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Abstract
This paper focuses on the influence of geometrical parameters of the rotary heat exchanger on its operation under high-
speed rotor conditions. Proposed mathematical model of heat recovery wheel is based on a structure of the counter-flow 
heat exchanger model. After implementation of a numerical method on the modified α-model, the computer simulations 
were conducted. They allowed considering the distribution of the active heat and mass transfer zones (“dry,” “wet” and 
“frost”) on the matrix channel surface depending on the outdoor air conditions for different variants of rotor size. The 
obtained results indicate that the increase in the wheel’s depth leads to the increase in temperature effectiveness of heat 
recovery (from 0.667 to 0.814). Moreover, it was also established that the threshold temperature under which the frost 
is accumulated on the core surface also rises with the rotor depth (from − 10.7 to −9.6 °C). It was concluded that under 
certain outdoor air temperature conditions (t1i> –10.7 °C, for rotor depth equal to 0.40 m), the mass transfer rate of the 
condensed water vapor in the channels of the return air side is equal to the evaporation mass transfer rate in the chan-
nels of the supply air side, and hence, the temperature efficiency reaches the same value level as under “dry” operating 
conditions. It was established that only under frost accumulation conditions, the increased temperature effectiveness 
is observed.

Keywords Thermal wheel · Waste heat recovery · Mathematical model · Energy saving

List of symbols
c  Specific heat capacity (J/(kg K))
D  Diameter of the plate channel (m)
Δ𝜏

evap

1
  Relative duration of the evapora-

tion period of the condensate 
(dimensionless)

h  Height of the channel (m)
F  Heat or heat and mass transfer 

surface area  (m2)
Fo  Total surface area  (m2)
F̄ =

(
F∕Fo

)
⋅ 100%  Heat or heat and mass transfer 

surface area relates to total surface 
area (%)

i  Specific enthalpy (J/kg)
Le = �

/(
�cp

)
  Lewis factor (dimensionless)

L  Length of the plate channel (m)

LX1  Length of heat exchanger channel 
in X1 direction (m)

LX2  Length of heat exchanger channel 
in X2 direction (m)

m  Water vapor mass flux (kg/(s m2))
M  Water vapor mass transfer rate 

(kg/s)
Nu  Nusselt number (dimensionless)
nr  Rotor speeds (rev/min)
Pr  Prandtl number (dimensionless)
Re  Reynolds number (dimensionless)
t  Temperature (°C)
W  Heat capacity rate of fluid (W/K)
x  Humidity ratio (kg/kg)
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X or X1  Cartesian coordinate in X direction 
(along outdoor airflow direction) 
(m)

X̄1 = X1
/
LX1  Relative X coordinate 

(dimensionless)
X2  Cartesian coordinate in opposite to 

X direction [m (along return airflow 
direction)]

X̄2 = X2
/
LX2  Opposite X coordinate 

(dimensionless)
α  Convective heat transfer coefficient 

(W/(m2 K))
β  Convective mass transfer coeffi-

cient (kg/(m2 s))
ε  Temperature effectiveness of heat 

exchanger, dimensionless
σ  Surface wettability factor (0.0…1.0) 

(dimensionless)

Subscripts
′  Condition at the airflow/water 

film or airflow/frost layer interface 
temperature

1  Outdoor airflow
2  Return airflow
const  Constant
DP  Referenced to dew point 

temperature
EA  Exhaust air parameters
fr  Frost layer
g  Water vapor
i  Inlet
max  Maximum value
min  Minimum value
o  Outlet
OA  Outdoor air parameters
p  Plate surface/under constant pres-

sure conditions
RA  Return air parameters
SA  Supply air parameters
sat  Saturation state
w  Water film

Acronyms
AHU  Air handling unit
HVAC  Heating, ventilation and air 

conditioning
NTU = �F

/(
Gcp

)
  Number of transfer units

RH  Relative humidity

1 Introduction

Nowadays, in the era of a big economic development, 
the significant increase in global energy consumption 
is observed. The expected development of the building 
sector, next to the industry and transport, has become 
responsible for this state. It is estimated that the level 
of buildings energy use constitutes about 40% of total 
primary energy consumption in developed countries [1]. 
Therefore, the legal regulations related to the reduction 
of energy demand have appeared. In modern buildings, 
energy is used mostly to ensure the required indoor air 
parameters [2]. Thermal insulation improvement allows 
reducing the static heat loss or heating gain in a build-
ing. However, due to the stringent indoor air quality 
requirements, more fresh air has to be supplied using 
mechanical ventilation systems. It causes an increase in 
energy demand for ventilation [3]. Energy saving can be 
achieved by using high-efficiency HVAC systems, includ-
ing exhaust air heat/energy recovery exchangers. Differ-
ent types of heat recovery devices such as: fixed-plate 
exchangers, rotary exchangers, coil energy recovery 
loops and heat-pipe heat exchangers were compared 
in ASHRAE Handbook [4]. However, only fixed-plate and 
rotary heat exchangers have become widespread and 
are being used by more and more customers.

Thermal wheels constitute a group of the most often 
used heat recovery exchangers in the HVAC systems in 
Poland. One of their major advantages is high efficiency 
exceeding even 80% [5]. The reason for achieving such 
a high level is the potential to recover not only sensi-
ble, but also latent heat. In the case of water vapor con-
densation in the return airflow channels, this generated 
moisture can be assimilated by the supply air flowing 
through the same channel in the next part of the cycle. 
For similar reasons, many manufacturers produce rotors 
covered with hygroscopic material, which allows for a 
more intensive heat and mass exchange between two 
airflows. Such devices are called energy wheels.

