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a b s t r a c t

To achieve energy efficiency and lower carbon emissions, building envelopes have become tighter and
more insulated. These buildings must have mechanical ventilation with high efficient heat recovery to
provide adequate indoor air quality using low energy in cold climates, and requirements for heat recovery
efficiency are expected to increase. Today’s aluminum heat wheels, one of the most commonly used heat
recovery systems, may not be capable of providing such a high efficiency due to the presence of longitu-
dinal heat conduction. This study focuses on developing highly efficient heat wheels by reducing the lon-
gitudinal heat conduction and enhancing heat transfer in different channel shapes and matrix materials
for heat wheels. Previously often neglected, but in large heat wheels, the longitudinal heat conduction
can result in a significant efficiency reduction effect. The highly efficient heat wheels are sought via para-
metric analysis, experimental verification, and optimization in this study. Reducing matrix wall thickness
for high conductive materials and using low conductive materials can significantly improve temperature
efficiency. The calculated and experimental results show that the developed plastic and stainless steel
heat wheels can exhibit high temperature efficiency of over 90% with acceptable pressure drops.
However, stainless steel’s high cost and stiffness may limit its use in heat wheels. Wheels made of plastic
with circular channels that are symmetrical could be a promising solution to meet the high temperature
efficiency needs of the future. Additionally, the optimization shows that the temperature efficiency of
plastic heat wheels is more sensitive to design parameters than aluminum or stainless-steel wheels.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Buildings account for around 40 % of global energy use: 40 % in
the EU[1], 30 % in China [2], 41 % in the US [3] and 39 % in the UK
[4]. This has surpassed the other major sectors, e.g., industrial and
transportation [5]. Energy consumption in buildings is forecasted
to grow by 34 % over the next 20 years [6]. Heating, ventilation,
and air-conditioning (HVAC) systems consume 40 %-60 % of the
energy in buildings without heat recovery [5]. Using high insula-
tion and airtight envelopes are energy-efficient measures com-
monly utilized to reduce the heat loss caused by the
transmission and infiltration losses in cold climates. In such envel-
opes, heating the ventilation air to ensure the desired supply air
temperature is energy intensive. Heat recovery reduces energy
demands for heating ventilation air whilst maintaining sufficient
ventilation rates. In cold climates, various types of heat recovery
systems have been extensively applied and studied for residential
buildings [7–11].

The use of heat recovery and its minimum temperature effi-
ciency is required in many countries building codes [11]. As an
example, the yearly average temperature efficiency is required to
be at least 80 % in Norwegian residential buildings [12]. Neverthe-
less, to the authors’ knowledge, this efficiency is rarely achieved in
practice. The operational heat recovery efficiency varies with
wheel design, airflow rates, supply air temperature setpoint, leak-
age levels and operating conditions such as condensation and frost
[13–15]. All these factors may, in practice, hinder the operational
recovery efficiency, although the designed temperature efficiency
could be very high.

The working principle of a heat wheel is illustrated in Fig. 1. The
heat in the extract air is stored in the matrix in contact with it. The
matrix is the metallic heat transfer surface in a heat wheel. The
stored heat in the matrix is then released into the supply air
through heat convection. The cold outdoor air is heated by the
recovered heat from the extract air that would otherwise be lost.
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Nomenclature

Parameters
Heat transfer area [m2]

Ak Cross-sectional area of the matrix wall [m2]
B Bias uncertainty
C* Ratio of minimum to maximum heat capacity rates
Cmin Minimum heat capacity rate [W/K]
Cr* Ratio of total matrix heat capacity rate
G Fluid mass velocity based on the minimum free area

[kg/m2]
gc Proportionality constant
h Convective heat transfer coefficient [W/m2 K]
k Thermal conductivity [W/(mK)]
L Depth of the wheel [m]
m Mass flow rate [kg/s]
N Rotation speed [RPM]
P Precision uncertainty
Re Reynolds number [m2]
U Overall heat transfer coefficient [W/m2 K]
Ur Total uncertainty
X Measured variable

Abbreviations
AL Aluminum
CIR Circular
LHC Longitudinal heat conduction
NTU Number of transfer units
PL Plastic
REC Rectangular
SIN Sinusoidal
SS Stainless steel

Greek letters
a Aspect ratio of the channel
k Dimensionless indicator of longitudinal heat conduction
d Thickness of the wall [m]
Dp Pressure drop [Pa]
e Temperature efficiency
De Inefficiency
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With heat transfer occurring in a heat exchanger, temperature gra-
dients exist in both airflows and in the rotary matrix. The resulting
heat conduction from the high to the low temperature ends in air
and the wheel matrix influences the heat transfer rates between
the airflows. The heat conduction in the air is usually negligible
[16]. In contrast, the longitudinal heat conduction (LHC) in the
metallic matrix is illustrated in Fig. 1. LHC acts as a dissipation
source, which may significantly lower the temperature difference
between two ends of the matrix and dramatically reduce the tem-
perature efficiency [16].

