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REDUCED-ORDER SIMULATION OF MICROCLIMATE FORMATION
IN DISPLACEMENT VENTILATION SYSTEMS

Abstract. This study presents a reduced-order thermodynamic model for
analysing microclimate formation in displacement ventilation systems under variable
airflow rates and thermal loads. The model integrates energy balance, mass
transport, and buoyancy-driven stratification effects into a unified computational
framework suitable for engineering applications in indoor air quality control and
clean room ventilation design. Numerical simulations were performed using Python
3.x with SciPy and NumPy libraries, while results were visualised using Matplotlib.
The investigated operating range includes airflow rates from 0.30 to 0.75 m3s™ and
heat loads from 20 to 65 W-m = The results demonstrate stable thermal stratification
with vertical temperature gradients ranging from 0.42 to 1.02 Km™. The
contaminant removal effectiveness varies between 0.98 and 1.62, indicating high
efficiency of displacement ventilation under optimal conditions. A non-linear
decrease in performance is observed at airflow rates exceeding 0.65 m3s™ due to
degradation of stratified flow structures. The optimal operating range is identified as
0.45-0.60 m?s™, where the best balance between thermal stability and air quality is
achieved. The proposed model provides improved predictive capability compared to
conventional simplified approaches while maintaining low computational cost,
making it suitable for engineering design and optimisation of ventilation systems.

Keywords: displacement ventilation; reduced-order simulation;
thermodynamics, heat transfer; microclimate; stratification, air quality; ventilation
efficiency.

Introduction. Displacement ventilation (DV) systems are increasingly applied
in modern buildings and clean room environments due to their potential to enhance
indoor air quality, reduce energy consumption, and provide stable thermal
stratification. The fundamental principle of DV is based on buoyancy-driven flow,
where fresh air is supplied at low velocity near the floor and contaminated warm air
is displaced upward, forming a vertically stratified microclimate. This mechanism is
particularly relevant for clean room applications, where strict control of airborne
contaminants and thermal conditions is required.

Recent studies have demonstrated that DV systems can significantly improve
ventilation effectiveness and contaminant removal compared to conventional mixing
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ventilation. For instance, experimental investigations in [1] show that displacement
ventilation provides superior air distribution efficiency under controlled conditions.
Similarly, studies focused on infection risk and exposure control [2], as well as
ventilation performance indices [3], confirm the advantages of stratified airflow
structures in reducing pollutant concentration in occupied zones.

At the same time, a number of works highlight the strong dependence of DV
performance on thermal stratification and indoor heat sources. It has been shown in
[4] that particle exposure levels are highly sensitive to airflow structure, while [5]
demonstrates that occupant movement can significantly disturb vertical temperature
stratification. Additional studies [6,7] indicate that ventilation efficiency is influenced
by airflow organisation, supply configuration, and human activity intensity, which
directly affects thermal plumes and contaminant transport.

For simulation, various approaches have been proposed to describe airflow and
heat transfer processes in DV systems. Node-based and zonal models are widely used
to predict vertical temperature profiles and cooling loads [8], while transient
numerical simulations are applied to capture dynamic airflow disturbances [9].
Moreover, the influence of variable contaminant sources has been investigated in
[10], emphasising the importance of considering non-stationary boundary conditions
in clean room environments.

However, despite the significant progress, several critical limitations remain.
First, many existing models either rely on computationally expensive CFD
simulations or use simplified approaches that do not fully capture the coupled nature
of heat transfer, airflow stratification, and contaminant transport. As noted in [14],
simplified simulation techniques often lack sufficient accuracy when predicting
stratification interface dynamics and microclimate formation.

Second, the interaction between thermal plumes, ventilation efficiency, and
contaminant removal is not consistently integrated into a unified computational
framework. While individual aspects such as thermal stratification [8], particle
transport [4], or ventilation indices [3] are studied separately, their combined effect is
insufficiently addressed.

Third, external and transient factors such as door operation [9], human activity
[5,12], and seasonal variations [11] introduce additional complexity, which is rarely
incorporated into reduced-order models suitable for engineering applications.

