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Abstract: Stationary switching regenerative heat exchangers (SSRHEs) are used for the ventilation
of premises. The mathematical modeling of heat exchange between air and a regenerative nozzle
is used to design the SSRHEs and determine their main parameters. The numerical solution of the
proposed mathematical model has been experimentally tested for adequacy. The calculated and
experimental values of the air temperature at the ends of the SSRHE are compared. It is determined
that the proposed model is adequate and can be used in further research.
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1. Introduction

Nowadays, the energy costs for ventilation in civil buildings are enormous [1]. One
of the ways to solve this problem is the transition from high-cost centralized ventilation
systems to low-output, energy-efficient decentralized devices [2,3]. Due to the low air
consumption and the possibility of partly returning the exhaust air heat back inside, such
devices facilitate the required air exchange with minimal energy consumption.

One of these devices is a stationary switching regenerative heat exchanger (SSRHE) [4].
SSRHEs are used primarily for rooms with disturbed air exchange, for example, in resi-
dential buildings with sealed windows. An SSRHE is a decentralized ventilation device
based on the regenerative heat exchanger principle where the heat transfer element is
a regenerative nozzle and the air is driven by a reversible fan. The regenerative nozzle
has the form of a cylinder with many small air channels (a bank of small diameter tubes)
inside [5,6]. The SSRHE is mounted on the outer wall of the serviced room.

When studying the SSRHE’s thermal performance, the main objective is to determine
the following parameters: [7,8]

- Geometric: the nozzle overall dimensions, equivalent channel diameter, channel wall
thickness;

- Thermophysical: heat capacity and regenerative nozzle material density;
- Operating: air capacity and velocity in the regenerator nozzle, and the regenerator

cycle time.

The listed parameters are calculated and analyzed with the use of mathematical mod-
eling of the heat transfer processes in the nozzle. This brings up a question of verification
of the mathematical model for adequacy.

It should be noted that probabilistic analysis of their reliability is a promising direction
in the analysis of constructive solutions and energy efficiency indicators [9,10].

The existing works contain the verification results of the numerical solution of the
SSRHE thermal performance model by experiment [11]. Most of them focus on either
rotating [1] or switching [12] regenerative heat exchangers, which are used in centralized
ventilation systems that differ from SSRHEs in dimensions, weight, and operating modes.
The studies devoted specifically to SSRHEs, e.g., ref. [11] analyzed the models which take
into account the thermal conductivity of the nozzle material along the channel in the
device’s thermal performance. It should be noted that this approach is quite common.
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However, it hardly influences the model accuracy while considerably complicates its
solution. Therefore, the purpose of this article is to check the adequacy of the proposed
heat transfer model between the air and the nozzle in a single nozzle channel disregarding
the nozzle thermal conductivity along the channel.

2. Materials and Methods

The model under consideration is presented in the form of an equation system (1)–(3).
The score equations are obtained on the basis of the thermal balance for elementary air
volumes and the nozzle [13,14].

cnρnSn
∂Tn(z, τ)

∂τ
= ∏α(Ta(z, τ)− Tn(z, τ)), 0 < τ < nτ0, 0 < z < l. (1)

Gca
∂Ta(z, τ)

∂z
+ ∏ α(Ta(z, τ)− Tn(z, τ)) + caρaSa

∂Ta(z, τ)

∂τ
= 0,

0 < τ < nτ0, 0 < z < l.
(2)

Ta(0, τ), Ta(z, 0), Tn(0, τ), Tn(z, 0). (3)

Here, cn, ca are the mass heat capacity of the nozzle material and air, respectively,
J/(kg·K); ρn, ρa are the density of the nozzle material and air, respectively, kg/m3; ∏ is
the channel perimeter, m; Sn, Sa are the cross-section areas of the nozzle channel and air,
respectively, m2; Ta(z,τ) is the air temperature field in the channel, ◦C; Tn(z,τ) is the nozzle
temperature field, ◦C; z is the space coordinate, m; τ is the temporal coordinate, s; α is the
heat transfer coefficient, W/( m2·K); τ0 = τakk + τreg is the regenerator turnaround time, s;
τakk is the accumulation period duration; τreg is the regeneration period duration; l is the
nozzle length, m; n is the stage number; G is the mass air flow in the channel, kg/s.