In order to analyze the effectiveness of rotary heat 
exchanger, their construction and working principles 
should be presented. The rotary heat exchanger (Fig. 1) 
consists of a rotor made of 0.06–0.10  mm thick alu-
minum foils [6], which constitute a storage mass. Alter-
nately wrapped wavy and straight tapes (sheets) form a 
large number of small axially arranged channels through 
which both airstreams flow. The height of these chan-
nels varies from 1.4 to 2.7 mm [6, 7]. As the wheel matrix 
rotates with specified speed between two air channels 
(supply and return), it transfers the heat from warmer 
to cooler airflow. The rotation is caused by the electric 
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motor with belt pulley and v-belt connected to the rotor. 
The whole construction is fitted in a metal housing.

In winter, the warm and humid exhausted air passes 
through one half of the matrix, transmitting the major-
ity of its heat to the storage mass, while the cold and dry 
outdoor air flows through the other half and receives heat 
accumulated in the previous part of the revolution. This 
cycle repeats as long as the wheel rotates.

Potential of air-to-air heat recovery exchangers has 
caused them to be the subject of many considerable and 
detailed studies. For many years, researchers have consid-
ered the correct operation of heat exchanger. There are a 
lot of research papers including analysis of heat transfer 
processes (under dry and phase transition conditions) 
[8–12]. In addition, many authors analyzed also the influ-
ence of different thermodynamic and geometrical param-
eters on heat recovery efficiency. In order to effectively 
predict the behavior of these heat exchangers under dif-
ferent climatic conditions, several numerical methods 
were developed. The researchers have also raised the issue 
of freezing problem.

Justo Alonso et al. [13] emphasized the need for using 
mechanical ventilation systems with heat recovery devices 
while designing Zero Energy Building in cold climate. 
They focused on comparison of the properties for differ-
ent types of heat/energy recovery systems: recuperative 
and regenerative heat exchangers and also regenerative 
energy exchangers. Both heat and energy wheels are 
more susceptible to air leakage than recuperators since 
the latter ones have both air streams separated. At the 
same time, they concluded that heat wheels are charac-
terized by lower risk of frosting than the flat-plate heat 
exchangers. The researchers also presented a variety of 
methods that allow determining the sensible and latent 
effectiveness of the rotary heat/energy exchanges. Fathieh 
et  al. [14] analyzed the possibility to predict sensible 

effectiveness of air-to-air heat wheel on the basis of cyclic 
and single-step change transient experiments performed 
on the parallel-plate heat exchanger made of the same 
material. Their results indicated that this method may be 
successfully used to determine the sensible effectiveness 
of the parallel-flow rotors. In the case of counter-flow 
wheels, predicted values differed from the real efficiency, 
which made this method unreliable. In papers written by 
Abe et al. [15, 16], the analytical model for estimating the 
effectiveness of energy wheel was also developed. The 
model uses the characteristics measured on the same 
non-rotating wheel operating under a step change in 
temperature and humidity. Then the predicted results of 
the sensible and latent effectiveness were compared with 
the experimental standard test data and the numerical 
simulation results achieving agreement within the uncer-
tainty boundary. Another study [17, 18] shows correlations 
which may be used to determine sensible, latent and total 
effectiveness of energy wheel on the basis of known oper-
ating conditions. The presented equations use the dimen-
sionless group for heat and moisture transfer. Simulation 
data confirmed the reliability of these correlations. Seo 
et al. [19] described a simple model which allows receiv-
ing the effectiveness of heat wheels with a maximum 
error of 5% within a wide range of rotational speed. It was 
based on the governing equations of a periodic-flow heat 
exchanger. They indicated that this method is very useful 
in practical applications.

The researchers have also developed many theoreti-
cal models of heat exchangers to investigate heat and 
mass transfer processes in detail as well as the impact 
of different physical and thermophysical parameters on 
the heat recovery efficiency. Büyükalaca and Yilmaz dis-
cussed the influence of rotational speed on the effective-
ness of rotary heat exchangers [20]. The authors focused 
especially on low-speed operating conditions. As a result 
of their numerical and experimental studies, an empirical 
equation to calculate the effectiveness at low values of 
rotational speed was obtained. The authors also proved 
that the empirical equation of Kays and London [21] is 
not valid in the case of low-speed region. Nizovtsev et al. 
[10] studied the processes of condensation and vapori-
zation in the regenerative air-to-air heat exchanger with 
periodic change in the air flow direction. For this purpose, 
the physical and mathematical model was developed. 
The authors analyzed the influence of relative humidity 
of the rooms on heat and mass transfer processes. They 
paid particular attention to the three characteristic entire 
indoor RH ranges that differed in moisture transfer pro-
cesses (RH < 30%, RH = 30… 80%, RH > 80%) . In the 
first range of relative humidity, there is no mass transfer. 
The second range of indoor RH is characterized by bal-
anced condensation and vaporization processes, while 

Fig. 1  Heat recovery section with a rotary heat exchanger: 1—
metal housing, 2—rotor, 3—electric motor, 4—drive belt, 5—
return air side, 6—supply air side
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the moisture accumulation in the channels can only be 
observed in the third range of RH. The analysis of the influ-
ence of relative humidity is a very important issue of the 
operation of rotary heat exchanger. This makes it possible 
to determine the conditions responsible for freezing pro-
cesses. Frost formation on the plate surface of the air-to-
air heat exchangers is a common problem leading to the 
decreasing performance of heat recovery systems operat-
ing in cold climates. In the past three decades, a number 
of researchers have sought to determine the operating 
conditions which frost can occur inside the heat/energy 
exchangers.

