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and exchange rates of airflow between the zones (Megri and 
Haghighat 2007). In displacement ventilation studies, these 
models have been integrated with plume theory (Rees  
and Haves 2001) and heat gain division between the zones 
(Zhang et al. 2019). 

The temperature gradient in DV systems is usually 
calculated with the nodal approach, which is suitable for 
design and system sizing since it provides a rapid solution 
(Källblad 1998). Nodal models apply the electrical analogy 
to represent a heat balance of the room air as an idealised 
network of nodes connected with airflow paths. Unlike zonal 
models, nodal models do not predict mass transfer in a 
room, so that prior knowledge of the airflow patterns is 
needed in order to specify mass flow in the thermal network 
(Griffith 2002). Until recently design guidelines from various 
researchers for displacement ventilation have applied 
two-nodal models (Li et al. 1992; Mundt 1995; Arens 2000) 
that predict the linear slope between the air nodes above the 
floor and exhaust terminal, which is assumed to be always 
at the ceiling. The temperature above the floor normalised 
between the supply and exhaust temperatures can be 
estimated from experimental data (Sandberg and Blomqvist 
1989) or based on a simple model of the ceiling to floor heat 
transfer as a function of airflow rate (Mundt 1995). 

Other design guidelines assume a constant vertical air 
temperature gradient between the head and feet (2°C/m) 
from the temperature above the floor (Skistad 1994).  
Since only the heat entering the occupied zone needs to be 
considered in displacement ventilation systems, later studies 
proposed fractional coefficient methods to calculate the 
reduced heat gains in the occupied zone (Yuan et al. 1999; 
Bauman 2003; Xu et al. 2009; Cheng et al. 2012; Liang et al. 
2018; Zhang et al. 2018, 2019). In these methods, total room 
space heat gains are artificially divided into occupied and 
unoccupied fractions. The part of the heat gains in the 
occupied zone is calculated from the total heat gains   
with fraction coefficients. These coefficients are estimated 
empirically or derived from statistical methods based on a 
database of CFD simulation cases (Lau and Niu 2003). 

The multi-nodal models introduce a temperature profile 
composed by variable slopes between the nodes. The models 
with a different number of nodes, heat gain configuration and 
mixing height consideration can be found in the literature 
(Nielsen 2003; Mateus and da Graça 2015; Lastovets et al. 
2020a). These models calculate mixing height with plume 
theory depending on types and number of convective heat 
sources (Hunt and Van den Bremer 2011). The multi-nodal 
models provide a promising method for the temperature 
gradient prediction (Kosonen et al. 2016). 

However, all models mentioned above have been 
developed for steady conditions. At the same time, air 
stratification created by plumes depends on potentially 

dynamic parameters, such as strength, type and location of heat 
gains, ventilation airflow rate and supply air temperature. 
Besides, since DV is usually applied in non-residential 
buildings that are not occupied continuously, the thermal 
mass effect, varied internal and solar heat gains significantly 
reflect the room air temperatures (Ferdyn-Grygierek and 
Baranowski 2011; CsÆky and KalmÆr 2015; Co�kun et al. 
2017). It means that in practical applications, the current 
steady-state models cannot accurately predict the room 
air temperature gradient in dynamic conditions. Thus, an 
accurate calculation of the vertical temperature gradient in 
dynamic conditions is required for DV design. 

Building simulation programmes provide detail 
information about building dynamics (Harish and Kumar 
2016; Wang and Zhai 2016). These programmes usually 
assume full-mixed room air and use empirical correlation 
to estimate convective and radiant heat transfer between room 
air and enclosure surfaces. However, these assumptions are 
not satisfactory for non-uniform indoor environments and 
spaces with flows different from that used in the fully-mixed 
conditions. The beneficial option can be co-simulation of 
detailed room air models and computer simulation that 
provides boundary conditions for room air models, such 
as room surface temperatures and heat transfer through 
the building envelope (Zhai and Chen 2003; Djunaedy et al. 
2005). Co-simulation with CFD and zonal models is usually 
used for research purposes rather than engineering design 
due to the computation load and technological complexities 
(Griffith and Chen 2004; Tian et al. 2018). 

Nodal models implemented in building energy simulation 
software is an accessible option for design. Some of the 
two- and multi-nodal models are applied in DV design and 
available in thermal energy simulation tools. The most 
frequently used Mundt�s model (Mundt 1995) is implemented 
in IDA ICE (Shalin 2003) and EnergyPlus (Crawley et al. 
2004). The multi-nodal DV model implemented in EnergyPlus 
(Mateus and da Graça 2015), together with the calculation 
methods of mixing height were validated in dynamic 
conditions with the measurements in classrooms (Mateus 
et al. 2016) and large rooms (Mateus and da Graça 2017). 
The principle of heat gain breakdown applied in the 
Mateus model (Mateus et al. 2016) was later developed in 
the multi-nodal DV model and validated for different heat 
gain types and combinations of them (Lastovets et al. 2020a). 
While the assumption of unified air temperature over the 
mixing hight has been applied in the previously developed 
multi-nodal models, the model used in the current study 
(Lastovets et al. 2020b) allows accounting for both type and 
vertical position of the indoor heat gains. 