A heat wheel with the counterflow airflow arrangement has
theoretically a relatively high efficiency. However, field measure-
ments of heat wheels in buildings have shown that the actual effi-
ciency can be dramatically lower than designed or predicted
[17,18]. There are different reasons for the unexpectedly low effi-
ciency: 1) longitudinal heat conduction along with the metallic
matrix in the airflow direction, as shown in Fig. 1; 2) leakages
caused by the rotation and improper installation [18–20] and 3)
the formation and accumulation of ice and frost inside the heat
wheel [21,22]. To the best of the authors’ knowledge, the LHC effect
has been often overlooked in the study of heat wheel efficiency
although this effect is significant particularly for the designed high
temperature efficiency. As an example, an aluminum heat wheel
may have a temperature efficiency of 70% when it is designed to
be 90 without considering the LHC effect [16]. Consequently, one
may over-predict the energy savings from the heat recovery and
under-size the supply air heating coils which may result in thermal
discomfort, e.g., a draught due to low supply air temperatures.
Ignoring the heat wheel’s LHC effect causes incorrect predictions
of energy use and thermal discomfort. Liu et al. [17] found that
the efficiency discrepancy between the field measurement and
predicted efficiency in the heat wheel is mainly caused by the
effect of the LHC for a renovated zero emission office building in
Norway. The heat transfer in a heat wheel with longitudinal heat
conduction has been modelled and solved both analytically and
numerically [23–25]. Correlations developed on the basis of analyt-
ical and numerical solutions are available for predicting the tem-
perature efficiency with LHC [16,24].

Corrugation shapes and geometries of the wheel matrix deter-
mine the compactness of the heat wheel, which is related to the
2

total heat transfer area and overall heat transfer coefficient. Certain
corrugations, such as sinusoidal and rectangular shapes, lead to
stagnant zones owing to their asymmetrical resistance to the flow
[26]. Matrix materials with high thermal conductivity compensate
for stagnant zones by conducting heat peripherally around the
channel walls. Nevertheless, for the less conductive materials,
peripheral heat conduction is less efficient near stagnant zones,
thus the heat capacity is underutilized [27]. When symmetric
shapes are used, such as a circle, stagnant zones are minimized,
and all materials have the same convective heat transfer. Low ther-
mal conductivity reduces longitudinal heat conduction, but it can
also negatively impact the thermal boundary conditions for heat
convection [27]. Thus, the matrix corrugation shape and its geom-
etry, together with the material’s conductivity are essential factors
to optimize when designing highly efficient heat wheels as they
affect heat transfer coefficients and heat transfer areas.

Smith and Svendsen [27] developed a plastic heat wheel for
room-based ventilation in temperate climates. The plastic heat
wheel is able to exceed 80 % for a balanced ventilation rate of
28 m3/h, but its performance for a higher ventilation rate, e.g. a sin-
gle family (in a range of 150 m3/h to 500 m3/h), is not reported.
Borodulin and Nizovtsev [28] constructed a mathematical model
of the regenerative heat exchanger with periodic changes of air-
flow direction. The analysis indicates that longitudinal heat flux
in the matrix must be taken into account, which is critical for
materials with high thermal diffusivity. The efficiency decreases
as the thermal diffusivity of the matrix material increases. The
replacement of polypropylene with aluminum therefore results
in a 20% decrease in effectiveness. The corrugation shapes and
geometries are not investigated in their study. In another study
[29], a theoretical model to predict the heat and mass transfer per-
formance of a plastic rotary regenerator considering leakage and
adsorption were developed. The design parameters of a plastic
rotary regenerator were optimized to improve the cooling and
dehumidifying performance of a desiccant air-conditioning sys-
tem. The optimum temperature efficiency of 85% was identified.

Even though the performance and influencing design parame-
ters of heat wheels have been extensively investigated, studies
accessing the combined heat transfer characteristics from matrix
materials, matrix corrugation shapes and geometries are very lim-



Fig. 1. Schematic view of a heat wheel and longitudinal heat conduction for different channel shapes.
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ited. Heat recovery efficiency requirements may increase for resi-
dential buildings to achieve zero emissions. However, to the
authors’ knowledge, there is a lack of feasible heat wheels with
extraordinarily high efficiency (e.g., >90%) for residential ventila-
tion systems. This study is focused on developing solutions to
reduce the effect of LHC and significantly improve the temperature
efficiency of heat wheels with parametric analysis and optimal
design. The heat wheels with different materials including alu-
minum, stainless steel and plastic and different channel shapes
including sinusoidal, circular and rectangular channels are investi-
gated. The prototypes of heat wheels with high temperature effi-
ciency are developed and experimentally tested to validate the
theoretical development. Parametric study and optimization are
performed to investigate the effects of various input parameters
and maximize the temperature efficiency.
2. Methods