A lot of papers also contain the analysis of frost con-
trol strategies and defrosting methods. For example, in 
1989 Holmberg [9] analyzed frosting limit in both non-
hygroscopic and hygroscopic surfaces of energy wheels. 
In the case of non-hygroscopic rotary heat exchanger, 
the core was made of untreated aluminum. Hygroscopic 
exchanger was additionally covered by an oxide layer. The 
results showed that frosting limit of a hygroscopic wheel is 
even 10 °C lower than the limit of non-hygroscopic rotor. 
Laboratory tests also showed that it took twice more time 
to cause 50% increase in pressure drop while operating 
non-hygroscopic wheel. Ten years later, Bilodeau et al. 
[22] investigated freezing in the rotary heat and mass 
exchanger. Experimental part of their studies evidenced 
that glazed frost dominates over rough frost in these types 
of exchangers. They also developed the transient three-
dimensional model, which allowed indicating that the 
absolute humidity of the exhaust air is the most impor-
tant parameter determining the frost formation. Addition-
ally, they showed nonlinear variation of the AH (absolute 
humidity) and the temperature of the air streams flowing 
through the frost zone. The authors also made a conclu-
sion that the traditional frost control strategies should be 
replaced by the new ones to improve the performance 
of the heat recovery systems. Nasr et al. [23] raised the 
issues of frost formation and freeze protection methods 
in air-to-air heat and energy exchangers. For this purpose, 
a detailed literature review was conducted. On its basis, it 
may be noticed that the problem of frost formation was 
studied mostly for flat-plate heat exchangers. Moreover, 
their paper also contains the comparison of the different 
frost control strategies and defrosting techniques includ-
ing capital and operating costs. The authors added that 
the problem of frost formation had been a subject of stud-
ies for over 30 years; however, they stressed the need for 
more detailed researches, especially in the field of frost 
accumulation on surfaces of both rotary and flat-plate 
exchangers.

In recent years, several attempts have been made to 
determine the frosting limits. Anisimov et al. [11] per-
formed the simulation based on the mathematical model 

to investigate both heat and mass transfer processes 
in a cross-flow exchanger operating under frost condi-
tions. The influence of the relative humidity of return air 
on the temperature effectiveness has been proven—the 
increase in the effectiveness with increasing RH is a result 
of the effect of heat of phase transition. The authors also 
proposed safe operating conditions for different perfor-
mances of the considered heat exchanger. Moreover, they 
noticed that the return air parameters with the value of 
dew point temperature equaled 0 °C are the variants with 
the most unfavorable threshold temperatures. Jedlikowski 
et al. [12] presented a modified α-model, which allows 
analyzing the heat and mass transfer processes inside a 
counter-flow heat exchanger. It was underlined that the 
formation of different heat and mass transfer regions 
depends mostly on the relative humidity of exhaust air 
and outdoor air temperature. The authors focused on the 
frost formation phenomenon and presented frost thresh-
old temperatures for various operating conditions, on the 
basis of which the analysis of optimal bypass frost control 
strategies was conducted. Moreover, it was noticed that 
even the fully opened bypass damper is not a sufficient 
method under some sub-zero outside air temperature 
operating conditions. A continuation of the topic of frost 
protection methods for a counter-flow heat exchanger can 
be found in other paper [24]. Pacak et al. conducted the 
analysis of power demand for two commonly used tech-
niques: bypassing and preheating the outdoor airflow. 
Their investigation was based on a theoretical model and 
examined for different return air parameters and values 
of heat exchanger effectiveness. The results revealed that 
preheating is characterized by higher heat recovery effi-
ciency within the most typical return airflow conditions 
and lower total power demand. In the paper written by Liu 
et al. [25], the frost formation problem in both cross-flow 
heat and energy exchangers was presented. The aim of 
this research was therefore to determine the frosting limits 
and analyze the impact of operating parameters on these 
limits. Another important practical information was defin-
ing the sensible and latent effectiveness for the energy 
exchanger to avoid frosting. Liu et al. [26] constructed and 
tested a prototype of a novel air-to-air quasi-counter-flow 
membrane heat exchanger. The analysis concerned heat 
and moisture transfer for low operating temperatures. For 
this purpose, the analytical model was developed. The 
heat exchanger reached a high sensible and latent effec-
tiveness. This study also showed that the effectiveness 
level does not depend on the outside air temperature as 
long as there is no condensation and frost. The third paper 
of the authors [27] comprised a model, which allowed 
defining the frost threshold temperature.

The literature review allows drawing the conclusion 
that recently the most widely studied devices are the 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:526 | https://doi.org/10.1007/s42452-019-0540-2 Research Article

fixed-plate heat exchangers (both counter-flow and cross-
flow) and the enthalpy rotary wheels. However, far too lit-
tle attention has been paid to the non-hygroscopic wheels. 
In this paper, the influence of geometrical parameters on 
heat and mass transfer processes and effectiveness of 
rotary heat exchanger is presented.

