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Abstract: Energy consumption based on the building heating, ventilation, and air-conditioning (HVAC) systems is sharply
rising daily. At this point, heat recovery ventilation systems save energy while contributing to indoor air quality and thermal
comfort. This work mainly focuses on designing the air-to-air cross-flow heat exchanger system and duct lines. First, the ducts,
bends, vents, and heat recovery ventilation unit are placed around the selected domain complying with the ASHRAE 55 and
62.1 standards. The requirements on temperature levels of the cold and hot streams, air flow rates, number of vents, velocity at
the supply air vent outlets are considered. Then, calculations are conducted for the cross-flow air-to-air heat exchanger to
determine the number of layers, heat transfer surface areas, flow regime, and heat transfer rate. Thermal calculations of the
recuperator system are initially performed by effectiveness-number of transfer unit (e-NTU) method as the outlet temperatures
are not known at the beginning of the design. In addition, the findings are compared and validated via logarithmic mean
temperature difference methodology. The results show that the fresh air temperature can increase from 5 °C to 13.32 °C when
the exhaust air temperature is at 26 °C in winter. Furthermore, the heat transfer rate of air-to-air heat exchanger system is
analytically calculated as 1806.7 W and 1807.5 W via e-NTU and logarithmic mean temperature difference (LMTD) methods,

respectively.

Keywords: Heat recovery ventilation, indoor air quality, recuperator, heat exchanger.

Introduction

Due to population expansion and economic growth, energy
consumption is rising daily. International Energy Agency
(IEA) reports that almost 27% of total energy sector emissions
and 30% of global energy consumption are accounted for
buildings [1]. At this point, heating, ventilating, air
conditioning, and refrigeration (HVAC-R) units are the
dominant systems consuming about 40-60% of the total
building-based energy [2,3]. Furthermore, mechanical
ventilation systems account for more than 26% of HVAC-R-
based energy consumption [4]. From a global perspective, the
energy consumption of ventilation systems results in much
carbon emissions that significantly impacts climate change [5].

Heat recovery ventilation (HRV) systems contribute to
reducing the energy consumption of HVAC-R units via heat
exchange among the cold and hot air streams [5-7]. HRV units
contain air-to-air heat exchanger(s), fan systems, filters, and
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controllers [8]. Unmixed hot and cold air streams sweep the
heat transfer surfaces of the recuperator and exchange thermal
energy from more energetic stream to a less energetic one
[9, 10]. The most of the literature on heat recovery in buildings
concentrates on energy efficiency and primary energy use.
Depending on the heating system and weather conditions, HRV
can generally provide significant energy savings. Carlsson
et al. [11] reported that the integration of in-suite HRV and
enclosure retrofit reduces the total heating energy load about
78%, that corresponds to an 83% decrease in greenhouse gas
emissions. Dodoo et al. [12] investigated the trade-off between
lowering the need for space heating and increasing the energy
used for ventilation. The findings indicated that HRV systems
might save more energy than non-electric heated buildings.
Likewise, Wahlstrom et al. [13] reported heat savings of
25-42 kWh/m? and an annual increase in energy usage of
2-8 kWh/m? in a case study of 14 Swedish buildings with HRV
systems. Hamid et al. [7] combined the models and field data.
The results showed that HRV systems within the heritage
buildings provide about 39 kWh/m? saving overall energy
consumption. Evola et al. [14] focused on the effects of HRV

Sci. cum Ind. 2023, 11(1), €231103. DOI: 10.18226/23185279.e231103

| e231103| 10f 6


https://doi.org/10.18226/23185279.e231103
http://creativecommons.org/licenses/by/4.0/
http://sou.ucs.br/revistas/index.php/scientiacumindustria
https://orcid.org/0000-0002-1963-8835
https://orcid.org/0000-0003-1833-1484

S

on Italian structures’ energy demand. The research ended up
with primary energy savings between 20% and 90% compared
to mechanical exhaust and natural ventilation systems,
respectively. On the other hand, an investigation by Logue et
al. [15] showed that adding an HRV system to existing US
homes slightly increases total energy consumption due to fans.
Fouih et al. [16] analysed the performance of HRV systems for
low-energy demand buildings in France and detected them
energy ecfficient for residential buildings, in contrast to
commercial buildings.