Equations (1) and (2) describe the temperature fields of the nozzle (Tn(z,τ)) and air
(Ta(z,τ)), respectively. Equation (3) shows the boundary conditions. Figures 1 and 2 show
the design scheme of the nozzle channels for drawing up a model.
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In Equations (1) and (2), the density and specific mass heat capacity of the air and
the nozzle material are assumed to be constant values, since the SSRHE operates in a
temperature range of approximately −20 ◦C to 20 ◦C, within which these parameters
vary slightly.

The energy balance does not consider the process of friction between the air flow and
the inner surface of the channel due to its weak influence as a result of the low values of
the flow velocity (w < 0.6 m/s) and air viscosity.

The heat transfer coefficient is calculated using the Nusselt number:

α =
Nu·λa(Ta)

d
,

W
(m2K)

, (4)

where λa(Ta) is air thermal conductivity, W/(m·K) [15,16]; d = 4Sa/ ∏ is the diameter of
a single equivalent channel, m. Further,

Nu−1 =
11
48

+
∞

∑
m=1

Amψm exp
(
−2ε2

m
1

Pe
z
d

)
, (5)

where Am, ψm, ε2
m are constants depending on m = 1, 2, 3, . . . ; Pe is the Péclet number.

The problem (1)–(2) with the given boundary conditions, (3) has been solved nu-
merically using the finite difference method. The results of the solution can be found
in [13].

It is known that SSRHEs are characterized by a laminar air flow regime in the nozzle
channels [13]. When analyzing the results of the numerical solution of the model, it was
revealed that the air temperature changes approximately linearly along the length of the
channel, this corresponds to the conditions q = const (q is heat flow density on the channel
wall). Therefore, the use of expression (5) to determine the Nusselt number is justified. It
should be noted that, for the diameter of a single nozzle channel, d = 0.0016 m corresponding
to the test sample, and the length of the initial thermal stabilization section is about 1/4 of
the channel length, which, with a sufficient degree of accuracy, allows taking Nu ≈ 4.36.

In order to validate the numerical solution results of the developed mathematical
model, an experimental installation “SSRHE Temperature Conditions Research” has been
created (Figure 3). An administrative facility with an area of 16.5 m2 and a volume of 99 m3

has been used as a climatic cell for the experiment.
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Figure 3. Schematic diagram of the experimental installation “SSRHE Temperature Conditions
Research”: 1–4: air temperature sensors; 5: SSRHE; 6: sensor connection module; 7: temperature
recorder; 8: personal computer; 9: window; 10: room heater.

In general, the installation is an SSRHE mounted in the window construction, equipped
with measuring instruments. The installation of the SSRHE in the window opening was
caused by technical restrictions on drilling through holes in the exterior walls of this
building. The UVRK-50 device, manufactured by SPF “Ecotherm” Omsk, was used as the
SSRHE (Figure 4, Table 1). This device allows to measure the air temperature at the inner
(Sensor 1) and outer (Sensor 2) ends of the SSRHE. There are also indoor (3) and outdoor
air temperature sensors (4). All sensors are connected to the connection module (6), which,
in turn, transmits a signal via the cable to the temperature recorder (7). The recorded data
is transferred to a personal computer (8) for further analysis. A detailed description of the
measuring instruments is given in Table 2.
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Figure 4. UVRC-50 device (ventilation compact recuperator with a maximum capacity of 50 m3/h)
produced by SPF “Ecotherm”: 1: decorative grill; 2: G2-G3 filter; 3: automatic valve; 4: small
regenerator; 5: reversible fan; 6: large regenerator; 7: outer hood.
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Figure 5 shows a cross-section of the nozzle with a scaled-up fragment. The figure
clearly shows the diamond-shaped cross-section of the nozzle channels, based on which
the physical model of the channel is made (Figure 2).

