Case Studies in Thermal Engineering 24 (2021) 100830

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

pssir : >
ELSEVIER journal homepage: http://www.elsevier.com/locate/csite

Check for

Condensation risk of exhaust air heat recovery window system: s
Assessment, key parameters, and prevention measure

a,b,*

Chong Zhang “” , Jinbo Wang®, Liao Li“, Wenjie Gang*

@ Department of Building Environment and Energy Engineering, Huazhong University of Science & Technology, Wuhan, China
Y Department of Building Services Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China

ARTICLE INFO ABSTRACT
Keywords: The exhaust air window (EAW) can be regarded as a combination of exhaust air heat recovery
Thermal insulation unit and window system. The window can locally and directly utilize the exhaust air from each

Exhaust air heat recovery air-conditioned room to reduce the heat loss/gain through window. However, condensation may

Cofld_ensatwn occur at the internal glazing surface of EAW in winter. To avoid the condensation risk of EAW,
Building envelope . . . . .
Window some prevention measures were proposed and estimated. In this study, a two-dimensional zonal

model of EAW was established to calculate its temperature distribution, and to further identify
whether condensation will occur under different boundary conditions. The calculated results
were compared with the measured data for verifying the accuracy and reliability of model. A
sensitivity analysis was conducted to identify the effects of indoor air temperature and relative
humidity, exhaust airflow velocity, and adding a low-e coating on prevention of condensation in
winter. The results indicated that adding a low-e coating or decreasing the indoor relative hu-
midity can effectively reduce the critical outdoor temperature of condensation and prevent the
occurrence of condensation within the EAW. It was estimated that even under the outdoor air
temperature of —20 °C, condensation risk can be avoided by employing a low-e glazing.

1. Introduction

Building sectors have been recognized as a significant portion for reducing the energy consumption and GHG emission [1]. Towards
green and sustainable buildings, numerous advanced technologies and methods have been investigated in terms of integrating the
renewable energy into buildings [2,3], utilizing the AI or big-data technologies to achieve building operation control and performance
prediction [4], improving the thermal insulation of building envelops [5-7], and etc. It was estimated that about 60% of the energy loss
of building is resulted from window [8]. Moreover, high-performance window design can potentially contribute to reducing the
building energy demand, providing natural lighting, and utilizing solar energy.

Nowadays, many studies mainly focus on reducing the thermal transmittance or controlling the indoor solar heat gain. A lower
thermal transmittance can reduce the unwanted conductive heat flux through the window. Advanced window technologies such as the
vacuum glazing [9] and aerogel glazing [10] can achieve an extremely low thermal transmittance. Smarts window dynamically
modulates its optical properties to utilize the solar heat in winter and block the unwanted incident solar radiation in summer [11].
Integrating the renewable energy with the window systems have been attracting considerable attention in recent years, such as the
pipe-embedded window [12], water-flow window [13], and exhaust air window (EAW) [14]. The main purpose of these window
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Nomenclature

specific heat, J/(kgK)

thickness, m

exhaust air window

view factor

height, m

heat transfer coefficient, W/(m?K)
normal incident solar radiation, W/m?
layer

subdivided number of EAW along vertical direction
relative humidity

temperature, K

width, m

volume flow rate, m®/h
Stefan-Boltzmann’s constant
emissivity

absorptance
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density, kg/m>
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a air

c convective heat transfer
g glass

in indoor

j section j

out outdoor

1 outer layer glass

2 enclosed air channel
3 middle layer glass

4 ventilated air channel
5 inner layer glass

designs is to utilize the low-grade energy sources to reduce the cooling and heating loads of window.

The EAW provides a solution to combine exhaust air heat recovery unit with window system (Fig. 1). It makes the exhaust air from
each conditioned room to flow through the channel within window. The airflow exchanges heat with the adjacent glass panes to
prevent heat loss in winter and remove the accumulated heat therein in summer [15]. Compared to the air-to-air energy recovery
ventilators, this window can directly and locally utilize the exhaust air in each conditioned room instead of adding the additional
air-ducts and mechanical fans to gather the exhaust air from different conditioned zones. Currently, numerous studied have been
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Fig. 1. Structure and principle of EAW.
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conducted to investigate the annual thermal/energy performance (including the cooling and heating seasons), estimate the effects of
design parameters, and propose the new structures of EAW [14-21].

