
half of the thermal storage. It increases to its peak at the
end of the thermal storage (x = 1 m). Then all the
condensate is evaporated in the exhaust process and
decreases until it runs out at 152 s. This explains the
previous observations in Fig. 3 where the longer the
thermal storage, the greater the efficiency. Because the
longer the thermal storage, the greater the condensate
produced in the exhausting process which is then returned
to the air that enters the room in the air supply process.

Figure 16 shows total water mass condensed in the heat
exchanger element during charging and discharging
processes. It shows a maximum of 14.5 g at around 80s
and a sharp decrease after 120s.
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Fig. 14: Accumulated mass of water condensed on solid
surface over one cycle.
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Fig. 15: Accumulated mass of water condensed on solid
surface along the x-direction.
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Fig. 16: Total mass present inside heat exchanger element
during charging and discharging processes

4. Conclusions

A simple condensation model has been developed and
successfully applied to simulate heat and moisture transfer
and to calculate the enthalpy and temperature efficiencies
for partially wet conditions inside the AC-HRV system.
Following conclusions can be drawn from the transient
heat and moisture analysis in an AC-HRV:

L. As the length of the thermal storage unit
increases and the airflow rate decreases, the enthalpy
efficiency increases.

2. The process of condensation and evaporation
causes latent heat transfer in addition to sensible heat
transfer. As the amount of condensation/evaporation
increases, the enthalpy efficiency increases and the
temperature efficiency decreases compared to the
equivalent dry conditions.

3. As the total amount of water condensed is not
significant enough during a charging process, all the
condensate is dried out completely at the beginning of the
discharging process for the proposed AC-HRV system.

Further research need to be conducted for various
system parameters to apply to real applications.
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Nomenclature

A Internal surface area per length (m?/m)

Wall thickness of mini channel (m)

Cp Specific heat capacity (J/kg/K)
D Diameter of thermal storage unit (m)
h Heat transfer coefficient (W/m?/°C)
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Coordinate (m)
Width of mini channel (m)
Humidity ratio (kgw/kgair)

hqy Mass transfer coefficient (kg/m?/s)
i Enthalpy (J/kg)
L Length of thermal storage unit (m)
M Moisture condensed per length (kg/m)
m Mass flow rate per length (kg/s/m)
q Heat transfer rate per length (W/m)
Q Volume airflow rate (CMH)
RH Relative humidity (-)
T Temperature (°C)
t Time (s)
ty Half-period (s)
U Air velocity (m/s)
x
w
w

Greek symbols

p Density (kg/m®)
n Efficiency (-)
Subscripts

1 inlet

2 outlet

a dry air

C cold

fg fluid-gas

H hot

S solid (thermal storage)
SA supply air
sat saturated

w liquid water
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