Table 1. Technical specifications of the UVRK-50 device reported by the manufacturer.

Parameter Measurement Unit Value

Operating temperature range ◦C −40–+50

Capacity m3/h 13–50

Capacity control - stepless

Efficiency % 71–92

Supply voltage V/Hz 220/50

Energy consumption, max W 15

Noise level, max dBA 40

Wall thickness mm 450–600

Channel diameter in the wall for installation mm 220

The calculated data deviation from the experimental date is determined as follows:

∆ =
Tcalc

a − Texp
a

Tin − Tout
·100%. (6)

Here, Texp
a is the air temperature at the inner (Texp

a1 ) or outer (Texp
a2 ) end of the SSRHE,

obtained experimentally, ◦C; Tcalc
a is the air temperature at the inner (Tcalc

a1 ) or outer (Tcalc
a2 )

end of the SSRHE, obtained by calculation, ◦C.Processes 2022, 10, x FOR PEER REVIEW 7 of 12 
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Table 2. Measuring instruments description.

No. Measuring
Instrument Functionality Main Technical

Specifications

1
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Multi-channel temperature recorder TEREM 3.2
manufactured by NPP Interpribor, LLC

Temperature monitoring
of various purpose objects

- Number of channels: 8–256;
- Number of adapters: 1–32 pcs;
- Number of sensors connected to the
adapter: up to 16 pcs;
- Intervals: 10 s/24 h;
- Temperature measurement error
limits: ±1 ◦C.
- Communication line length with the
adapters of:
the sensors: up to 20 m;
the electronic unit: up to 500 m;
- Memory capacity: 1 MB;
- Interface: USB;
- Overall dimensions of the electronic
unit: 150 by 76 by 27 mm;
- Weight of the electronic unit: 0.15 kg.

2
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Thermohygrometric sensor DTG-2.0

Measuring ambient air
temperature and humidity

- Maximum measurement temperature:
125 ◦C;
- Standard cable length: 3 m.

Figure 6 shows an example of the result of the air temperature measurements at the
experimental installation. The experiment was carried out at the outdoor air temperature
Tout = 0–−2.8 ◦C, the indoor air temperature Tin = 24.9–25.1 ◦C, and the air flow through
the device L0 = 31 m3/h. The experiment duration was about 8 h. The figure shows the
air temperature oscillatory conditions at the inner Ta1 and outer Ta2 ends of the SSRHE,
characteristic of all the experiments. Moreover, one can see that, in the range from 0 to
4000 seconds, the temperature conditions stabilize and then fluctuate close to one axis. The
high peaks in Graphs 2 and 3 characterize the nozzle blowdown with warm air programmed
in the device to dry it from the forming condensate.
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Figure 7 shows an example of an experiment result with a time of τ ≈ 1 h with
Tout = −15.3–−15.8 ◦C, Tin = 23.0–23.2 ◦C, L0 = 31 m3/h. The graphs also show the process
of temperature stabilization. Individual fluctuations are more clearly seen. All the exper-
iments had the following characteristic feature: the maxima of the function Ta1 and the
minima of the function Ta2 did not reach the indoor and outdoor temperatures, respectively.
This can be explained by the fact that, during operation, a temperature gradient forms near
the temperature sensor due to the considerable air thermal lag and does not sufficiently
achieve high air assimilation. The air thermal lag results from its low thermal conductivity
and specific heat capacity. Low assimilation (dissolution) of supply air in the indoor air
when flowing in (regeneration stage) and indoor air assimilation in the outdoor air when
flowing out (accumulation stage) occur due to a short inflow/exhaust process which forms
an unstable flow that spreads weakly in the environment. In addition, the rapid change of
the inflow and exhaust cycles contributes to the release of some supply air back into the
outdoor environment and the return of some exhaust air back indoors. That is, with a suffi-
ciently rapid change of the SSRHE stages (less than 1 min), the air around the sensor does
not reach the temperature of the indoor or outdoor environment due to the insufficiently
active processes of thermal conductivity and convection between warm and cold air flows.
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3. Results

In order to verify the mathematical model, we compared the experimental data on the
change in air temperature at the ends of the SSRHE with the calculated data and determined
the percentage deviation.