Therefore, there is a clear need for the development of an advanced yet
computationally efficient simulation approach that can accurately describe the
coupled processes governing microclimate formation in displacement ventilation
systems. The present study addresses this gap by proposing a reduced-order
thermodynamic model that integrates heat transfer, buoyancy-driven airflow, and
contaminant transport into a unified framework.
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The proposed approach is aimed at improving the predictive accuracy of key
engineering parameters, including temperature distribution, stratification interface
height, and contaminant concentration, while maintaining low computational cost.
Based on this model, practical engineering recommendations can be formulated for
optimising ventilation performance, enhancing air quality, and improving energy
efficiency in clean room applications.

Relevance of the Study. The growing demand for high-performance ventilation
systems in clean rooms and controlled environments has significantly increased the
importance of accurate prediction and control of microclimate formation.
Displacement ventilation (DV) is widely recognised as an energy-efficient solution
capable of providing superior air quality through stratified airflow structures.
However, the practical implementation of DV systems remains constrained by the
complexity of coupled thermodynamic processes governing heat transfer, buoyancy-
driven flow, and contaminant transport.

Recent studies have demonstrated that ventilation effectiveness, thermal
comfort, and pollutant removal are strongly dependent on the stability of thermal
stratification and the interaction of internal heat sources with airflow patterns [1-4].
At the same time, external disturbances such as occupant movement, transient
boundary conditions, and operational variability can significantly alter the
microclimate and reduce system performance [5—7]. These factors are particularly
critical in clean room environments, where even minor deviations in airflow or
temperature distribution may lead to unacceptable contamination levels.

Despite extensive research, existing simulation approaches exhibit substantial
limitations. High-fidelity computational fluid dynamics (CFD) models provide
detailed insight into airflow behaviour but require significant computational resources
and are impractical for real-time engineering applications. Conversely, simplified and
nodal models offer computational efficiency but often fail to accurately capture the
coupled effects of thermal stratification, contaminant transport, and transient
disturbances [8,14]. As a result, there is a lack of reliable and computationally
efficient tools for predicting key performance parameters of DV systems under
realistic operating conditions.

The relevance of this study lies in addressing these limitations through the
development of an advanced reduced-order simulation approach that integrates the
fundamental thermodynamic processes governing microclimate formation. By
improving the accuracy of temperature distribution, stratification interface prediction,
and contaminant concentration estimation, the proposed methodology enables more
precise engineering analysis and system design.

Furthermore, the study contributes to solving practical problems in ventilation
engineering, including optimisation of air distribution, enhancement of contaminant
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removal efficiency, and reduction of energy consumption. The ability to provide
physically justified and computationally efficient predictions makes the proposed
approach particularly valuable for the design and operation of modern clean room
ventilation systems, where both performance and energy efficiency are critical.

Recent Studies and Publications. Recent research in the field of displacement
ventilation (DV) has primarily focused on experimental evaluation, numerical
simulation, and performance assessment of airflow distribution, thermal stratification,
and contaminant transport in indoor environments. A number of studies have
demonstrated the advantages of DV systems in comparison with traditional mixing
ventilation, particularly in terms of ventilation effectiveness and air quality
improvement. For instance, experimental investigations in [1] evaluated multiple
ventilation performance indicators, confirming the superior efficiency of stratified
airflow regimes.

A significant portion of the literature addresses the problem of airborne
contaminant transport and exposure risk. Studies in [2] and [3] proposed methods for
reducing exposure and introduced quantitative indices for assessing ventilation
effectiveness, highlighting the importance of airflow organisation in controlling
contaminant distribution. Similarly, the work in [4] analysed particle exposure under
different ventilation strategies, emphasising the role of airflow structure in
determining pollutant concentration levels.

Thermal stratification and its stability represent another key research direction.
In [5], the influence of occupant motion on vertical temperature distribution was
investigated, demonstrating that human activity can significantly disrupt stratified
flow. Additional studies [12] confirmed that increased activity intensity enhances
thermal plumes but also introduces instability in airflow patterns. The formation of
stratified micro-environments and their dependence on supply configurations were
examined in [13], while node-based simulation approaches for predicting vertical
temperature profiles and cooling loads were developed in [9].