This chapter presents the theoretical models for temperature
efficiency and pressure drop through the exchanger core. The cal-
culated temperature efficiency and pressure drop were validated
by experimental data. The experimental measurements and uncer-
tainty analysis were presented at the end of this section.
3

2.1. Modelling temperature efficiency of heat wheel: e� NTU method

The correlation for efficiency developed by Kays and London
[30] is given below. The LHC effect on thermal efficiency was not
included in this correlation.

eexclude LHC ¼ NTUo

1þ NTUo
1� 1

9C�1:93
r

 !
ð1Þ

Where NTUo is the number of the heat transfer unit
and.NTUo ¼ U0A= _mCpð Þmin

C�
r is the ratio of total matrix heat capacity rate, which is Cr=Cmin.

Shah [24] developed a correlation considering the LHC to deter-
mine the recovery efficiency of the heat wheel (einclude LHC) based on
numerical solutions from [23]. Our research aims to improving the
temperature efficiency of heat wheels including LHC effect (namely
einclude LHC). The correlation is given in Eq. (2).

einclude LHC ¼ NTUo

1þ NTUo
1� 1

9 C�
r

� �1:93
" #

1� Ck

2� C�

� �
ð2Þ

Ck in Eq. (2) can be calculated from,

Ck ¼ 1
1þ NTUo 1þ kUð Þ= 1þ kNTUoð Þ �

1
1þ NTUo

ð3Þ



Table 1
Nusselt number for different channel shapes and different conductive materials in laminar flow.

Channel shape NuH1 for high conductive materials, NuH2 for low conductive materials

SIN NuH1 ¼ 1:9030 1þ 0:4556aþ 1:2111a2 � 1:6805a3 þ 0:7724a4 � 0:1228a5
� �

For 0 � a � 2
NuH2 ¼ 0:76a For 0 � a � 0:125
NuH2 ¼ �0:0202ð1� 32:0594a� 216:1635a2 þ 244:3812a3 � 82:4951a4 þ 7:6733a5Þ For 0:125 � a � 2

CIR NuH1 ¼4.364
NuH2 ¼4.364

REC NuH1 ¼ 8:235ð1� 2:0421aþ 3:0853a2 � 2:4765a3 þ 1:0578a4 � 0:1861a5Þ For 0 � a � 1
NuH2 ¼ 8:235ð1� 10:6044aþ 61:1755a2 � 155:1803a3 þ 176:9203a4 � 72:9236a5Þ For 0 � a � 1

Table 2
Design and operating parameters for the studied heat wheels.

ID Parameter Value ID Parameter Value

1 Wheel depth 200 mm 5 Ventilation rate 150 m3/h - 500 m3/h
2 Wheel diameter 500 mm 6 Air density 1.2 kg/m3

3 Wall thickness 0.065 mm 7 Rotary speed 10 RPM
4 Wall material AL: k ¼205 W/(m�K) cp ¼ 900 J/(kg�K) 8 Channel shape SIN: Channel height: 1.6 mm Channel period: 3.5 mm

SS: k ¼16 W/(m�K) cp ¼ 502 J/(kg�K) CIR: Channel diameter: 2.0 mm
PL: k ¼0.2 W/(m�K) cp ¼ 1200 J/(kg�K) REC: Channel height: 2.0 mm Channel width: 4.0 mm

Fig. 2. Pictures of the testing box, connected airflows and tested heat wheel.
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U � kNTUo

1þ kNTUo

� �1=2

tanh
NTUO

kNTUo= 1þ kNTUoð Þ½ �1=2
( )

ð4Þ

According to the analysis in Ref [16], for NTU� 3,
U � kNTUo

1þ kNTUo

� �1=2

ð5Þ

k is a dimensionless parameter that refers to a ratio of longitu-
dinal heat conduction along with flow direction per unit length to
the heat capacity of the air per unit temperature difference. k is
given as the following equation.
k ¼ kmAk

LCmin
ð6Þ

k indicates the effect of LHC on heat recovery efficiency. The
higher the value of k, the higher the heat conduction loss in the
heat wheel matrix and, therefore, the lower the exchanger temper-
ature efficiency. Eq. (6) shows that the LHC effect is proportional to
the thermal conductivity of the matrix material and the cross-
sectional area of the matrix of the heat wheel and inversely propor-
tional to the depth of the wheel and the heat capacity of the air-
4

flow. The inefficiency De, which is referred to the efficiency
reduction due to the presence of the LHC effect, can be estimated
with Eq. (7) [16].