2  Theoretical analysis of heat and mass 
transfer process

The possibilities of creating different areas of active heat 
and mass transfer inside the rotary heat exchanger require 
thorough analysis of its operation (Fig. 2). One of the most 
frequently considered cases of year-round operation of 
heat exchangers under high-speed rotor conditions is the 
variant of “dry” heat exchange. During such operation, only 
“dry” heat exchange takes place in the channels of heat 
exchanger as a result of which both sides of the airflow 
channels remain dry. This situation occurs mainly during 
the summer. The processes of heat exchange during the 
cold season (especially in winter) are completely different. 
Particularly noteworthy are the conditions of extremely 
low ambient air temperatures. The high temperature dif-
ference between the two airflows results in a significant 
reduction in the plates surface temperature of the heat 
exchanger. If the temperature of the plate surface is higher 
than the dew point, the “dry” heat exchange mode takes 
place 

(
X̄2 = 0.00… 0.34

)
 . But, if the temperature of the 

plate surface is lower than the dew point, the conden-
sation process begins, as a result of which an additional 

water film may be formed 
(
X̄2 = 0.34… 0.61

)
 . However, if 

the plate surface temperature additionally drops below 
the freezing point, the condensed water will gradually 
freeze 

(
X̄2 = 0.61… 1.00

)
 . It is worth noting that the water 

vapor condensation processes are accompanied by sensi-
ble and latent heat transfer. In this way, not only sensible 
but also latent heat can be recovered. An important prob-
lem connected with the operation of these heat exchang-
ers is the danger of freezing the accumulated condensate, 
which can cause an increase in pressure drop and con-
sequently block the air flow through the heat exchanger. 
Moreover, during the analysis of the active heat and mass 
transfer zones creation, it is also worth mentioning the 
possibility of formation of the so-called “transient” area 
between “wet” and “frost” areas 

(
X̄2 = 0.61… 0.73

)
 . The 

presence of this area results from the fact that there are 
parts of surfaces covered with water film and frost layer. 
A detailed discussion of this phenomenon is presented in 
our earlier papers [11, 12, 24, 28].

The possibility of creating different heat and mass trans-
fer areas depends on the value of plate surface tempera-
ture in relation to the dew point and freezing point tem-
peratures. The conditions for the formation of the three 
main zones are summarized in Table 1.

The convection heat transfer coefficients for “dry” heat 
exchange conditions and for some “wet” heat exchange 
cases can be calculated on the basis of the Nusselt number 
with uniform heat flux for both thermal entrance region and 
fully developed flow. Two air streams are considered to be 
laminar flow [28], due to the low airflow velocity (Re < 2000). 
In this case, the Nusselt number of air can be divided into 
two areas: the beginning undeveloped region (L ≤ lb) and 
for the fully developed region (L > lb). The length of the first 
undeveloped zone can be calculated from Eq. (1):

(1)lb∕D = 0.05ReDPr
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Fig. 2  Schematic diagram of the rotary heat exchanger sup-
plemented with different variants of heat and mass transfer (EA 
exhaust air parameters, OA outdoor air parameters, RA return air 
parameters; SA supply air parameters)

Table 1  Conditions for the formation of the three main heat and 
mass transfer areas

Graphic symbol Plate surface temperature conditions

"dry"
area

tDP
2i

< tmin
p2

tDP
2i

< tmax
p2

"wet"
area

0 ◦C < tmin
p2

< tDP
2

0 ◦C < tmax
p2

< tDP
2i

"frost"
area

tmin
p2

< 0 ◦C < tDP
2

∪ tmin
p2

< tDP
2

< 0 ◦C

tmax
p2

< 0 ◦C < tDP
2i

∪ tmax
p2

< tDP
2i

< 0 ◦C
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For the first area, the Nusselt number can be deter-
mined by means of empirical Eqs. (2) or (3), depending on 
the boundary conditions [28]:

For the fully developed air flow region, the Nusselt 
number is constant [29–31]. For the flat channel:

In the case of sine passage [29–37]:

In the case of triangular passage [29–37]:

Calculations of local values of Nusselt numbers were 
carried out taking into account the variable height of the 
channel caused by the variable thickness of frost.

3  Description of the mathematical model

The mathematical model of rotary heat exchanger is based 
on the structure of the counter-flow heat exchanger model 
[12, 24]. Depending on the value of rotor speed or solid-
to-airflow heat capacity rate ratio, the effectiveness of the 
heat recovery depends on the two characteristic operating 
states: high speed (non-oscillation mode) and low speed 
(oscillation mode). For the values of rotating speed lower 
than the critical speed nr < ncritical

r
 , the plate surface tem-

perature will oscillate. A gradual decrease in rotor speed 
will therefore increase the amplitude of the plate surface 
temperature oscillation. Increasing the amplitude of the 
plate surface temperature oscillation reduces the driv-
ing force of the heat exchange processes, which in turn 
reduces the heat exchanger effectiveness [19, 29]. Analyz-
ing the influence of rotational speed on the heat transfer 
process, Kays and London proposed the empirical correla-
tion to determine the rotary heat exchanger effectiveness 
with a compliance rate of ± 1% [21]:

(2)NuI cond
h

= 1.533
[
RehPr(h∕L)

]1∕ 3

(3)NuII cond
h

= 1.755
[
RehPr(h∕L)

]1∕ 3

(4)NuI cond
h

= 3.77

(5)NuII cond
h

= 4.12

(6)NuI cond
h

= 2.39

(7)NuII cond
h

= 3.014

(8)NuI cond
h

= 2.47

(9)NuII cond
h

= 3.111

where �o temperature effectiveness of the counter-flow 
heat exchanger, � correction factor for rotational speed.