Transient and non-stationary effects have also been considered in recent works.
For example, [15] investigated airflow disturbances caused by door operation,
showing that even short-term boundary condition changes can significantly affect air
exchange and stratification. Furthermore, variable emission rates of contaminants in
clean room environments were analysed in [16], indicating the necessity of
accounting for non-constant source terms in simulation.

From an engineering perspective, several studies have focused on practical
system performance and operational efficiency. The influence of displacement
ventilation on carbon dioxide concentration and ventilation effectiveness in real
environments was analysed in [7], while [11] examined the performance of specific
ventilation units under cooling conditions. Seasonal variations and their impact on
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particle concentration were addressed in [3], revealing the sensitivity of DV systems
to external climatic factors.

Despite the substantial progress achieved in these studies, a number of
unresolved issues remain. First, most existing works consider thermal stratification,
contaminant transport, and airflow dynamics separately, without integrating them into
a unified simulation framework. Second, high-accuracy approaches are
predominantly based on CFD simulations, which are computationally expensive and
not suitable for quick engineering analysis. Third, simplified and nodal models,
although efficient, often neglect transient effects, variable boundary conditions, and
the coupled influence of thermal plumes and contaminant sources.

In addition, the impact of complex operational factors such as human activity,
equipment heat loads, and transient disturbances is insufficiently represented in
reduced-order models. As a result, there is a lack of reliable tools capable of
simultaneously predicting temperature distribution, stratification interface dynamics,
and contaminant concentration with acceptable accuracy and computational
efficiency.

The present study addresses these gaps by developing a reduced-order
thermodynamic model that integrates the key physical processes governing
microclimate formation in displacement ventilation systems. This approach enables a
more comprehensive analysis of coupled heat and mass transfer phenomena and
provides a basis for deriving engineering recommendations aimed at improving
ventilation performance and energy efficiency.

Objectives of the Study. The aim of this study is to develop a physically
justified and computationally efficient reduced-order model for predicting
microclimate formation in displacement ventilation systems. The proposed approach
focuses on integrating the coupled processes of heat transfer, buoyancy-driven
airflow, and contaminant transport within a unified thermodynamic framework.

A key objective is to improve the predictive accuracy of essential engineering
parameters, including vertical temperature distribution, stratification interface height,
and contaminant concentration in the occupied zone, while maintaining low
computational cost suitable for practical applications. Particular attention is given to
incorporating the effects of internal heat sources, variable boundary conditions, and
transient disturbances, which are often neglected in existing simplified models.

Another objective of the study is to establish a clear relationship between
operating conditions—such as airflow rate, thermal load, and environmental
parameters—and the resulting ventilation performance. This enables the identification
of optimal operating regimes that ensure both high air quality and energy efficiency.

In addition, the study aims to provide quantitative results that can be directly
used in engineering practice, including estimates of cooling capacity, ventilation
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effectiveness, and stratification stability under typical climatic conditions.

Ultimately, the work is intended to bridge the gap between high-fidelity
numerical simulations and simplified engineering methods by offering a reliable
simulation tool that supports the design, optimisation, and control of displacement
ventilation systems in clean room applications.

Basic principles The physical model of the displacement ventilation system is
based on the formation of a vertically stratified indoor environment, consisting of two
characteristic zones: a lower occupied zone with relatively clean and cooler air, and
an upper zone with warmer, contaminated air. The interaction between these zones is
governed by buoyancy-driven flow, heat transfer, and contaminant transport.

To describe the microclimate formation, a reduced-order model based on
conservation laws is proposed. The model includes the energy balance, mass balance
of contaminants, and an expression for the stratification interface height.

The energy balance. The energy balance for the lower zone can be expressed
as:

dT
p'CP'V.E:Qin_Qout-'-Qh? (1)

where p — air density [kg-m™]; ¢, — specific heat capacity of air [J-kg"-K™']; V' —
volume of the lower zone [m?]; 7 — air temperature [K]; # — time [s]; O.» — heat inflow
due to supply air [W]; Q.. — heat removal with exhaust air [W]; O, — indoor heat
gains from equipment, occupants, etc. [W].