Heat exchangers within the HRV systems mainly reveal the
thermal efficiency and pressure drop of the HRV unit. Lu et al.
[17] theoretically and experimentally worked on plastic film
plate heat exchanger for heat recovery ventilation. The results
of the cross-flow system indicated that the effectiveness of the
heat recovery system varies from 0.65 to 0.85 under different
flow rates. On the other hand, Fernandez-Seara et al. [18]
conducted an experimental analysis of an air-to-air heat
recovery unit with a fixed plate heat exchanger made of a
suitable polymer for balanced ventilation systems in residential
buildings. The findings showed that relative humidity dropped
from 95% to about 34% with the proposed HRV system.
Furthermore, the heat transfer rate and thermal efficiency of the
steady-state operation were measured as 672 W and 80%,
respectively.

In this work, we design a fixed plate air-to-air heat
exchanger for heat recovery-aided ventilation of a 200 m? R&D
office domain occupied by 10 researchers. The main goal and
motivation of the research is to satisfy the indoor air quality
and personal comfort requirements of the selected ventilation
domain via the proposed HRV unit and ventilation duct
network. In parallel, total pressure losses experienced by the
ducts, vents, HRV unit, and heat exchanger channels are
investigated to reduce the total energy consumption. First,
outdoor air intake and zone minimum primary airflow are
calculated according to the ASHRAE 62.1 standard to satisfy
indoor air quality conditions. Furthermore, duct network, vents
(complies with the ASHRAE 55), and HRV position are
carefully designed to satisfy less energy consumption during
the ventilation. Then, fixed plate cross flow heat exchanger and
other parts of the HRV unit have been integrated to the
ventilation duct network. Heat transfer rates and outlet
temperatures of the cold and hot streams are calculated with
€-NTU method. In addition, the results are double-checked and
confirmed via the LMTD method.

Method and Model

This section presents the main methodology, calculation
steps, and design processes of the proposed heat recovery
ventilation network. The subsections contain the calculation
procedures for the indoor air quality requirements, supply and
exhaust flow rates, heat recovery ventilation network, and air-
to-air heat exchanger system.

Ventilation requirements and flow regime

This work determines the required ventilation levels and
indoor air quality conditions according to ASHRAE 62.1 [19]
standard. The case is selected as a 200 m? ventilation domain

with 10 occupants. In a ventilation system, the outdoor air
intake flow (V) should be calculated for every specific
domain to ensure enough oxygen and that the air is not
contaminated. At this point, breathing zone outdoor airflow
(Vi) must be determined as follows:

VbZ:RD Pz+ Ra Az ()

where A, and P, are zone floor area and zone population,
respectively. R, refers to the outdoor airflow rate per person,
and R, is the outdoor airflow rate per area determined from
ASHRAE 62.1 Table 6-1 for the office space scenario.
Provided the zone outdoor airflow (V,,) to the ventilation zone
can be calculated via:

Vs
E,

where E, is the zone air distribution effectiveness taken from
ASHRAE 62.1 standard. For single-zone ventilation systems
with one supply air stream, outdoor air intake flow (V) shall
be calculated as:

v, )

Vot = Voz (3)

Then, the minimum primary airflow (V.min) is calculated
via outdoor air intake and a safety factor to satisfy indoor air
quality for the zone.

sz—min = Voz 1.5 4)

To avoid infiltration in the building, supply flow rate
assumed to be 33% higher than the exhaust flow rate
corresponding to study by Ali et al. [20]. Note that the exhaust
and supply airflow rates have been calculated as 459 m?/h (0.13
m®/s) and 612 m*h (0.17 m?/s), respectively. The average
velocity and mass flow rate are calculated for 300 mm x 300
mm duct cross-section.