De
e

¼ ek¼0 � ek–0

ek¼0
ð7Þ

According to Eq. (2) and Eq. (7), the efficiency reduction owing
to the LHC effect is a function of NTU and k. Increasing values of
NTU and k increase LHC’s penalty to the temperature efficiency.
Thereafter, the efficiency reduction is higher when high efficiency
is sought. As an example, the ineffectiveness is>10% for all k > 0.08
where NTU0 < 15 [30]. Thus, the LHC effect must be considered
when designing highly efficient heat wheels.

NTUo is the modified number of transfer units, which is.

NTUo ¼ UoA
_mCpð Þmin

ð8Þ

The overall heat transfer coefficient Uo is given by.

Uo ¼ 2
h
þ d
3km

� ��1

ð9Þ

The transverse heat conduction resistance of the heat wheel
matrix can be calculated by d

3km
based on Shah and Sekulic [16].
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Therefore, the convective heat transfer coefficient for the warm
and cold sides, h, is more crucial to determine and can be calcu-
lated by.

h ¼ Nukair
Dh

ð10Þ

Nusselt number, Nu, which refers to the ratio of convective to
conductive heat transfer, is sensitive to the channel geometry
and the thermal boundary conditions for the laminar flow regime.
The airflow is assumed to be thermally fully developed due to the
short thermal entrance length. The thermal boundary condition
with a constant heat flux rate is applied for the counterflow heat
wheels. The boundary conditions can be further divided as H1
and H2 conditions based on the conductive ability of the material
[16]. The H1 condition can be realized for highly conductive mate-
rials such as aluminum, copper, and stainless steel, and H2 can be
realized for poorly conductive materials such as plastic or ceram-
ics. The Nusselt number for different channel geometries and ther-
mal boundary conditions used in this study are listed in Table 1.
NuH1 represents highly conductive material and NuH2 poorly con-
ductive material. The aspect ratio a is the ratio of channel height
to the width.

Using the method developed in this section, the temperature
efficiency of an aluminum heat wheel with sinusoidal corrugation
is calculated including and excluding the LHC effect. An aluminum
heat wheel with the sinusoidal channel shape is used as the base-
line case to assess the influence of LHC and NTU. Table 2 presents
parameters for the studied heat wheels with three different con-
ductive materials, including aluminum stainless steel or plastic,
and different channel shapes, including sinusoidal, circular and
rectangular channels.
2.2. Pressure drop through heat wheel core

The calculation of the pressure drop in a heat wheel is essential
for determining fan power in ventilation. The airflow regime in this
study is laminar with a Reynolds number much lower than 2300.
The total core pressure drop consists of the pressure loss due to
the entrance effect, the pressure rise due to the exit effect and
the core friction pressure loss. The friction pressure loss is gener-
ally the dominant term, about 90 % or more of the pressure drop
for gas flow. The pressure loss and the pressure rise caused by
the entrance and exit usually compensate each other. The friction
pressure loss through a heat wheel is approximated by the follow-
ing equation [16]:

Dp � 4fLG2

2gcDh
ð11Þ

The friction factor f experimentally derived [16], for the differ-
ent channel shapes and aspect ratios in a laminar flow, is used in
this study.
Table 3
Lower and upper bounds, and values of the parameters for efficiency optimization.

ID Parameter [Lower bound, upper bound] or fixed values

1 Wheel depth [100, 200] mm
2 Wheel diameter [200, 800] mm
3 Wall thickness [0.06, 0.10] mm
4 Wall material

AL k ¼205 W/(m�K) cp ¼ 900 J/(kg�K)
SS k ¼16 W/(m�K) cp ¼ 502 J/(kg�K)
PL k ¼0.2 W/(m�K) cp ¼ 1200 J/(kg�K)

5

2.3. Experimental study and measurement uncertainties

The calculated temperature efficiency and pressure drop for dif-
ferent heat wheels are experimentally validated in a test rig built
to satisfy EN308:1997 [31] requirements. The test rig and its con-
nections to the different airflows are illustrated in Fig. 2. The test
box is constructed so that different heat wheels can be replaced
and tested at the same testing conditions. The temperature effi-
ciency and pressure drop through the developed heat wheels were
experimentally measured according to the standard EN308:1997
[31] under the dry testing condition. The dry bulb temperature of
the outdoor air was 5�C, the extract air was 25�C, and the extract
air relative humidity was lower than 30%. Air static pressure was
measured at the air ducts in the direction of the airflow before
and after the testing box. Airflow rates were measured according
to ISO 5167–1:2003 and ISO5167-2:2003 [32,33] using orifice
plates with corner tapings. Static pressure 0 Pa was maintained
in the outdoor and exhaust air static pressure measurement points
in the air ducts. Static pressure measurement points of the testing
box were also recorded separately.