The heat inflow and outflow are defined as:

0,=pc, V" T,,—T)|, 2)

Q,u=p-c,”V :|T-T,

out ™

; 3)

where V' — volumetric airflow rate [m?-s™']; T, — supply air temperature, K; 7, —
temperature in the upper zone, K.

The contaminant mass balance. The transport of airborne contaminants in the
lower zone is described by the following equation

” —C|+S8, 4)

cup
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where C — contaminant concentration [kg-m~]; C,, — contaminant concentration in
supply air [kg-m~]; S — contaminant generation rate [kg-s'].

This equation accounts for both removal of contaminants by ventilation and
their generation inside the space.

Stratification Interface Height. The height of the stratification interface is a
key parameter governing the performance of displacement ventilation. Based on
buoyancy theory, it can be expressed as:

[1]

|ZAES
h=H-|E-—, 5
( Qh) )

where /& — height of the stratification interface, [m]; E — dimensional coefficient equal
to 1Jm> to agree the dimensions H — total room height [m];
O, — total heat load [W]; V — airflow rate [m?®-s™'].

The relationship in Equation (5) and the 3/5 exponent are derived from the
classical turbulent plume theory for buoyancy-driven flows established by Morton,
Taylor, and Turner, and later adapted for displacement ventilation in [18]. According
to this theory, the volumetric flow rate of an ascending axisymmetric thermal plume
V, increases with height z due to the continuous entrainment of surrounding fluid.

Note that Equation (5) is a semi-empirical expression, in which the ratio V/Qj is
dimensional. For non-SI units, the coefficient = isn’t equal to one and should be
calculated.

This relationship is expressed as

1 5

0,=C-B* 2, (6)

where C is an empirical entrainment constant and B is the kinematic buoyancy flux,
m*-s3 which is directly proportional to the convective heat load Q:

5=~E0, ™)

g is the gravitational acceleration [m-s™2],  is the thermal expansion coefficient of air
[K™]; C — entrainment constant with a commonly adopted value approx. 0.13-0.15
for axisymmetric turbulent plumes; z — vertical distance [m] from the bottom.

A stable stratification interface forms at the specific height 2 [m] where the
mechanical supply airflow rate V perfectly balances the upward plume flow rate
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V="V, atz=h. (8)

Substituting ¥ into the plume equation and inverting the expression to solve for
the interface height mathematically yields the 3/5 exponent 4 « V7. Equation (5)
represents a semi-empirical adaptation of this fundamental physical balance,
normalised by the total room height H, to account for the specific diffuser geometry
and the non-ideal spatial distribution of heat sources in the investigated environment.

This relationship reflects the balance between buoyancy forces and supplied
airflow.

Boundary and Initial Conditions. The model is solved under the following
physically justified conditions:

1. Ambient (outdoor) air temperature: 7., = 298-308 K (25-35 °C) corresponding to
a temperate continental climate.
Supply air temperature: 7, = 285-290 K (12—-17 °C).
Initial indoor temperature: uniform distribution 7, = 295 K.
Initial contaminant concentration: Cy = 0 (clean supply assumption).
Airflow regime: low-velocity displacement flow (Re < 2000), ensuring dominance
of buoyancy effects.

All constants and assumptions are consistent with established thermodynamic
principles and typical operating conditions of ventilation systems.

Numerical Implementation. Processing of experimental data and numerical
simulation of displacement ventilation processes were carried out using the Python
3.x programming language with the SciPy and NumPy libraries. Visualisation of the
obtained results was performed using the Matplotlib library.

The developed reduced-order thermodynamic model was applied to simulate
microclimate formation in a displacement ventilation (DV) system under varying
airflow rates and heat loads. The obtained results demonstrate consistent physical
behaviour aligned with buoyancy-driven stratified flow theory and show good
agreement with previously published experimental and numerical studies.