The correction factor for rotational speed can be 
determined by the following equation [21]:

where Wr  solid-to-airflow heat capacity rate ratio.
The solid-to-airflow heat capacity rate ratio can be 

calculated by means of the formula:

where Wr solid heat capacity rate, W1 supply airflow heat 
capacity rate.

A similar formula, in agreement with the data pre-
sented by Kays and London, has been proposed by 
Büyükalaca and Yilmaz [20, 38]:

It should be noted that in the case of periodic 
steady-state operation, the plate surface temperatures 
in the direction of air flow are similar to temperatures 
determined for the channels of the counter-flow heat 
exchanger.

However, an increase in rotational speed above the 
critical value nr > ncritical

r
≈ 5rev∕min [29].

(Wr > Wr

critical
≈ 5 [19, 20, 29]) has practically no effect 

on the temperature effectiveness of the heat exchanger. 
In this case, the local temperature of plate surface in 
each cross section of the rotor remains practically con-
stant during rotor rotation 

(
tp1 ≈ tp2 ≈ tp

)
 . For this rea-

son, the temperature profile of matrix in the direction 
of air flow would be similar to the temperature profile 
of the counter-flow heat exchanger with temperature 
effectiveness �o.

Based on the main assumptions described above for 
the operation of the rotary heat exchanger under non-
oscillating conditions, the basic equation for high rotor 
speeds nr > ncritical

r
 can be significantly simplified and 

presented as simple differential equations of the heat 
and mass balance developed for supply and return air-
flows with a first-order solution.

The proposed modified α-model of the rotary heat 
exchanger is considered according to the system of coor-
dinates X1 (outdoor airflow direction) and X2 (return air-
flow direction) (Fig. 2). In order to simplify the structure 

(10)� = �o�

(11)� =

(

1 − 9
/
Wr

2
)

(12)Wr = Wr∕W1

(13)
� =

Wr
[

1 + 3
(
Wr

/
�o

)2

+
(
Wr

/
�o

)4
]1∕ 4



Vol.:(0123456789)

SN Applied Sciences (2019) 1:526 | https://doi.org/10.1007/s42452-019-0540-2 Research Article

of model, a number of basic assumptions were intro-
duced, including those based on models available in the 
published papers [11, 12, 24, 28]:

• The heat exchanger operates in quasi-steady-state con-
ditions.

• The outdoor and return airflows in contact with the 
plate surface are treated as an ideal, homogeneous and 
incompressible gas.

• The driving force of the mass exchange process is the 
moisture content gradient.

• The heat and mass transfer inside the rotor matrix take 
place in the normal direction (α-model [29, 30]).

• There are no additional heat sources in the airflows.
• Water vapor condensation may initially form on the 

part of plate surface located on the return air side 
(semi-circular geometry), and then as a result of rotor 
rotation, the condensate will be transferred to the out-
door air section.

• The evaporated heat flux may in no case be greater 
than the heat of water vapor condensation.

• The temperature of the airflows varies according to the 
directions of the coordinate system.

• Heat losses to the ambient air are ignored.

On the basis of the above-mentioned assumptions, 
the equations of balances for the outdoor and return air-
flow and for the matrix of the rotary heat exchanger were 
developed.

Energy balance for the outdoor and return air streams 
under “dry” heat transfer conditions can be expressed as 
follows:

In this case, only sensible heat transfer takes place 
inside the channels of rotary heat exchanger so that the 
moisture content of both air streams will be constant and 
unchanged 

(
x1 = const

)
 and 

(
x2 = const

)
.

The set of equations for heat exchange processes under 
water vapor condensation conditions is much more com-
plicated. In such case, the sensible and latent heat transfer 
may occur at the same time. For this reason, temperature 

(14)
dt1

dX̄1
= NTU1

(
tp1 − t1

)

(15)
dt2

dX̄2
= NTU2

(
tp2 − t2

)

(16)

(
W1

W2

)
dt1

dX̄1
+

dt2

dX̄2
= 0

changes will also be accompanied by changes in the mois-
ture content of the air stream.

Mass balance for the return and outdoor air streams 
under water vapor condensation conditions can be pre-
sented in the form:

The component Δ𝜏evap
1

 in Eq. (18) means the relative dura-
tion of the evaporation period of the condensed water film 
(or frost sublimation) in the outdoor air flow section. It is 
worth mentioning that this component refers to the condi-
tion from the model assumptions concerning the possibility 
of water evaporation (or frost sublimation) in an amount not 
exceeding the evaporating mass flow rate from the return 
air channel.