Four prototype heat wheel cores were constructed and tested in
accordance with the testing standard EN 308 [31]. They are as fol-
lows: (1) AL SIN, an aluminum wheel with channel height of
1.4 mm, channel period of 3.0 mm, wheel diameter of 400 mm,
wheel depth of 150 mm and matrix wall thickness of 0.08 mm;
(2) SS SIN, a stainless steel wheel with the same geometry as the
wheel (1); (3) CIR 2.5, a plastic wheel with a circular channel and
diameter of 2.5 mm; (4) CIR 3.5, a plastic wheel with a circular
channel and diameter of 3.5 mm.

The total uncertainty consists of the bias and the precision
uncertainties [34]. The total uncertainty can be determined by
Eq. (12).
Ur ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@r
@X1

UX1

� �2

þ @r
@X2

UX2

� �2

þ � � � þ @r
@Xi

UXi

� �2
" #vuut ð12Þ

Where, U is the total uncertainty for the measured variables,
and it can be calculated using Eq. (13).
Uxi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ P2

q
ð13Þ

The measurements have been conducted so that the uncertainty
demands set in the standard EN 308:1997 are fulfilled. The total
uncertainty of temperature measurements using Pt 100 sensor
is ± 0.1 �C, and the total uncertainty of the airflow measurements
using orifice plates and manometers is ± 1.5 %. The total uncer-
tainty of the static pressure measurement is ± 1.0 % of the mea-
sured values. The estimated uncertainty of temperature efficiency
is ± 3.0 % of the indicated values.
ID Parameter [Lower bound, upper bound] or fixed values

5 Airflow rate 200 m3/h
6 Air density 1.2 kg/m3
7 Rotary speed 10 RPM
8 Channel shape

SIN Channel hetight: [1, 4] mm
Channel period: [1, 4] mm

CIR Channel diameter: [1, 4] mm
REC Channel height: [1, 4] mm

Channel width: [1, 4] mm



Fig. 3. (A) Temperature efficiency of the baseline aluminum wheel with and without LHC vs airflow rate, (B) NTU vs airflow rate, and (C) k vs airflow rate.
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2.4. Optimization of temperature efficiency of heat wheels

The Pattern Search optimization algorithm is applied to find the
heat wheel designs that produce the maximum and minimum
temperature efficiency in MATLAB. The optimization considering
the influence of different design parameters shows the maximum
potential efficiency of the different wheels. The pattern search
optimization is performed in this study to demonstrate a feasible
method to achieve optimal design. The optimal designs, however,
cannot be experimentally validated because the optimal materials,
corrugations, and geometries were not available for the construc-
tion of the heat wheels. The reader is referred for further explana-
tions about the optimization method to [35]. The pattern search
algorithm seeks a minimum function value. The maximum tem-
perature efficiency can be found by making the objective function
Eq. (2) negative. The pattern search algorithm is relatively robust
and efficient for a small and medium search area and this method
can be applied to objective functions that are not continuous or not
differentiable. Therefore, the pattern search optimization method
can be used for the nonlinear temperature efficiency model pre-
sented in Section 2.1 of this study. The flow rate is set at a constant
of 200 m3/h to represent the typical ventilation rate in a single
family house. The lower and upper bounds used for optimizing
the studied heat wheels are presented in Table 3.

The objective function for optimization is Eq. (2). The aspect
ratio a, as the ratio of channel height to the channel width (period),
is constrained to 0 < a < 2 for the sinusoidal channel and
6

0 < a < 1 for the rectangular channel. The lower and upper bounds
and values of the parameters for efficiency optimization are given
in Table 3. The criteria to stop the optimization are set with a tol-
erance of input parameters, function values and searching mesh
size lower than 1e-6.
3. Results and discussion

The aluminum heat wheel with a sinusoidal channel shape is
modelled with the methods mentioned earlier and sequentially
used as a reference for parametric analysis. Thereafter, the influ-
ence of the wheel design and operating parameters on temperature
efficiency is studied and compared. The predicted temperature effi-
ciency and pressure drop for the wheels are validated against
experimental results. Lastly, the heat wheels with different wall
materials and channel shapes are theoretically optimized to
achieve maximum temperature efficiency.
3.1. Performance of an aluminum heat wheel with a sinusoidal
channel shape

Fig. 3 (A) shows the temperature efficiency for the baseline
wheel against the ventilation rates ranging from 150 m3/h to
500 m3/h. This airflow rate range is the most frequently used for
single family houses according to the Norwegian building require-
ment TEK17 [12], which is in line with the European standard EN



Fig. 4. Parametric analysis for (A) temperature efficiency, (B) NTU, and (C) k.