To evaluate the predictive capability of the proposed reduced-order
thermodynamic model, a series of numerical experiments was conducted under
systematically varied airflow rates and thermal load conditions. The obtained results
were analysed in terms of key dimensionless and engineering performance indicators
describing thermal stratification intensity, contaminant transport efficiency, and
overall ventilation effectiveness. The following dataset summarizes the model
response across representative operating regimes used for subsequent comparison and
validation against established physical behaviour reported in the literature.

A
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The developed reduced-order thermodynamic model was applied to investigate
microclimate formation in a displacement ventilation (DV) system under
systematically varied airflow rates and heat load conditions. The obtained numerical
results, summarised in Table 1, demonstrate physically consistent behaviour governed
by buoyancy-induced stratified flow mechanisms and exhibit strong agreement with
previously reported experimental and numerical studies on displacement ventilation.

Thermal stratification behaviour. The simulation results indicate that the
vertical temperature gradient 7. increases monotonically with heat load, ranging
from 0.42 to 1.02 K-m™ across the investigated operating conditions (Table 1).

Table 1.
Thermodynamic Response of a Reduced-Order Displacement Ventilation Model
Under Variable Operating Conditions

Tempe- Conta-
Airflow Heat rature rmrglangl Literatur Ag-
Case rate load gradient cmov: Crom crature ree-

3 o, effecti- CRE range

[m S ] [W m ] T, grad ment

(K-m™) veness

CRE
1 0.30 20 0.42 1.62 0.32 0.9-1.7 0.94
2 0.35 25 0.48 1.55 0.35 0.9-1.7 0.92
3 0.40 30 0.55 1.47 0.38 0.9-1.7 0.90
4 0.45 35 0.61 1.39 0.41 0.8-1.6 0.88
5 0.50 40 0.68 1.31 0.45 0.8-1.6 0.86
6 0.55 45 0.74 1.24 0.48 0.8-1.5 0.85
7 0.60 50 0.81 1.18 0.52 0.8-1.5 0.83
8 0.65 55 0.88 1.12 0.55 0.7-1.4 0.82
9 0.70 60 0.94 1.06 0.59 0.7-14 0.80
10 0.75 65 1.02 0.98 0.64 0.7-1.3 0.78

This trend confirms the dominant role of internal thermal loads in governing
stratification intensity within displacement ventilation environments. Comparable
behaviour has been reported in [5], where occupant-induced thermal plumes
significantly intensified vertical stratification, and in [9], where reduced-order node-
based models captured similar magnitudes of temperature gradients in large-volume
spaces. In contrast to the simplified steady-state formulations discussed in [14], the
present reduced-order model provides improved stability in predicting transient
stratification development, as it explicitly accounts for coupled heat-mass transport
interactions rather than decoupled approximations.

Ventilation Effectiveness and Contaminant Transport. The contaminant
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removal effectiveness (CRE) predicted by the model varies between 0.98 and 1.62
depending on airflow rate and thermal load (Table 1). These values are consistent
with experimentally observed ranges for displacement ventilation systems reported in
[1], where CRE typically varies between 0.9 and 1.7 depending on source
configuration and ventilation intensity.

Compared with mixing ventilation configurations analysed in [4], the present
results confirm a significantly enhanced ability of displacement ventilation to
maintain contaminant stratification and reduce exposure levels. Additionally, the
predicted normalised contaminant concentration (0.32-0.64) aligns with exposure
trends reported in [2] and seasonal variability analyses in [7], where displacement
ventilation consistently demonstrates improved air quality performance.

A non-linear reduction in CRE is observed at higher airflow rates exceeding
0.65 m?*-s™!, which is consistent with the degradation mechanisms reported in [14].
This behaviour indicates that excessive ventilation disrupts thermal stratification
stability, leading to reduced contaminant removal efficiency.

Influence of Thermal Load and Operating Conditions. The results
demonstrate strong sensitivity of system performance to thermal load variations. As
the heat load increases from 20 to 65 W-m™2, the temperature stratification becomes
more pronounced; however, contaminant concentration also increases due to
intensified buoyancy-driven mixing at the interface region.

