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Abstract 

Stratum ventilation is more energy-efficient as compared with mixing ventilation for 

cooling applications. However, due to the short development history of stratum 

ventilation, few studies on its heating applications are available. The heating 

operation of stratum ventilation is different from the cooling operation due to the 

distinct airflow patterns. This study comprehensively investigates the effects of the 

operation parameters on heating performances of stratum ventilation, using 

experimentally validated Computational Fluid Dynamics (CFD) simulations. The 

operation parameters include controllable supply vane angle, supply airflow rate and 
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supply air temperature, and uncontrollable outdoor weather condition. The ventilation 

performance indices adopt local mean age of air (LMAA), CO2 removal efficiency 

(CRE), Predicted Mean Vote (PMV), vertical air temperature difference between head 

and ankle levels (∆�) and energy utilization coefficient (EUC). By evaluating the 

individual effects of the operation parameters on the ventilation performances, the 

relative importance (i.e., relative sensitivity) of the operation parameters for each 

ventilation performance is identified. By comparing the individual effects and 

combined effects of the operation parameters on the ventilation performances, it is 

found that the variations of LMAA, CRE, PMV, ∆�  and EUC caused by the 

combined effects can be accounted by the corresponding most important operation 

parameters by 86.5%, 85.6%, 78.8%, 65.7% and 70.2% respectively. Moreover, the 

outdoor weather condition does not significantly affect LMAA, CRE and EUC, but 

can transfer PMV and ∆�  to discomfort level. Lastly, to facilitate heating 

applications of stratum ventilation, the constant-air-volume system is recommended 

and a simplified operation strategy is proposed.  

Keywords: Stratum ventilation; Heating; Operation Performances; Sensitivity analysis; 

Individual effects; Combined effects 

Nomenclature 

C CO2 concentration (ppm) 

 

 

Vs supply airflow rate (m3/s) 

�� 
CO2 concentration in 
breathing level (ppm) VAs supply vane angle (°) 

�� 
CO2 concentration in exit air 
(ppm) 

��/�̅ original/normalized value 

�
 
CO2 concentration in supply 
air (ppm) 

���/���� 

maximal/ minimal original value of 
design parameter 

D      Hydraulic diameter (m)  ∆�� change in the input 

� the ��� input ∆�� change in the output 

���� input of base case ∆� 
vertical air temperature difference 
between head and ankle levels (⁰C) 

L       Exhaled airflow rate (L/h) Abbreviations 
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1. Introduction  

1.1 Background and context 

Air distributions are widely used for conditioning indoor environment to provide 

quality air and thermal comfort [1]. Stratum ventilation directly supplies conditioned 

air into the occupied zone from the side walls/columns [2]. For cooling applications, 

compared with mixing ventilation, stratum ventilation can more energy-efficiently 

create a healthy and comfortable indoor environment [3, 4]. Experiments confirmed 

that the thermally neutral temperature of stratum ventilation was approximately 2.5⁰C 

higher than that of mixing ventilation [5]. Lin et al. [6] found that for cooling an 

office, a classroom and a retail shop in Hong Kong, compared with mixing ventilation, 

stratum ventilation reduced the annual energy consumption of the air conditioning 

system by at least 44.37% whilst achieving comparable indoor environment quality. 

Particularly, the elevated thermally neutral temperature can help to improve the 

energy performance of the solar-driven cooling systems for low-energy buildings 

[7-9]. However, due to the short development history of stratum ventilation (less than 

15 years), few studies on stratum ventilation for heating applications have been 

carried out [10]. 

���� output of base case CFD   Computational Fluid Dynamics 

R2 coefficient of determination  CRE CO2 removal efficiency 

�� exit air temperature (⁰C) EUC energy utilization coefficient  

�� 
air temperature in occupied 
zone (⁰C) 

IC influence coefficient 

�
 supply air temperature (⁰C) LMAA local mean age of air 

�� 
inside surface temperature 
of exterior envelope (⁰C) 

PMV Predicted Mean Vote 

TI          Turbulence intensity (%) RSS root sum square 
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1.2 Previous work 

Existing studies of stratum ventilation focus on cooling applications, because stratum 

ventilation was initially proposed to accommodate the elevated room air temperatures 

for cooling applications [2]. Regarding the operation of stratum ventilation for cooling 

applications, Huan et al. [11] experimentally investigated the effects of the outdoor 

weather condition, supply airflow rate and supply air temperature on CO2 removal 

efficiency (CRE), Predicted Mean Vote (PMV) and energy efficiency. Using the 

experimentally validated CFD simulations, Tian et al. [12] confirmed that increasing 

the supply air temperature from 19⁰C to 21⁰C could reduce the local mean age of air 

(LMAA) for improving inhaled air quality. Zhang et al. [13] proposed to use the 

supply air and exit air conditions to inform the operation of stratum ventilation 

conveniently. The optimal room air temperature was identified by targeting at the 

desired PMV and maximizing the energy saving simultaneously [14]. The room air 

temperature could be maintained at the identified optimal value by using the 

multi-node model under steady states [15, 16], or using the heat removal efficiency 

based control method under dynamic states [17]. For thermal comfort improvement, 

Shao et al. [18] and Zhang et al. [19] proposed to control the supply air temperature 

and supply airflow rate to accommodate different thermal preferences. For targeted 

indoor air quality, Cheng et al. [20] proposed a method to accurately control the CO2 

concentration in the breathing zone by coupling the mass conservation laws and CO2 

removal efficiency in the breathing zone. 