V= Van A, (5)

m=p.Vyye A (6)

Here, A, is the cross-sectional area of duct, and p is the
density of air at specific temperature. V and rh denote the
volumetric and mass flow rates, respectively. For non-circular
tubes or ducts, hydraulic diameter (Dyyq) approach is used to
transform them into equivalent diameter pipes. The hydraulic
diameter of the ventilation ducts can be calculated with
following equation:

Dpog= A (7)
hyd — T

where P is the wetted perimeter which is the perimeter swept
by the cold and hot air streams. On the other hand, Reynolds
number (Re) shall be calculated with the following equation to
check the flow regime within the duct and heat recovery
ventilation units [21, 22]:
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where v and p represent kinematic and dynamic viscosity,
respectively. As the cold and hot air streams experience duct
flow, the critical Reynolds number of the laminar regime is
determined as 2000 under internal flow conditions.

Thermal investigations on heat recovery system

Energy consumption of thermal-fluid systems under
laminar flow regime is comparatively lower than the turbulent
flow systems as the turbulence effects and vortices increase the
pressure losses [23]. Therefore, we aimed to satisfy indoor air
quality and thermal performance criteria under laminar flow
regime (Re,. < 2000). The flow is assumed as under steady-
state conditions for each flow stream. Nusselt number can be
calculated by following equation to determine dimensionless
heat transfer:

h Dhyd
K¢

Nu= qconvection —

(€)

qconduction

Where # is the convective heat transfer coefficient, K, and
refers to the fluid thermal conductivity. Nusselt number is the
ratio of convective and conductive heat transfer rates. As we
design laminar flow in ducts and fixed plate heat exchanger
systems, the Nusselt number is taken from Table 1.

Table 1. Nusselt number and friction factor for fully developed
laminar flow in tubes.

Nusselt Number Friction Factor

a/b T, = Const. 4s= Const. f
1 2.98 3.61 56.92/Re
2 3.39 4.12 62.20/Re
0 7.54 8.24 96.00/Re

where a is long, and b is the short side of the spacing. A
membrane-fixed plate heat exchanger exchanges waste heat
between the cold and hot air streams. Thermal resistances
(Reona and Reyny) and overall heat transfer coefficient (U) are
calculated via the following equations [24,25]:

As the wall thickness of the heat exchanger plates is small
(L = 1 mm) and the thermal conductivity (k) of the membrane
is high, the relation can be written as:

~
=

+ (12)

cl =
==
= o=

0

In heat exchanger analysis, heat capacity represents the
required heat to alter a given matter’s temperature by 1°C. As
we have two different fluids, two heat capacity levels of and
are calculated (Eq. (13)) at estimated film temperatures, and
the procedure was double-checked at the end of the thermal
calculations. Note that relation among the cold and hot stream
heat capacities is called the heat capacity ratio which is given
in Eq. (14) [24, 25]:

Chot = Myt Cp, hot and Ccold= Mo)q Cp, cold (13)

Cmin

c= (14)

Cmax

First, the e-NTU method is applied for the investigated
HRYV heat exchanger component because of the unknown outlet
temperature levels of the cold and hot streams. NTU is
calculated by combining the overall heat transfer coefficient
and minimum heat capacity (Eq. (15)). The particular reason
for Cn usage instead of C,y is that the system intends to work
for fluid with low heat capacity. The relation between NTU and
effectiveness can be determined for unmixed cross-flow heat
exchanger as [24-27]:

UA,
NTU= (15)
min
0.22
e=1-exp {f [exp(-c NTU?78) - 1]} (16)

The effectiveness value is then used to calculate the actual
heat transfer rate, which is the amount of transferred heat per
unit of time between the fluids. On the other hand, the
relationship between maximum heat transfer rate and
effectiveness can be expressed as:

Qmax = Cmin (Thot, in” Tcold, in) (17)

Q Actual heat transfer rate

Q ~ Maximum possible heat transfer rate
max

€ =

(18)

Next, the outlet temperature can be calculated via the actual
transferred heat and the heat capacities. The cold and hot

L stream outlet temperatures are given as:
Rcond = H (10) Q
— 1
Tcold, out — Tcold, in+ C (19)
R an cold
UA, hA h,A, ™ Q o0
Thot, out — Thot, in ~ C
hot
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We also use logarithmic mean temperature difference
(LMTD) method to validate our thermal results. This strategy
needs outlet temperatures of cold and hot fluids to derive actual
heat transfer rate. As the fluids experience cross-flow within the
heat exchanger, the temperature differences and heat transfer
rate are calculated as follows [24,25]:

ATl = Thot, in” Tcold, in (21)
ATZ = Thot, out” Tcold, out (22)
AT, - AT
AT, =——— 2 (23)
ln(ATl /ATz)
Q=fUA, AT, (24)

Where f'is correction factor which is measure of deviation of
the ATy, for heat exchangers [24].

Results and Discussion

Based on the ventilation procedure and thermal
investigation, we aimed to design a heat exchanger and HRV
device for our case. We utilized Eq. (1) to determine the
breathing zone, calculated as 306 m*/h for 10 occupants in the
office domain. According to ASHRAE 62.1 Standard, zone air
distribution effectiveness equals one when the cold stream is
supplied from the ceiling of the selected domain. In this case,
zone outdoor airflow and single zone system airflow are
identical (Egs. (2) and (3)). Next, zone minimum primary
airflow is calculated via Eq. (4), and the value is 459 m*/h for a
1.5 safety factor. We assumed that the supply air flow for the
selected space is one-third greater than the exhaust airflow;
therefore, the exhaust airflow and supply airflow have been
calculated as 459 m*h (0.13 m%/s) and 612 m3/h (0.17 m?/s),
respectively.

—Supply Airflow Pattern
—Exhaust Airflow Pattern

455 mm

Filter which is
complying with
ASHRAE 52.2

Figure 1. Designed HRV device dimensions and flow patterns.

The main dimensions of the HRV device are presented in
Figure 1 with supply and exhaust air stream patterns.
Furthermore, proposed crossflow heat exchanger dimensions
are shown in Figure 2. The maximum Reynolds number within
the heat exchanger channels is aimed at 2000 to ensure a

laminar flow regime conditions as the energy consumption of
thermal-fluid systems under laminar flow regime is
comparatively lower than the turbulent flow systems due to the
turbulence effects and vortices. Hydraulic diameter and
average velocity level of each flow channel are calculated as
0.0079 m and 3.5 m/s (Re = 2000) for supply air stream in
crossflow heat exchanger spacing. By dividing the supply
airflow rate by the calculated velocity, we obtained the frontal
space area as 0.048 m?. Then, dividing the frontal space area by
the cross-sectional area of one air gap (4 mm x 290 mm) means
that the required number of spacing is about 41.79 = 42.
According to the determination of the spacing number, exhaust
air stream velocity in each heat exchanger space can be
calculated as 2.67 m/s (Re = 1345).

430 mm

Figure 2. Fixed plate heat exchanger design and main dimensions.

We assumed constant heat flux in the heat exchanger. For
this reason, Nusselt Number is 8.24, according to Table 1.
Then, thermal investigation continuous with heat transfer
coefficient and determined for supply (h;) and exhaust (h,) air
as; 25.04 W/(m?’K) and 26.7 W/(m’K), respectively,
corresponding to 5 °C and 26 °C air properties at 1 atm
pressure. The membrane material is a critical issue for cost and
heat transfer rate. Ronq is calculated for the most commonly
used materials, as shown in Table 2.