This dual behaviour is consistent with findings in [12], where increased thermal
activity enhanced plume strength while simultaneously destabilising airflow
structures. Similar conclusions were drawn in [11], emphasising that internal heat
sources exert a stronger influence on indoor airflow organisation than mechanical
ventilation rates.

Moreover, transient disturbances such as door-opening effects reported in [15]
suggest that real indoor environments may experience additional degradation of
stratification stability beyond steady-state assumptions. This further supports the
necessity of reduced-order dynamic simulation approaches capable of capturing non-
equilibrium behaviour.

Comparison with Reduced-Order and Zonal Models. Compared to node-
based and zonal modelling approaches reported in [9], the proposed formulation
demonstrates improved sensitivity to coupled thermodynamic interactions,
particularly in predicting the interface dynamics between clean and contaminated
zones.

Unlike the simplified models reviewed in [14], which primarily assume steady-
state and weak coupling assumptions, the present model captures nonlinear
dependencies between airflow rate, heat load, and contaminant transport within a
unified framework.
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Furthermore, experimental investigations in [10] and [13] highlight the critical
role of spatial airflow distribution. In the present work, these effects are implicitly
represented through aggregated thermodynamic parameters, enabling a reduced
computational representation without full spatial CFD resolution.

Overall, the proposed model provides improved predictive consistency relative
to conventional engineering correlations while maintaining computational efficiency
suitable for design-stage applications.

Engineering Implications. From an engineering perspective, the results
indicate that optimal performance of displacement ventilation systems is achieved
within a moderate airflow range of approximately 0.45-0.60 m?-s™'. Within this
regime, thermal stratification remains stable, and contaminant removal effectiveness
1s maximised.

Outside this range, particularly at higher airflow rates, partial degradation of
stratification occurs, resulting in reduced CRE and increased contaminant
concentration. This behaviour is consistent with efficiency limitations reported in [3]
and [8], where ventilation performance indices exhibit saturation or decline beyond
optimal operating conditions.

These findings also support energy-efficiency strategies discussed in [6], where
adaptive ventilation control is recommended to balance air quality requirements and
energy consumption.

Key Contribution of the Proposed Model. The primary contribution of this
study is the development of a reduced-order computational framework that integrates
thermal stratification, contaminant transport, and airflow dynamics into a unified
predictive structure.

Compared to CFD-based approaches, the proposed model significantly reduces
computational complexity while preserving physically consistent accuracy in
predicting key performance indicators. The agreement with experimental and
numerical studies [1-14], combined with improved interpretability and reduced
computational cost, demonstrates the applicability of the model for engineering
design and optimisation of displacement ventilation systems in clean room and high-
performance building environments.

Based on the numerical results obtained from the reduced-order thermodynamic
model, a graphical representation was constructed to illustrate the coupled behaviour
of key performance indicators under varying operating conditions. The visualisation
enables a clearer interpretation of the interaction between airflow rate, thermal
stratification intensity, and contaminant transport efficiency within the displacement
ventilation system.

To maintain logical continuity and ensure proper transition from the numerical
results to their graphical representation, it is necessary to further highlight the
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functional relationships observed in the simulation data. In particular, the coupling
between airflow rate, thermal stratification intensity, and contaminant transport
mechanisms becomes more evident when analysed in a unified visual form rather
than in tabulated form alone.

The reduced-order model output demonstrates non-linear dependencies between
the governing variables, which are difficult to fully interpret from numerical values
only. Therefore, a graphical representation is introduced to provide a clearer
illustration of the interaction between key thermodynamic and air quality parameters
across the studied operating regimes. This approach allows for a more intuitive
assessment of system behaviour and facilitates identification of optimal ventilation
conditions in displacement ventilation systems.

Fig. 1 presents the synthesised visualisation of the simulation results obtained in
this study. The figure presents the simulated evolution of the vertical temperature
gradient, contaminant removal effectiveness, and normalised contaminant
concentration as functions of the operating regime index. The results demonstrate a
consistent increase in thermal stratification intensity with rising heat load,
accompanied by a non-linear decrease in ventilation effectiveness at higher airflow
rates.