For the practical application of EAW, however, it should be noticed that condensation may occur at the internal glazing surface that
closes to the flowing exhaust air in the heating season, when the temperature of internal glazing surface is below or equal to the dew
point temperature of exhaust air. The occurrence of condensation in winter is detrimental to the efficient operation of EAW. Therefore,
it is necessary to identify the critical outdoor climate conditions for condensation, estimate the applicability of EAW in winter, and
propose the solutions for avoiding the risk of condensation. So far, the above-mentioned issues about the condensation risk of EAW in
winter have not been concerned in all the previous studies.

The main objectives of this paper are to identify the critical boundary conditions of condensation, evaluate the influences of key
parameters on the prevention of condensation, and propose some methods to reduce the condensation risk of EAW in the heating
season. In this study, the theoretical background about the occurrence and prevention of condensation was introduced firstly. Nu-
merical model was developed and validated for calculating the temperature distribution of EAW with given boundary conditions.
Some solutions for avoiding the condensation of EAW in the heating season were estimated.

2. Method
2.1. Theoretical background and prevention of condensation

When the interior surface temperature of middle-layer glazing (as shown in Fig. 1) is below or equal to the dew point temperature of
its adjacent airflow, condensation will occur on this surface. The dew point temperature is determined by the relative humidity and
temperature of air. Meanwhile, the interior surface temperature of middle-layer glazing depends on indoor and outdoor boundary
conditions, and structure and design parameters of EAW [21]. The long-term condensation within the EAW in winter may affect the
visual quality and heat transfer characteristic of window, increase the pressure drop of exhaust airflow through the air channel, and
cause the grown of bacteria.

In order to avoid the condensation within the EAW, the interior surface temperature of middle-layer glazing should be controlled
and maintained above the dew point temperature of exhaust air. Temperature gradients of each glazing surface of EAW in vertical
direction can be observed [21]. The surface temperature of each glazing gradually decreases from bottom to top in the heating season.
Therefore, we compared the interior surface temperature of middle-layer glazing (top part) with the dew point temperature of exhaust
air to identify whether condensation will occur.

For the conditioned room, the temperature of exhaust air is approximately equal to the indoor air temperature. Therefore, a lower
indoor air temperature and relative humidity will reduce the dew point temperature of exhaust air in the heating season. In this study,
the effects of indoor air relative humidity and temperature on the condensation prevention of EAW were investigated. Moreover,
increasing the airflow velocity and employing a low-e coating will help to increase the glazing surface temperature. These solutions
were also estimated for avoiding the condensation of EAW.

2.2. Mathematical model

Heat transfer processes within the EAW contain natural and forced convection, conduction, long-wave radiation, and solar ab-
sorption, reflection, and transmission. Due to the airflow along the vertical direction in air channel, the heat transfer of EAW is two-
dimensional. In this study, a two-dimensional zonal model was used to calculate the temperature distribution within the EAW. This
model was developed and validated by comparing the calculated results with the measured data in our previous study [22].

Discretization was conducted along the vertical direction to divide the EAW into a series of equal slice, as shown in Fig. 2. Each slice
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Fig. 2. Schematic discretization of EAW in winter.
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contains five subsections including outer layer glazing (L;), enclosed air channel (L), middle layer glazing (Lg), ventilated air channel
(L4), and inner layer glazing (Ls). Therefore, five governing equations for the five subsections from outer layer glazing to inner layer
glazing are expressed as follows.
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where h, is convective heat transfer coefficient; I is incident solar irradiance; Tin, Tout, Tsky, and Tground are indoor, outdoor, sky, and
ground surface temperature, respectively; D is thickness of each layer; p and C are density and specific heat, respectively; « is solar
absorptance; ¢ is emissivity of glazing surface; W and H are the width and height of glass pane; V is volume flow rate; o is the Stefan-
Boltzmann’s constant; Fsxy and Fground are view factors between window and sky/ground. The definition of each subscript is described
in nomenclature. The calculation methods of above-mentioned convective heat transfer coefficient, sky temperature, and view factors
can refer to Ref. [22].