Fig. 5. Temperature efficiency of aluminum, stainless steel and plastic heat wheel
vs airflow rates with (A) sinusoidal, (B) circular, and (C) rectangular channel shapes.
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16,798 for category II air quality when low emission materials are
used in the building.

The temperature efficiency of the baseline aluminum heat
wheel without considering the LHC effect (k ¼ 0), represented by
the red dashed line, increases almost linearly when decreasing
the airflow rate. The trend can be justified by the increased NTU
in Eq. (1) owing to the reduced airflow rates. The term on the right
in the parenthesis in Eq. (1) has minimal influence on temperature
efficiency at a rotation speed of 10 RPM. The efficiency values are
above 85 % within the full range of airflow rates from 150 m3/h
to 500 m3/h. In contrast, the temperature efficiency, which is rep-
resented by a blue line in Fig. 3 (A), taking the LHC effect into
account, exhibits the opposite trend when airflow rates decrease.
The decreasing airflow rates lead to the increased heat transfer
ability of the heat wheel represented by the increased NTU in
Fig. 3 (B). Moreover, the decreasing airflow rates aggravate the lon-
gitudinal heat conduction effect, which counteracts the effect of
the increased NTU on the temperature efficiency. In relatively
low airflow rates (150 m3/h to 300 m3/h), the increased longitudi-
nal heat conduction effect prevails as indicated in Fig. 3 (C)and the
temperature efficiency drops by reducing the airflow rate. From
300 m3/h to 500 m3/h, the effects of the variations of the NTU
and the longitudinal heat conduction compensate each other. The
temperature efficiency is relatively constant over this airflow
range. The efficiency drop when considering LHC represented by
the shaded region lowers from 18 % to 6 % with increasing ventila-
tion rates as shown in the filled region in Fig. 3 (A). The tempera-
ture efficiency with the LHC effects is under 85 % for the typical
single family house ventilation rates. It can be confirmed from
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Fig. 3 that the LHC effect significantly degrades the temperature
efficiency in a heat wheel made of a highly conductive material.
The finding from Fig. 3 also suggests that, contrary to early experi-
ence, increasing NTU by enlarging heat transfer area may worsen
the temperature efficiency resulting from the LHC effect. If the
LHC effect is neglected, the intended high efficiency design is often
not achieved in practice. One can conclude that the highly efficient
heat recovery (>85%) may not be achieved with a common alu-
minum heat wheel. It is incorrect to extrapolate temperature effi-
ciency using testing efficiency values under high airflow rates or to
scale down big heat wheels with the e� NTU approach if the effect
of LHC is neglected. In contrast to the expectation of the typical
engineering design, enlarging the heat wheel may deteriorate the
temperature efficiency instead of improving the performance.

3.2. Parametric analysis

Parametric analysis is performed to assess the influence of indi-
vidual design and operating parameters on NTU, the LHC effect and
resulting temperate efficiency. The potential influencing design
parameters for improving heat wheel recovery efficiency are iden-
tified through parametric analysis.

The studied aluminum heat wheel in section 3.1 is used as a ref-
erence case in parametric analysis, which is denoted by 0 % change
for the parameter in Fig. 4. The studied parameters are variations of
	5%, 	15%, 	25%, 	50%, and 	75% of the initial values of airflow
rates, wheel diameter and depth, wall thermal conductivity and
thickness, and the rotary speed of the wheel. Only one parameter
is changed at one time, and the remaining parameters remain at
the reference value. The results of the changed per cent of effi-
ciency for NTU and k corresponding with changed parameters are
displayed in Fig. 4. The changes in NTU and k in Fig. 4 (B) and (C)
can be justified by Eqs. (6) and (7). Fig. 4 (A) shows that the tem-
perature efficiency is relatively sensitive to wheel diameter and
wheel depth, airflow rate, wall thickness and thermal conductivity.
Reducing wheel diameter can reduce both k and NTU, but the
resulting efficiency is, however, lower than the reference value.
The sharply reduced efficiency, when reducing the wheel diameter
by 75%, indicates that the reduction of NTU dominates for small
wheels despite the LHC effect being simultaneously reduced. A
wheel design with a minimal wheel diameter should therefore be
avoided.