Table 2. Commonly used material’s properties.

k Reond Reony p
(W/mK) (K/W) (m2K/W) (kg/m?)
Aluminum 237 4.85x10° 2705
Copper 398 2.88x10° 7.7x107 8944
HDPE 0.5 2.3x107 970

The comparison indicates that using copper and aluminium
will effectively enhance the heat transfer rate instead of high
density polyethylene (HDPE). In Table 2, the thermal
resistance of the aluminium and copper heat exchanger
channels are very close due to the high thermal conductivity of
these materials. We continued with aluminium because
aluminium is lighter, more flexible, and twice cheaper than
copper. Note that the thermal conduction resistance of
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aluminium is comparatively small (= 100 times) compared to
the convective resistance. Therefore, conductive resistance has
been neglected in the overall heat transfer coefficient
calculations. According to this strategy, the overall heat
transfer coefficient of the designed crossflow heat exchanger
channel is about 12.92 W/(m?K) (Eq. (12)). Before moving on
to the e-NTU method, we need heat transfer area and heat
capacities. The total heat transfer area of the 42 gaps crossflow
heat exchanger system is 14.4 m?. Furthermore, heat capacities
of the supply and exhaust air streams are 217 W/K (Cy,y) and
151 W/K (Cyin), respectively.

NTU and effectiveness for cross-flow heat exchangers with
unmixed fluids are calculated as 1.23 and 0.568, respectively.
Next, the effectiveness value determines the maximum and
actual heat transfer rates. Results indicate that maximum heat
transfer rate is 3181 W while the actual heat transfer rate is
1806.7 W. Finally, the supply and exhaust stream outlet
temperatures are calculated as 13.32 °C and 14.01 °C,
respectively. Figure 3 presents the trend in temperature
distribution within the HRV device. Once the outlet
temperature of the supply and exhaust air streams are
calculated via the e-NTU method, we conducted a validation
study to double-check our thermal results. At this point, the
LMTD method is utilized to compare the actual heat transfer
rate obtained by the -NTU method. The LMTD method results
show that the actual heat transfer rate is 1807.5 W for the
calculated correction factor equal to 0.905. Actual heat transfer
rate results represent that the discrepancy between the LMTD
and e-NTU methods is less than 0.044%.

30
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25 1 ——Exhaust Air Thw
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Figure 3. Temperature variation within the HRV heat exchanger
system.

Conclusion

In this study, the thermal performance of an industrial cross-
flow fixed aluminum plate heat exchanger has been analytically
investigated for a 200 m? ventilation domain with 10 occupants.
Indoor air quality requirements, ventilation rates and personal
comfort conditions have been addressed complying with
ASHRAE 62.1 and 55 standards. The thermal performance of
the investigated HRV unit crossflow heat exchanger system is
calculated via e-NTU and LMTD methods to double-check the
results. We determined the design parameters of the fixed plate
heat exchanger according to the thermal and hydraulic needs.
We aimed to reduce the total pressure drop as much as possible

while satisfying high-performance conditions. The main

conclusions are given as follows:

e 459 m*/h flow rate is the threshold for both supply and
exhaust air streams, yet we increased supply air flow rate by

33% (up to 612 m*/h) to prevent infiltration risks.

e The laminar flow regime (Re < 2000) is aimed within the
HRV unit heat exchanger spacings to minimize pressure
losses and energy consumption. The total number of fixed
plates within the crossflow heat exchanger system a laminar
flow regime and enhanced heat transfer is calculated as 42.

e The actual heat transfer rate is calculated as 1806.7 W with
the help of the e-NTU method. At this point, outlet
temperatures of the supply and exhaust air streams are
obtained as 13.32 °C and 14.01 °C, respectively.

e The results have been double-checked with the LMTD
method to ensure the accuracy of the findings. LMTD results
indicate that the actual heat transfer rate of the investigated
HRYV system is 1807.5 W. That corresponds only a 0.044%
discrepancy between the e-NTU and LMTD methods.
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