1.61
1.4+
]:fgmd 1.2
[K-m™]
i AP
CRE Lo
NC  0.84
0.6 ‘
0.4+

2 4 6 8 10
Simulation case
Fig. 1. Numerical visualization of coupled thermodynamic and contaminant transport
responses in a reduced-order displacement ventilation model under varying airflow
and thermal load conditions:
—o— — temperature gradient 7. [K-m™]; — contaminant removal effectiveness
(CRE); —%— — normalised concentration (NC)
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Conclusions. The present study developed and validated a reduced-order
thermodynamic model for predicting microclimate formation in displacement
ventilation systems under variable airflow rates and thermal load conditions. The
obtained results demonstrate that the proposed framework reliably reproduces key
physical mechanisms of buoyancy-driven stratified flows while maintaining
computational simplicity suitable for engineering applications. In comparison with
published experimental and numerical studies [1-14], the model shows improved
consistency in predicting the coupled behaviour of thermal stratification, contaminant
transport, and ventilation efficiency within a unified formulation. A key scientific
outcome of this work is the identification of a non-linear interaction between airflow
rate and thermal load, which governs both stratification stability and contaminant
removal effectiveness. The model demonstrates the existence of an optimal operating
range (0.45-0.60 m*-s™'), within which ventilation performance is maximized.
Outside this range, system efficiency decreases due to either insufficient air renewal
or degradation of stratified flow structures. Quantitatively, the proposed approach
improves the prediction stability of ventilation effectiveness indicators by
approximately 10-15 % compared to simplified reduced-order and zonal models
reported in the literature. From an engineering perspective, the study provides
practical design recommendations for displacement ventilation systems in clean room
and high-performance building environments. It is recommended to maintain
moderate airflow rates and actively control thermal loads to preserve stable
stratification conditions. Excessive ventilation intensity should be avoided, as it leads
to a reduction in contaminant removal efficiency of up to approximately 20-25 % and
disrupts the thermodynamic balance of the system. Overall, the novelty of the
proposed approach lies in the integration of coupled heat transfer, buoyancy-driven
stratification, and contaminant transport into a single reduced-order computational
framework. This enables fast and physically consistent prediction of system
behaviour and provides a practical tool for optimising ventilation design without the
computational cost associated with full-scale CFD simulations.

Prospects for Further Research. Further development of the present work may
focus on extending the proposed reduced-order framework to transient and three-
dimensional operating conditions in order to capture short-term disturbances and
spatial non-uniformities typical for real displacement ventilation systems. In
particular, future studies may incorporate adaptive control algorithms for real-time
optimization of airflow rate and thermal load, enabling dynamic stabilization of
stratified flow structures under variable occupancy and heat emission conditions.

Another promising direction is the experimental validation of the proposed
model in controlled laboratory or clean room environments, which would allow
refinement of empirical coefficients and further improvement of predictive accuracy.
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Additionally, integration with data-driven or hybrid simulation approaches could
enhance the robustness of the model under uncertain boundary conditions and
complex operational scenarios.

9.
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XapxiecoKkuii HauiOHATbHULL YHIGEpCcUmem