As shown by the points in the yellow highlighted region in Fig. 4
(A), the most influencing parameters for improving the tempera-
ture efficiency are matrix thickness and thermal conductivity of
Fig. 6. (A) LHC indicator k and (B) pressure drop v
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the matrix and wheel depth. Reducing matrix thickness, thermal
conductivity and increasing wheel depth result in higher tempera-
ture efficiency as the LHC is lowered, as justified by Eq. (6). A dee-
per wheel, however, means a higher pressure drop through the
heat wheel. Additionally, the deep wheel may cause high noise
levels, which is a significant concern in the application of residen-
tial buildings. Lower conductive materials and thin walls may be
used to increase the temperature efficiency because they diminish
the LHC effect and keep the NTU unchanged without introducing
an additional pressure drop penalty.

The temperature efficiency for the heat wheels with different
matrix materials (aluminum, stainless steel and carbonate plastic)
and different channel shapes (sinusoidal, circular, rectangular) are
computed according to Eqs. (1)-(10) and shown in Fig. 5. All the
dashed lines represent the temperature efficiency excluding LHC
(k ¼ 0). The solid lines denote temperature efficiencies including
the LHC. The difference between the two lines, which is defined
as the efficiency loss resulting from the LHC effect for different
materials and channel shapes. The calculated temperature effi-
ciency excluding the LHC effect for most of the studied wheels is
rather high. However, efficiency loss is caused when the LHC is
considered. The efficiency loss owing to the presence of LHC for
the aluminum wheel (represented by the slash lines in Fig. 5) is
the most significant. The efficiency loss for stainless steel wheels
due to LHC (represented by the red shaded area in Fig. 5) is
insignificant. For plastic wheels, there is no LHC for all the three
channel shapes due to their low thermal conductivity. Therefore,
the temperature efficiency of plastic wheels is identical for the
cases including and excluding the LHC effect. The circular plastic
heat wheel provides the highest temperature efficiency compared
to the other two shapes. The circular channel has no sharp corner,
thus, the peripheral temperature gradients are minimum for all the
materials. As an example, the Nusselt number is a constant of 4.36
for the circular plastic channel. As a comparison, the Nusselt num-
ber are about 1.5 and 3.0 for the wheel with sinusoidal and rectan-
gular plastic channels, respectively. Hence, the temperature
efficiency of the plastic wheel with a circular channel shape is
higher relative to the wheel with sinusoidal and rectangular shapes
resulting from the higher convective heat transfer coefficients. The
efficiency dramatically drops with increasing airflow rates for the
wheels with sinusoidal and rectangular channel shapes. Sinusoidal
and rectangular channel shapes introduce sharp corners where the
temperature gradients exist in the peripheral direction for poorly
conductive plastic. Stainless steel wheels with sinusoidal and cir-
cular channels can provide high efficiency. However, the high cost
s airflow rate with different channel shapes.



Fig. 7. Experimental verification for (A) temperature efficiency and (B) pressure drop for the developed heat wheels.

Fig. 8. Highest and lowest temperature efficiency for aluminum, stainless steel and
carbonate plastic wheels with sinusoidal, circular and rectangular channel shapes at
an airflow rate of 200 m3/h.
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of stainless steel, as well as its stiffness and heavy wheel due to its
high density, may hinder its application. Carbonate plastic heat
wheels can provide high efficiency (>90%) at low airflow rates,
e.g. from 150 m3/h to 300 m3/h.

Fig. 6 shows k (the LHC indicator) and the pressure drop for dif-
ferent channel shapes and materials. The pressure drop is sensitive
to channel shapes but not the matrix material due to the laminar
nature of the airflow. It can be found from Fig. 6 that the carbonate
plastic heat wheel with a circular channel shape can provide an
extremely low LHC and a relatively low pressure drop. Thus, the
plastic heat wheel with circular channels is a promising solution
9

to provide high efficiency at a low pressure drop through the
wheel. It can be seen from Fig. 6 that there is a steep drop in the
value of the LHC indicator k with increasing airflow rates, which
is determined according to Eq. (6). Compared to stainless steel
and plastic wheels, aluminum wheels have an LHC indicator k that
is one and three orders of magnitude higher respectively. This
trend confirms that the LHC plays a big role in degrading temper-
ature efficiency for aluminum heat wheels at low airflow rates.