Stratum ventilation also has potentials for heating applications for two reasons [4, 21]. 

Firstly, it directly supplies warm air to the occupied zone by configuring the supply 

terminal(s) at the side walls/columns slightly above the head of occupants [2]. The 

high air velocity of stratum ventilation helps the supply air to efficiently reach the 

occupied zone for thermal comfort [22]. Secondly, the exit terminals can be 

configured at a low level of the room to avoid the short-circuiting of warm supply air 

and thus improve the ventilation efficiency [23]. Since stratum ventilation has been 
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proven to have high ventilation efficiency in cooling applications [4], its heating 

applications are urgent to be investigated. So that stratum ventilation with high 

ventilation efficiency can be used for climate regions where heating is also required.  

The operation of stratum ventilation for heating applications can be more complex 

than that for cooling applications. For cooling applications, since the cool supply air 

tends to flow downwards into the occupied zone, the supply vane angle is typically 

fixed at zero with a horizontal initial momentum of the supply air [10]. However, for 

heating applications, the supply vane angle should be appropriately controlled to 

generate a downward initial momentum of the supply air. So that the upward thermal 

buoyancy of the warm supply air can be overwhelmed. Otherwise, the warm supply 

air would flow into the upper zone without entering the occupied zone, resulting in a 

low ventilation efficiency [21]. Moreover, the effects of the other three operation 

parameters (i.e., the supply airflow rate, supply air temperature and outdoor weather 

condition) on the ventilation performances for heating applications would be different 

from those for cooling applications, due to the distinct airflow patterns between the 

heating and cooling applications [24].  

1.3 Aim of this study 

This study aims to comprehensively evaluate the effects of the four operation 

parameters on indoor air quality, thermal comfort and energy efficiency of stratum 

ventilation for heating applications. Based on the analyses of the individual effects 

and combined effects of these operation parameters on ventilation performances, a 

control strategy is proposed to simplify the operation of stratum ventilation for 

heating applications. Since stratum ventilation is applicable to small- to medium-sized 

rooms [2], this study is conducted for a typical office configuration using CFD 

simulations. Experiments on stratum ventilation for heating applications are 

conducted to validate the CFD simulations. 
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2.  Methodology  

2.1 Evaluation indices of ventilation performances 

A comprehensive evaluation of ventilation performances is conducted: LMAA and 

CRE representing indoor air quality, PMV and vertical air temperature difference 

between head and ankle levels (∆�) indicating overall and local thermal comfort 

respectively, and energy utilization coefficient (EUC) indicating energy efficiency [4, 

11, 20]. LMAA is the average lifetime of air at a particular location and gives an 

indication of the “freshness” of air [4]. A smaller LMAA is more preferred. CO2 is a 

widely used surrogate of indoor air quality [23, 25]. A larger CRE (Equation 1) 

indicates a higher ventilation efficiency and thereby improved air quality [1, 11, 26]. 

When calculating LMAA and CRE, the breathing zone is concerned for inhaled air 

quality (i.e., the height of 1.1 m above the floor for seated occupants). Regarding 

thermal comfort, PMV has been confirmed by subjective surveys to be applicable to 

stratum ventilation [27]. PMV at the height of 1.1 m (for seated occupants) is 

calculated for thermal comfort evaluation [17, 27]. PMV should be limited between 

-0.5 and 0.5 for overall thermal comfort [28]. For PMV calculation, the typical winter 

clothing level (i.e., 1.0 clo) and the near-sedentary activity level in an office (i.e., 1.1 

met) are used, and the relative humidity is set to be 50% [28]. The detailed calculation 

of PMV can refer to ASHRAE 55 [28]. ∆� is the air temperature difference between 

the heights of 1.1 m and 0.1 m above the floor (for seated occupants), and is 

acceptable below 3⁰C for local thermal comfort [28]. It is noted that although draft is 

also a main concern for local thermal comfort, it is not considered in this study 

because the preliminary analysis shows that draft rating of stratum ventilation under 

heating is generally less than 20% which is thermally acceptable [21, 29]. EUC is 

defined as the ratio of the difference between the supply air temperature and exit air 

temperature to the difference between the supply air temperature and air temperature 

in the occupied zone (Equation 2) [21]. The definition of the occupied zone is given 

by Awbi [30]. A larger EUC indicates that the supply air is more efficiently used for 
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warming the occupied zone, resulting in a higher energy efficiency.  

��� = �� − �
�� − �
 																																																											(1) 
�"� = �
 − ���
 − �� 																																																											(2) 

where ��� is the CO2 removal efficiency; �"� is the energy utilization coefficient; 

��, �� and �
 are the CO2 concentrations at the breathing zone, in exit air and in 

supply air respectively (ppm); ��, �
 and �� are the temperatures of exit air, supply 

air and air in the occupied zone respectively (⁰C).  