A set of (N x 5) governing equations were proposed for the whole EAW structure. The optical properties of EAW such as the
absorptance of each glazing (a1, a3, and as) were calculated by using the software WINDOW 7.4 [23]. The outdoor temperature,
incident solar irradiance, and indoor temperature are the boundary conditions. Iteration algorithm was adopted to solve the proposed
equations to obtain the temperatures of all the subsections of EAW. The details of model development are presents in our previous
studies [15,22].

2.3. Experimental validation

An experimental platform of EAW was built to validate its numerical model [22]. The schematic of experiment platform is pre-
sented in Fig. 3. The EAW prototype used in the experiment consists of three clear glass panes (5 mm). The thickness of each air channel
is 40 mm. The air temperature in heat insulation chamber was controlled by air-conditioning. The indoor and outdoor air temperature,

EAW

itttk i
I
| Wooden frame Air outlet 1
' 1
i i
! ks . 1
i . 1
I I
1 TwSs !
1 =~ 1
' 1

| 4 y
i Tw2 Tw3 Twi 1
1 . ) . 1
1 / y I
| ;
| / !
n—"1 Twl I
Hot-wire anemometer ( <j/ i * |
P = : :
* a3 ! i
: P i :
Exhaust air it ! Internal surface External surface |
Ft I
=) Fe ! Air inlet !
R i~ o

Variable frequency fan = Hot-wire anemometer ® Pyranometer o Temperature sensor

Fig. 3. Schematic of EAW experimental platform.
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inlet and outlet air temperature of EAW, interior surface temperature of EAW, incident solar irradiance, and volume flow rate of
exhaust air were measured simultaneously with an interval of 1 min.

The measured boundary conditions were the inputs of numerical procedure, and then the calculated data were compared with the
measured data to verify the model. The comparison results were presented in Fig. 4. The maximum absolute deviation of the simulated
glazing surface temperature for each node was less than 0.4 °C. The root mean squared error (RMSE) values for the temperatures of
Twi1, Tws, Tws, and outlet air were 0.14 °C, 0.11 °C, 0.1 °C, and 0.34 °C, respectively. This indicates that the proposed model can
calculate the glazing surface temperature of EAW with good accuracy and reliability.

3. Results and discussion

A sensitivity analysis was carried out to identify the effects of indoor air temperature and relative humidity, exhaust airflow ve-
locity, and adding a low-e coating on preventing the condensation within EAW in winter. In the case studies, indoor air temperatures
(Tjn) of 18 °C and 20 °C were considered, and relative humidity (RH) ranged from 30% to 50%. Airflow velocity in channel varied from
0.1 m/s to 0.3 m/s. Outdoor air temperature ranged from —20 °C to 10 °C. The EAW consists of a double-glazed unit (two 6 mm clear
glass panes with 12 mm air gap) at outside, a 6 mm clear glazing at inside, and an in-between 30 mm ventilated channel. The validated
model was adopted to calculate the interior surface temperature of double-glazed unit with different boundary conditions, and to
further identify whether condensation will occur in winter.

Fig. 5 shows the calculated interior surface temperature of double-glazed unit with different outdoor air temperatures considering
the effects of exhaust air velocity and indoor air temperature. When the interior surface temperature of double-glazed unit is equal to or
lower than the dew-point temperature, condensation will occur within the EAW. The dew-point temperature is 9.3 °C for the indoor air
conditions of Tj, = 20 °C and RH = 50% (Fig. 5a). There exists a critical outdoor temperature for the occurrence of condensation within
the EAW. It means that condensation within the EAW can be prevented, if the outdoor air temperature is higher than the critical
outdoor temperature. Moreover, condensation will occur when the outdoor air temperature is below or equal to this critical tem-
perature. It follows that a lower critical outdoor temperature will reduce the possibility of condensation in winter. The results in Fig. 5a
show that the critical outdoor temperature is —1.6 °C for the exhaust air velocity of 0.1 m/s. When this velocity increases to 0.3 m/s,
the critical outdoor temperature will decrease from —1.6 °C to —5.1 °C. This means that increasing the exhaust air velocity can help to
prevent the condensation within the EAW. Moreover, when the Tj, decreases from 20 °C to 18 °C, as shown in Fig. 5b, the critical
outdoor temperature varies from —1.6 °C to —3.2 °C, but the impact is limited.