3.3. Verification with developed aluminum, stainless steel and plastic
heat wheels

Four heat wheels with different materials and corrugation
shapes were constructed and tested to validate the theoretical
development of the highly efficient heat wheels. The specifications
of the four heat wheels are given in Section 2.3. The construction of
these four heat wheels was limited by the available materials in
this study. For instance, the circular channel with a diameter smal-
ler than 2.5 mm for plastic wheel was not obtained in this study
despite the fact that a smaller diameter can yield higher efficiency.
Another example is that the rectangular channel was not available
for the wheels with these three materials (aluminum, stainless
steel and plastic). However, the contracted heat wheels, which
cover three different materials and two different corrugations, pro-
vide adequate validation for the theoretical development of highly
efficient heat wheels. The measurement uncertainties for temper-
ature efficiency and pressure drop are assessed with the method
addressed in Section 2.3. As shown in Fig. 7, the predicted values
for efficiency and pressure drop are in good agreement with exper-
imental results. The constructed stain steel heat wheel (SS SIN)
with a sinusoidal channel shape can provide the highest tempera-
ture efficiency at all airflow rates. The plastic heat wheel with cir-
cular channel shape (PL CIR 2.5 mm) offers relatively high
efficiency at low airflow rates. However, the efficiency drops dra-
matically since the decrease of NTU prevails with the increasing
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airflow rates. The temperature efficiency of aluminum heat wheel
with sinusoidal channel shape (AL SIN) at low airflow rates is lower
than its efficiency at high airflow rates due to the dominant LHC
effect at low rates as aforesaid. Based on these findings, different
heat wheels aiming to achieve high efficiency can be designed
and selected according to their operating airflow rates.

This study focuses on the development of highly efficient heat
wheels for cold climates. The rotary heat exchangers developed
can be extended in their applications for cooling working condi-
tions where heat recovery with high efficiency is required when
no phase change of air occurs inside the heat wheel. Since heat
wheels operate under no-phase-change conditions, the tempera-
ture efficiency and pressure drop should not be affected by operat-
ing temperatures or humidity.

3.4. Optimization of the heat wheel by studying the best and worst
practice of the heat wheel designs for temperature efficiency

The highest and lowest temperature efficiency, given design
input ranges and values of the parameters in Table 3, are found
with the pattern search optimization addressed in Section 2.4.
These represent the best and worst heat wheel designs with
respect to operational temperature efficiency and are shown in
Fig. 8. At a nominal ventilation rate of 200 m3/h, highly efficient
heat wheels (with efficiency > 85 %) can be realized with the opti-
mal design for all cases except for the aluminum wheel with a cir-
cular channel shape. The plastic and stainless steel wheels present
reasonably high efficiency (>95%). However, the pressure drop for
these optimized heat wheels should also be taken into account.
In addition, these high temperature efficiencies may lead to more
condensation and frosting risk in heat wheels in winter in cold
regions and more overheating risk in shoulder seasons. Proper effi-
ciency regulations and controls thus need to be further developed
for these highly efficient heat wheels. Nevertheless, the corre-
sponding development of regulations and controls is beyond the
scope of this study. The temperature efficiency of plastic and stain-
less steel wheels ranges is wider compared to the aluminum
wheels. One can conclude that highly efficient heat recovery is
achievable when the optimal design is applied. The efficiency of
the plastic and stainless steel heat wheels is more sensitive to
the design parameters than aluminum wheels. In addition, wheels
should be specifically sized based on these parameters, particularly
when designing plastic heat wheels, where bad designs can result
in temperatures as low as 15%-20%.

4. Conclusions

As a means of achieving highly energy-efficient ventilation in
zero-emission buildings, heat wheels with high temperature effi-
ciency, which is superior to today’s solutions, are needed. In this
regard, the performance of heat wheels has been theoretically
and experimentally studied and assessed for different corrugations
and materials. The LHC has been identified as the essential factor
limiting the maximum temperature efficiency for the widely used
aluminum heat wheel. This study’s finding suggests that the heat
wheels’ temperature efficiency may be greatly overestimated if
the LHC effect is ignored, especially for highly conductive materials
like aluminum. Contrary to the earlier experience, the design of big
heat wheels with the intention of achieving high temperature effi-
ciency may actually deteriorate efficiency since LHC can be higher
in these big heat wheels. According to the parametric study, reduc-
ing matrix wall thickness for highly conductive materials and low
conductive materials can significantly improve temperature effi-
ciency. The stainless steel and plastic heat wheels can exhibit high
temperature efficiency above 90 %. However, the high cost and
stiffness of stainless steel may restrict its use in heat wheels. Plas-
10
tic wheels with circular channels that are symmetrical could pro-
vide a promising solution to meet the high temperature
efficiency need in the future. Based on the optimization of the
studied heat wheels, it has been demonstrated that a high heat
recovery efficiency (>85 %) can be achieved for the commonly used
aluminum heat wheels if the optimum design is applied in prac-
tice. Developed heat wheels with a high temperature efficiency
may lead to more condensation and frosting risk in winter as well
as higher overheating risk during shoulder seasons. In order to
adapt heat wheels with high efficiency, their controls need be
modified or developed further. Furthermore, it shows that plastic
heat wheels are relatively sensitive to the design parameters rela-
tive to the aluminum and stainless steel wheels. This study devel-
ops highly efficient rotary heat wheels for cold climates, however,
the applications can be extended to warm operating conditions
when no phase change in air occurs.
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