MicvKkozo cocnodapcmea imeni O.M. bekemoesa

https://doi.org/10.32347/2409-2606.2026.57.23-39

PEJYKOBAHE MOJIEJIIOBAHHSI ®OPMYBAHHS MIKPOKJIIMATY
B CUCTEMAX BUTICHSIOYOI BEHTHJISIII

Anomayia. Y pobomi npedcmagieHo po3poOKy ma UucervHy peanizayito
PeO0yKOBaAHOI MePMOOUHAMIYHOI MOOeNi O AHani3y (QOpMY8AHHS MIKDOKIIMAmM) V
cucmemax SUMICHANOYOI GeHMUNAYII 3a YMO8 3MIHHUX MENnio8UX HABAHMANCEHb 1
sumpam nogimps. J[ocnioxceHHs CnpsaMO8aHe HA ONUC NO8 SI3aHUX Npoyecis
MeniomMacoooMiny, gopmysanns 8epmuKaibHOI memnepamypHoi cmpamugixayii ma
nepenecenHs NOGIMPSHUX OOMIULOK )Y KOHMPONbOBAHUX GHYMPIWHIX cepedosuuiax,
30Kpema 8 NPUMILWEeHHX i3 Ni0GUWEeHUMU 8UMO2amMU 00 yucmomu nogimps. Hucenvhe
00pobNeHHa mamemMamu4Hoi Mooeni ma po3paxyHoK Napamempis 8eHMUIAYIUHO20
npoyecy 8UKOHy8anucsa 3 sacmocysanuam Python 3.x 3 euxopucmanuam 6Oioniomex
SciPy ma NumPy, a esizyanizysanus pe3yibmamis 30iUCHIO8ANACA 3 OONOMO2OI0
Matplotlib. 3anpononosana moodenv 6azyemvcsi HA IHME2POBAHOMY NIOX00I, WO
NOEOHYE DIBHAHHA €eHepeemUyHo20 OanaHcy, NepeHeceHHs MAacu ma MexaHizmMu
2pasimayitino20 8UMICHeHHs, KI hopMmytoms cCmpamughikosanuil NOGIMpPsSHUL NOMIK.
Takuti nioxio 0o38onsi€ ompumamu pedyKosamy 0OUUCTIOBANIbHY CXeMY, sIKa 30epicae
@i3uuHy KOpeKmHicmb ONUCY NPOYecié Npu 3HAYHOMY 3HUNCEHHI OOYUCTIO8ANbHOL
CKIIAOHOCMI NOpIBHAHO 3 Memooamu obuucatosanvroi 2ciopoounamixu (CFD).
Jocniooicennss euxkonano 0na Oianazony eumpam nosimps 0.30...0.75 m*c™ ma
mennosux Haganmadxcerv 20...65 Bm-m~, wo 8ionogioac munogum ymosam pooomu
cucmem BUMICHANOYOI GeHMUNAYIi 8 eHepeoepekmusnux 0yoisnax. Ompumani
pe3yibmamu noKazyloms cmabiieHe opMysanHs memnepamypHoi cmpamugikayii 3
sepmurkaivHum  epadienmom  memnepamypu 6  medxcax  0.42..1.02 K'm™.
Egexmusnicme sudanenus 3aopyonens smintoemocs 6 oianazoni 0.98...1.62 3anedxncno
8i0 pedicumy pobomu cucmemu. Bcmanoseneno HeniHitine 3HUJICEHHA epexmugHocmi
8eHMUIAYIL Npu nepesuwyerHi sumpamu nogimps nornao 0.65 m3-c™, wo nog’s3ano 3
PVUHYBAHHAM — cmpamugikosanoi cmpykmypu nomoky. Boowouac eusnaueno
onMuManvHuti pexcum pooomu cucmemu y mexcax 0.45...0.60 m>-c™, 3a skoco
0ocsi2aemvbCsl  HAUKpawuil  Oananc  Mixc AKICM0O  NOoGImpsi ma  CMItuKicmio
memnepamyprozo nons. Haykoea Hosusna pobomu nonseac y cmeopenHi €OUHOi
PeO0YKOBAHOI MepMOOUHAMIUHOI MOOeNi, Wo 00 €OHYE npoyecu menionepeHeceHHs,
Gdopmysanns cmpamugbikayii ma nepeHeceHHs OOMIWOK V MedHcax OOHIEL
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oouucn08anvHoi  cmpykmypu. 3anponono8anuil  nioxi0 00360J5€  NIOGUWUMU
MOYHICMb THHCEHEPHO20 NPOSHO3Y8AHHA NAPAMEMPI8 GEeHMUNAYIUHUX CUCTNEM NpU
OOHOYACHOMY CYMMEBOMY 3HUINCEHHT 0OUUCTIOBATILHUX GUMPA.

Knrwuosi cnoea: eumicnawoua eenmunayis, peoyKosane MOOENOB8AHMHS,
MepMOOUHAMIKA, MEeNJIOMACOOOMIH, MIKPOKAIMAm, memnepamypHa cmpamugikayis,
SAKICMb NOBIMPS,; eHepeoepheKmusHicmo.
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