Simplified building energy models are still practical 
for pre-design and system sizing in typical applications 
due to their user-friendliness and straightforward calculation 
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(Kramer et al. 2012). Among the simplified models, the most 
common are the resistance�capacitance (RC) models of a 
building zone that imply thermal�electrical analogy based 
on the similarity between electric current and heat flux. In 
this approach, an RC-network of a building zone represents 
every element of the building construction elements and 
room air with heat capacities and conductances (Parnis 
2012). 

Since displacement ventilation is usually designed in 
the spaces that are not continuously occupied, the thermal 
mass effect and occupancy schedules significantly reflect 
the room air temperatures. Occupancy schedules are often 
analysed for energy simulation (Ahmed et al. 2017) building 
control systems (Oldewurtel et al. 2013) and data-driven 
models of occupant behaviour (Piselli and Pisello 2019). 
However, the influence of occupancy schedules on the design 
airflow rate with DV has not been studied in detail. 

The thermal mass effect on indoor air temperature 
change has been analysed in many pieces of research. The 
RC models of building constructions allow studying the 
effect of external and internal thermal mass on indoor air 
temperature for different configurations, including lightweight 
and heavyweight structures (Zhou et al. 2008). The thermal 
mass effect of different constructions is especially noticeable 
with night ventilation (Solgi et al. 2018). Artman (2009) 
studied the influence of heat gains, airflow rates, building 
construction and climatic conditions on the dynamic change 
of room air temperatures with night ventilation. Besides, 
the temperature difference between indoor and outdoor  
air temperature during night was found as a crucial factor 
of night ventilation performance. The effect of window 
orientation on indoor air temperatures has been studied 
experimentally for the ideally mixed air conditions (Givoni 
and Hoffman 1966; CsÆky and KalmÆr 2015). The detailed 
studies were conducted for hot climates (Al-Tamimi et al. 
2011; Bekkouche et al. 2013). However, the effect of thermal 
mass and building orientation is usually studied under full- 
mixed air conditions. Thus, there is a lack of experimental and 
numerical studies dedicated to the effect of the combination 
of thermal mass with different constructions and night 
ventilation and window orientation to the room temperature 
gradient with DV. 

The present study applies a simplified dynamic DV 
model to calculate the vertical temperature gradient (Lastovets 
et al. 2020b) that integrates the multi-nodal DV model 
(Lastovets et al. 2020a) and two-capacity building energy 
model (UNI EN 2008; SirØn 2016). The heat capacities and 
conductances of the dynamic multi-nodal model are calibrated 
against the results taken from the dynamic building 
simulation model IDA ICE (Shalin 1996) and validated in a 
lecture room and an orchestra rehearsal room. The validated 
dynamic is further used in a case room analysis, where the 

design airflow rates of the steady-state and dynamic models 
are compared. The paper studies the difference of the 
selected state-state and dynamic displacement models in 
dynamic conditions, where the effect of different heat load 
breakdowns, occupancy periods and thermal mass levels on 
design airflow rate is analysed. The novelty of this research 
comes from the use of the model in displacement ventilation 
design and validation of the presented method with the 
measurements. The paper gives an insight into the investment 
savings potential when dynamic displacement model is 
introduced. 

2 Methods 

This section introduces the methods to evaluate the feasibility 
of different models in displacement ventilation (DV) design. 
This section presents steady-state and dynamic design models 
of DV. The models are first validated with measurements for 
two typical applications in a lecture hall and an orchestra 
rehearsal room. To get a general view of the meaning of 
different parameters, the effect of thermal mass, heat gain 
breakdowns and time schedules on the design airflow rate 
is analysed in a case room with steady-state and dynamic 
models. 

2.1 Design models of DV 

The studied design DV methods represent the analytical 
energy balance approach with lumped parameters. These 
models threat the building room air as an idealised network 
of air temperature nodes connected with air�ow convection 
conductances (Griffith 2002). In these nodal models, the 
room surface temperatures are coupled convectively to air 
temperatures and by long-wave radiation to each other. The 
transmission heat transfer through the room structures is 
calculated with the RC (resistance�capacitance) method 
(Parnis 2012). 

2.1.1 Steady-state design DV models 

Two steady-state nodal models with different numbers of 
nodes and heat gain configuration were chosen for the present 
analysis. The Mundt model (Mundt 1995) estimates linear 
vertical temperature gradient over the room height (H) 
between the air temperature along the floor at the height 
0.1 m (T0.1) and the exhaust temperature (Tex) (Figure 1(a)). 

The multi-nodal DV model (Lastovets et al. 2020a) 
calculates the temperature profile composed by variable 
slopes between the nodes (Figure 1(b)). This model calculates 
the height of air temperature stratification (hmx) with the 
vertical heat gain breakdown. The mixing height is the 
transition level between a mixed upper layer and stratified 
layer, which relates to the height where the supply airflow  


