Figures 8 and 9 show a comparison of calculated and experimental data on changes in
air temperature over time at the inner and outer ends of the SSRHE, respectively.

The initial conditions of the experiment and the calculation were as follows:

- Outdoor temperature Tout = −11.6 ◦C;
- Indoor temperature Tin = 22.3 ◦C;
- Total volumetric air flow L0 = 31 m3/h = 8.61·10−3 m3/s;
- Total mass air flow G0 = 9.24·10−3 kg/s;
- Air flow through a single channel G = 2.65·10−6 kg/s;
- Thermal energy accumulation/regeneration stage time τakk = τreg = 40 s;
- Channel length l = 0.15 m;
- Equivalent diameter d = 0.0016 m;
- Density of the nozzle material pn = 1400 kg/m3;
- Specific mass heat capacity of the nozzle material cn = 2000 J/kg·K;
- Specific mass heat capacity of air ca = 1005 J/kg·K;
- Atmospheric pressure p = 9.81·104 Pa.

The deviations are shown in Figure 10.
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Finally, the following results were obtained:
1. At the inner end of the SSRHE, according to the stages of thermal energy regener-

ation, the deviation of the calculated and experimental data of air temperature does not
exceed 0.2% (Figures 8 and 10). At the outer end of the SSRHE, by stages of accumulation,
the deviation does not exceed 0.5% (Figures 9 and 10).

2. At the inner end of the SSRHE, by stages of accumulation, the deviation reaches 5%
(Figures 8 and 10). At the outer end of the SSRHE, the deviation exceeds 16%, according to
the regeneration stages (Figures 9 and 10).

4. Discussion

The high repeatability of the calculated and experimental air temperature values at
the inner end at the regeneration stages and at the outer end at the accumulation stages
allows for the assertion that the proposed mathematical model is adequate and can be used
for further studies, including those for determining the SSRHE rational parameters.

The considerable deviation of the temperature values at the inner end at accumulation
stages and at the outer end at the regeneration ones is explained by the following: The
abrupt change of the calculated temperature to the constant value Tin or Tout happens due
to the fact that the mathematical model in its implementation allows to change the SSRHE
stages instantly. In real practice, the temperature sensor has a certain thermal lag, and it is
also influenced by the processes described in the explanation to Figure 7, which results in
recording a smooth change in the air temperature. Besides, in the mathematical model, the
boundary conditions imply that the air temperature at the SSRHE’s ends becomes constant
and is equal to the temperature of the medium which the air comes from. Despite the fact
that the model includes thermal inertia, instantaneous switching between stages occurs
due to the fact that, at the ends of the SSRHE, the boundary conditions set the equality
of the required air temperature to the temperature of the indoor or outdoor environment.
Therefore, at the inner end, at the stages of accumulation, the air temperature instantly
acquires a constant value of the internal environment from where the air enters the channel,
and, vice versa at the outer end at the stages of regeneration, the air temperature instantly
acquires a constant value of the external environment. Thus, the comparison between the
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calculated and experimental air temperature values for these stages can be considered
incorrect.

To solve the problem of the high deviation of the calculated air temperature values
from the experimental values at these stages, it is necessary to perform an experiment with
the installation of a temperature sensor inside the nozzle channel. However, this is quite
difficult to do due to the small size of the diameter of the channel.

5. Conclusions

The article has experimentally verified and confirmed the adequacy of the proposed
mathematical model of heat exchange between air and the nozzle in the SSRHE, in which
the thermal conductivity of the nozzle along the channel is neglected. This model can be
used to determine the parameters of the SSRHE in their calculation and design.
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