The relative duration of the evaporation period of the 
condensate can be calculated by means of a set of equations:

Water vapor mass flux on the matrix surface for return m2 
and outdoor m1 air channel necessary for determining the 
relative duration of the evaporation period of the conden-
sate can be calculated as follows:

It should be noted that if the water vapor mass flow rate 
in the return air channel exceeds the water vapor mass flow 
rate in the outdoor air channel, a gradual accumulation of 
water film or frost layer can be observed on the matrix sur-
face. Such operating conditions of the heat exchanger can 
be very dangerous, especially when the outdoor air tem-
perature is below freezing. In this case, there is a high risk of 
frost formation inside the heat exchanger passages, which 
reduces the effectiveness of the unit and increases the pres-
sure drop in the airflow channels as a result of blockage by 
frost [11, 12, 28].

Energy balance for the outdoor and return air streams 
under water vapor condensation conditions can be pre-
sented as follows:
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• for the case of “wet” heat exchange

• for the case of “frost” heat exchange

The solution of the presented sets of simultaneous dif-
ferential Eqs. (14)–(18) and (22)–(25) requires the intro-
duction of inlet airflow conditions at the entrances to the 
outdoor and return airflow passages (Fig. 2)

and boundary conditions for supply and exhaust air side 
matrix surface:

The presented sets of equations describing the heat 
and mass exchange in the matrix of the rotary heat 
exchanger are nonlinear and cannot be solved using 
analytical methods. For this reason, it was decided to use 
numerical methods based on the modified Runge–Kutta 

(22)
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method. This method has an adequate accuracy and stabil-
ity, which has been confirmed by solving similar problems 
[11, 12, 24, 28, 39–41].

4  Mathematical model validation

In order to validate the mathematical model of the rotary 
heat exchanger, a test stand was built (Fig. 3) [40]. The 
stand is equipped with the following devices and compo-
nents: air intake, air outlet, duct filter, piping and air ducts, 
electrical cables and other components, axial fan (manu-
facturer Rosenberg), rotary heat exchanger (model RRU 
PT-D19-W-715, manufacturer Klingenburg), duct heater 
(manufacturer Systemair), duct air conditioner used as an 
air cooler (manufacturer Fujitsu), control dampers and non-
return flaps. Polycarbonate probes with TH200 transmit-
ters were used to test the operation of the heat exchanger 
(manufacturer KIMO Instruments, with 0.2 °C temperature 
and 3% relative humidity accuracy). To determine the vol-
ume flow rate, TROX Technik’s VMR ∅315 units were used 
(accuracy of measurement 5%). A computer and software 
provided by Kimo Instruments were used to record the sys-
tem’s performance.

The model validation was carried out by comparing 
the results of measurements and numerical simulations 
of exchanger operation performed for the same air param-
eters (Fig. 4). The results of the comparison are presented 
in the form of the changes in supply air temperature 
expressed as a function of the outdoor air temperature 
for the air flow rate of 500 m3/h. As one can see, deviations 
between the results of measurement and simulation are in 
the range − 10… + 14%. The visible slight differences are 
mainly due to non-uniform airflows distribution, system 

leakage and heat losses. The presence of frost was deter-
mined on the basis of measurements of pressure drops in 
the heat recovery system, causing an increase in resistance 
to flow through the exchanger. Good agreement of experi-
mental and simulation results confirms the adequacy of 
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the developed model, so it can be concluded that the 
mathematical model allows to effectively predict the effi-
ciency of rotary heat exchanger operation. 

5  Results of simulations

Simulations were carried out at fixed geometrical param-
eters (wheel diameter 0.715 m, housing height 0.800 m, 
housing width 0.900 m) and five different variants of a 

rotor depth: 0.20, 0.25, 0.30, 0.35 and 0.40 m, assuming 
constant parameters of return air ( t2i = 20 ◦C , RH2i = 40% ) 
and variable outdoor air temperature. The values of out-
door air temperatures were chosen in such a way that it 
was possible to separate the boundaries of formation of 
different active heat and mass transfer zones. The received 
results allowed analyzing the heat and mass transfer pro-
cesses as well as their influence on temperature effective-
ness of the rotary heat exchanger. The effects of simulation 

Round wall mounted
air intake φ450
Outdoor air flow
(100÷1000)m3/h

Filter

tOA,RHOA

Round wall mounted
air outtake φ450
Exhaust air flow
(100÷1000)m3/h Rotary heat exchanger

Duct electric
heater

12,0kW
Inlet air

(0÷500)m3/h
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Duct fan

- Polycarbonate probe with Relative Humidity / temperature transmitter TH200
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- inlet air duct

- supply air duct
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- return air duct
- outdoor air duct
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Fig. 3  Schematic diagram of the testing stand supplemented with selected photographs (EA exhaust air parameters, OA outdoor air param-
eters, RA return air parameters; SA supply air parameters)
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are presented on the charts (Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14) for each variant.