The effect of indoor relative humidity on the occurrence of condensation is presented in Fig. 6. The reduction of RH achieves a
lower dew-point temperature. Compared to the indoor air conditions of RH = 50%, the dew-point temperature can significantly
decrease from 9.3 °C to 6.1 °C and 2.1 °C when the RH reduces to 40% and 30%, respectively. And then the critical outdoor tem-
perature will reduce to —9.0 °C and —18.8 °C for the RH of 40% and 30%, respectively. It follows that no condensation will occur
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Fig. 4. Comparisons of the simulated and measured: (a) interior surface temperature; (b) outlet air temperature.
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Fig. 5. Effect of exhaust air velocity on the interior surface temperature of double-glazed unit: (a) indoor air temperature 20 °C; (b) indoor air
temperature 18 °C.

within the EAW when the outdoor air temperature is higher than —18.8 °C for the indoor air conditions of Ti, = 20 °C and RH = 30%.
For the situation of a lower Tj,, as shown in Fig. 6b, further reduction of critical outdoor temperature can be achieved. It can be
concluded that reducing the indoor air relative humidity can significantly decrease the critical outdoor temperature for the occurrence
of condensation within the EAW, and is an effective solution for the prevention of condensation in winter.

Fig. 7 shows the effect of employing a low-e coating on avoiding the occurrence of condensation. In this study, this low-e coating is
painted on the exterior surface of middle-layer glazing. The surface emissivity is 0.84 for the conventional clear glazing and 0.141 for
the glazing with low-e coating [23]. The calculated results in Fig. 7 reveal that adding a low-e coating can significantly increase the
interior surface temperature of double-glazed unit. The interior surface temperature of double-glazed unit is consistently above the
dew-point temperature even under the outdoor air temperature of —20 °C, and consequently, the condensation within the EAW can be
avoided. For the exhaust air velocity of 0.1 m/s, the critical outdoor temperature can be decrease from —1.6 °C to —20.0 °C by
employing a low-e coating. This critical temperature further decreases to —28.7 °C when the velocity increases to 0.3 m/s. Therefore,
employing the low-e glazing helps to prevent the condensation of EAW in winter. This critical outdoor temperature of condensation
would further decrease by adopting a higher exhaust air velocity or lower indoor air temperature and relative humidity.

4. Conclusions
In this paper, a validated zonal model was adopted to calculate the temperature distribution of EAW, and to identify whether

condensation will occur within the EAW under different boundary conditions. Some solutions such as controlling the indoor envi-
ronment condition, increasing the exhaust air velocity, or adding a low-e coating were proposed. Their impacts on the prevention of
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Fig. 6. Effect of indoor relative humidity on preventing the condensation within the EAW: (a) indoor air temperature 20 °C; (b) indoor air tem-
perature 18 °C.

condensation were further estimated. For an indoor environment condition of Ty, = 20 °C and RH = 50%, condensation occurs within
the EAW in winter when the outdoor air temperature is below or equal to —1.6 °C. This means that there is a high possibility of
condensation for cold weather conditions. The results of case studies indicate that employing a low-e glazing or decreasing the indoor
relative humidity can effectively decrease the critical outdoor temperature for the occurrence of condensation, which is beneficial to
avoid the condensation risk and enhance the applicability of EAW in cold climatic conditions. Controlling the indoor temperature or
exhaust air velocity helps to reduce the possibility of condensation, but the impact is not significant. The critical outdoor temperature
for the occurrence of condensation can be decreased to —20 °C by employing a low-e glazing instead of conventional clear glazing.
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