On the basis of the chart (Fig. 5) it can be seen that 
within the considered range of outdoor air temperature 
different zones of heat and mass transfer may be formed 
on the rotor’s surface: “dry,” “wet” and “frost.” As one can 
see, “dry” area dominates at higher values of t1i ; however, 
as the outdoor air temperature drops, share of this area’s 
surface decreases at the expense of the rest of the zones. 
An opposite trend is observed when “frost” area is ana-
lyzed—the colder air is supplied to the heat exchanger, 

the larger surface is covered by frost. Moreover, within 
a certain range of sub-zero outdoor air temperature 
t1i = (−20…− 10.7) ◦C , the increase in the wheel’s heat 
recovery efficiency is noted, what can be explained as the 
effect of released heat of phase transition. It is also worth 
noting that “frost” area is additionally divided into two sub-
zones, which distinguish the area with frost accumulation 
from the other one, where frost is molten as a result of the 
contact with the warmer air stream. It allows to indicate the 
important range of temperature t1i = (−10.7…− 5) ◦C , in 
which the whole formed frost melts down. For the outdoor 
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Fig. 4  Selected results of model validation for the rotary heat 
exchanger: supply air temperature (tSA) expressed as a function 
of the outdoor air temperature (tOA) for air volumetric flow rate of 

500 m3/h and two values of rotor speed: a 12 revolution per minute 
and b 16 revolution per minute

Fig. 5  The percentage distribu-
tion of different heat and mass 
transfer zones inside the rotary 
heat exchanger expressed as 
a function of outdoor air tem-
perature values supplemented 
by the effectiveness of the 
device (for return air param-
eters: t

2i
= 20 ◦C , RH

2i
= 40% 

and rotor depth 0.20 m)
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air temperature t1i < −10.7 ◦C , the process of frost accu-
mulation begins. At the same time, molten “frost” area 
gradually decreases. The single most striking issue to 
emerge from the analysis of Fig. 5 is the variability of the 
temperature effectiveness of heat recovery depending on 
the values of the outdoor air temperature. For the condi-
tions of “dry” heat exchange t1i = (3.3… 5) ◦C , the lack of 
significant changes in the effectiveness of the exchanger 
seems obvious. On the other hand, with the decrease in 
outdoor air temperature t1i < 3.3 ◦C , heat of phase transi-
tion is released, what can be observed in a form of the 
“wet” area. Despite the favorable phenomenon of con-
densation, the temperature effectiveness of the thermal 
wheel remains constant. The explanation of this result 

is the mass balance on the both sides of rotor M1 = M2 
(Fig. 6). This condition stays unchanged up to the thresh-
old temperature t1i = −10.7 ◦C . On the left-hand side of 
this value, the process of frost accumulation begins due 
to the mass disbalance M1 < M2 . Therefore, the increase 
in the temperature effectiveness of the heat exchanger 
(Fig. 5) should be attributed to the excess mass rate of con-
densed water–vapor which occurs on the return air side 
M2 (Fig. 6). This effect is extremely noticeable within the 
range of outdoor air temperature t1i = (−20…− 10.7) ◦C.

The exact variability in the effectiveness of rotary 
heat exchanger may be observed by analyzing both 
mass rates of condensed and evaporated water inside 
two airflow sections (Fig. 6). On the basis of this graph, 

Fig. 6  Two water–vapor mass 
transfer rates inside outdoor 
and return air heat exchanger 
sides expressed as a function 
of outdoor air temperature val-
ues (for return air parameters: 
t
2i
= 20 ◦C , RH

2i
= 40% and 

rotor depth 0.20 m)

Fig. 7  The percentage distribu-
tion of different heat and mass 
transfer zones inside the rotary 
heat exchanger expressed as 
a function of outdoor air tem-
perature values supplemented 
by the effectiveness of the 
device (for return air param-
eters: t

2i
= 20 ◦C , RH

2i
= 40% 

and rotor depth 0.25 m)
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it is possible to pick out three particular heat and mass 
transfer modes: lack of mass transfer t1i = (3.3… 5) ◦C , 
balanced mass transfer t1i = (−10.7… 3.3) ◦C and 
disbalanced mass transfer (frost accumulation) 
t1i = (−20…− 10.7) ◦C . Only within the third range 
of outdoor air temperature, the latent heat released 
during the process of condensation of water–vapor is 
partially taken during the evaporation of water in the 
adjacent channel and the rest of this heat is used for 
additional heating of the wheel matrix. As a result, the 
supply air stream temperature rises what leads directly 
to the increase in the temperature effectiveness of heat 
recovery.

The results of numerical simulations for the rest variants 
of rotor’s width were conducted in the same form (Figs. 7, 
8, 9, 10, 11, 12, 13, 14).

On the basis of the presented charts (Figs. 5, 6, 7, 8, 9, 
10, 11, 12, 13, 14), one can notice that the function of the 
temperature effectiveness is shaped in a similar way for 
all presented variants of the rotor’s depth, i.e., its value 
rises due to moisture accumulation (in the form of water 
film or frost layer). Another similarity is an increase in “dry” 
area with increasing outdoor air temperature. Moreover, 
the influence of the rotor’s size on the heat and mass 
transfer process is also observed. The most noticeable 
relationship is an increase in the temperature effective-
ness of heat recovery as the geometrical parameters of 

Fig. 8  Two water–vapor mass 
transfer rates inside outdoor 
and return air heat exchanger 
sides expressed as a function 
of outdoor air temperature 
values (for return air param-
eters: t

2i
= 20 ◦C , RH

2i
= 40%

and rotor depth 0.25 m)

Fig. 9  The percentage distribu-
tion of different heat and mass 
transfer zones inside the rotary 
heat exchanger expressed as 
a function of outdoor air tem-
perature values supplemented 
by the effectiveness of the 
device (for return air param-
eters: t

2i
= 20 ◦C , RH

2i
= 40% 

and rotor depth 0.30 m)
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the wheel rise. The next conclusion is concerned with the 
formation of different heat and mass transfer zones. On 
the one hand, larger depth of the rotor causes an increase 
in “wet” area on the surface of the storage mass. On the 
other hand, for the lowest values of outdoor air tempera-
ture within the range of t1i = (−20…− 10) ◦C the total 
area covered with both “wet” and “frost” zones is greater 
for the smaller depth of the rotary heat exchanger. The 
influence of the wheel’s depth is also visible analyzing 
the values of threshold outdoor air temperature, at which 
frost accumulation begins inside the channels. It turns out 
that there is a clear trend of increasing frosting limit tem-
perature by raising the rotor’s depth. In case of outdoor 
air temperature t1i = −10 ◦C , while operating the wheel 

with a depth of 0.20 m, there is no accumulated “frost” area. 
For the same outdoor air temperature, the largest size of 
the rotor causes 10% of accumulated “frost” zone. Another 
important conclusion is that increasing depth of the wheel 
ensures the release of much larger latent heat.

The main limitation of operation of these types of 
regenerators is a possibility of frost building up on the 
inlet supply air side of the heat exchanger (Fig. 2). Unfor-
tunately, such issues can only be analyzed by means of 
numerical simulations with the use of programs devel-
oped on the basis of mathematical models. Effective test-
ing of rotary heat exchanger operation in freezing condi-
tions is very dangerous because it can cause permanent 
damage or even destruction of unit. For this reason, future 

Fig. 10  Two water–vapor mass 
transfer rates inside outdoor 
and return air heat exchanger 
sides expressed as a function 
of outdoor air temperature val-
ues (for return air parameters: 
t
2i
= 20 ◦C , RH

2i
= 40% and 

rotor depth 0.30 m)

Fig. 11  The percentage 
distribution of different heat 
and mass transfer zones inside 
the rotary heat exchanger 
expressed as a function of 
outdoor air temperature values 
supplemented by the effective-
ness of the device (for return 
air parameters: t

2i
= 20 ◦C , 

RH
2i
= 40% and rotor depth 

0.35 m)
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directions of research will be carried out in order to deter-
mine the inlet air parameters for safe operation of the heat 
exchanger. In the next stages, the possibilities of reducing 
the effectiveness of the device will be analyzed, which, as 
could be seen in the graphs (Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14), allow for the elimination of frost accumulation zones, 
causing its melting.

6  Conclusions

In this paper, the influence of geometrical parameters of a 
rotary heat exchanger on heat and mass transfer processes 
as well as its temperature effectiveness is investigated.

For this purpose, the mathematical model of a heat 
recovery wheel based on a structure of the counter-flow 
heat exchanger model was developed. It can be used 
successfully when high-speed rotor conditions are con-
sidered. The next step was to implement a numerical 
method that could be used to solve developed heat and 
mass transfer balance equations, and afterward the com-
puter simulations were carried out. As a result, the per-
centage distribution of different heat and mass transfer 
zones inside the wheel as a function of outdoor air tem-
perature value for various rotor depths was presented. 
Furthermore, the analysis of the water–vapor mass 
transfer between supply and return air sides of the heat 
exchanger was conducted. It constitutes a fundamental 

Fig. 12  Two water–vapor mass 
transfer rates inside outdoor 
and return air heat exchanger 
sides expressed as a function 
of outdoor air temperature val-
ues (for return air parameters: 
t
2i
= 20 ◦C , RH

2i
= 40% and 

rotor depth 0.35 m)

Fig. 13  The percentage 
distribution of different heat 
and mass transfer zones inside 
the rotary heat exchanger 
expressed as a function of 
outdoor air temperature values 
supplemented by the effective-
ness of the device (for return 
air parameters: t

2i
= 20 ◦C , 

RH
2i
= 40% and rotor depth 

0.40 m)
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explanation of the variability of the temperature effec-
tiveness with outdoor air temperature change.

Presented analysis allowed to receive the following 
conclusions:

• It was indicated that moisture accumulation has a sig-
nificant influence on the increase in temperature effec-
tiveness of heat recovery. This property is a result of the 
released heat of phase transition, which in the cases 
under consideration means an increase in efficiency of 
1.4%.

• Rotary heat exchangers equipped with a larger rotor 
are characterized by a higher limit temperature, which 
determines the occurrence of condensation (in the case 
of rotor depth equal to 0.20 m → t1i< 3.3 °C but for the 
rotor depth equal 0.40 m → t1i< 4.5 °C).

• The increase in rotor’s depth leads to the increase in 
temperature effectiveness of the rotary heat exchanger 
(from 0.667 to 0.814) because of larger heat and mass 
transfer area. This effect is observed under both “dry” 
and “wet” heat transfer conditions. The geometrical 
parameters of the wheel have also the influence on the 
frost accumulation threshold temperature—the value 
of temperature increases with increasing of the rotor’s 
depth (from –10.7 to –9.6 °C) (a deeper rotor causes a 
greater cooling of the return air stream, which in turn 
causes the surface temperature of the wheel matrix to 
fall below 0 °C and the dew point temperature to drop 
faster).

• It was also shown that the total area of both 
“frost” and “wet” zones under conditions of the 
extremely low values of the outdoor air temperature 
t1i = (−20…− 10) ◦C is in the range (66…55)% and is 
smaller than for a smaller depth of rotor (71…56)%.

The received results will be the basis for further optimi-
zation studies, and they will allow evaluating the possibil-
ity of using a rotary heat exchanger depending on climatic 
conditions.
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