2.2 Experiment 

A test chamber simulating a typical office with dimensions of 3.9 m (length) × 2.9 m 

(width) × 2.6 m (height) is set up, as shown in Figure 1. The chamber is located at 

Xi’an Jiaotong University. The experiment is conducted in this chamber in winter 

when the outdoor air temperature is generally between -1⁰C and 8⁰C. Stratum 

ventilation is used to condition its indoor thermal environment. The warm air is 

supplied from a rectangular double grill diffuser (0.2 m × 0.17 m) located at 1.3 m 

height of the right wall, and then exhausted via a perforated diffuser (0.6 m × 0.6 m) 

located on the ceiling. A rectangular thermal manikin with dimensions of 0.4 m × 0.35 

m × 1.2 m is applied to simulate an occupant. The rectangular thermal manikin is one 

of the common representation methods of the occupant for both CFD simulations and 

experiments of the indoor thermal environment [2, 11, 19]. It has been experimentally 

confirmed that the rectangular thermal manikin is adequate to simulate the interaction 

between the occupant and indoor thermal environment [22]. The heat of this thermal 

manikin is generated by three 25 W light bulbs [31]. CO2 is introduced via a small 

hole of 10 mm at the height of 1.1 m to simulate exhalation from the occupant, with a 

constant flow rate of 18 L/h [30]. A box with dimensions of 0.4 m × 0.4 m × 0.4 m, 

which is heated by three 60 W light bulbs, is located on the table to simulate a 

computer [31]. The test chamber is illuminated by 2 sets of lights, with a total of 2 × 

72 W electrical power.  
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Note: L1 - L4 are the sampling lines.  

Fig.1. Experiment setup: (a) Setup of test chamber; (b) automatic elevation system of 

one sampling line for adjusting positions of sensors; and (c) demonstration of 

definition of supply vane angle.  

All measurements are conducted under steady state conditions. The supply airflow 

rate is set at 7.0 air changes per hour (ACH). The supply vane angle and supply air 

temperature are 0° and 24⁰C respectively. The SWEMA omnidirectional anemometer 

systems are used to measure air velocity and temperature of four sampling lines (i.e. 

L1 - L4) at nine heights above floor: 0.3 m, 0.5 m, 0.7 m, 0.9 m, 1.1 m, 1.3 m, 1.5 m, 

1.7 m and 2.1 m (Figure 1(b)). For air velocity, the measurement range is 0.05 - 3 m/s, 

and the measurement error is ±0.03 m/s for 0.05 - 1.00 m/s and ±3% for 1.00 - 3.00 

m/s. It is noted that the measured air velocity refers to the air speed which only has 
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the magnitude without information on the direction [27]. For air temperature, the 

measurement range is 10 - 34⁰C, and the measurement error is ±0.3⁰C. To avoid the 

disturbance of laboratory staff on indoor airflow, the anemometers are elevated 

automatically using an elevation system with a motor from one height on the 

coordinate frame to another (Figure 1(b)). A Copper - Copper Nickel thermocouple 

system is used to measure wall surface temperatures. The measurement range for this 

system is 0 - 200⁰C and the measurement error is ±0.5⁰C. The CO2 concentration is 

measured by the TSI-IAQCAL system. The measuring range is 0 ppm to 6000 ppm 

and the measurement error is ±3%. During the experiments, the indoor relative 

humidity is monitored to be about 45%. The information on the measurement tools is 

summarized in Table 1. 

Table 1. Information on measurement tools.  

Measured 
parameter 

Tool Measurement error 

Air temperature 
SWEMA omnidirectional 
anemometer system 

±0.3⁰C between 10 - 34⁰C 

Air velocity 
SWEMA omnidirectional 
anemometer system 

±0.03 m/s between 0.05 - 1.00 
m/s; 

±3% between 1.00 - 3.00 m/s 

Wall surface 
temperature 

Copper - Copper Nickel 
thermocouple 

±0.5⁰C between 0 - 200⁰C 

CO2 concentration TSI-IAQCAL system ±3% between 0 - 6000 ppm 

 

2.3 CFD simulations 

CFD simulations have been widely adopted to simulate indoor air flow, indoor air 

temperature, and contaminant dispersion, etc. [32-36]. Compared with experiments, 

CFD simulations cost less, and can provide more detailed information of flow fields. 

The experimental measurements can be used to validate the CFD simulations, and the 

experimentally validated CFD simulations can be reliably applied to conduct further 

parametric studies [33, 37].  

The similar physical model as the experiments is used for the CFD simulations 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 
 

(Figure 2(a)). However, there are two differences between them. One is that a 

bookshelf is added in the CFD model to better realistically resemble a typical office 

environment. The other is that room air is exhausted by an outlet located in the lower 

level along the same wall as the supply diffuser, because this outlet layout can provide 

better thermal comfort and indoor air quality [23]. Airpak 3.0.16 [38] is employed to 

construct the physical model and generate mesh (Figure 2(b)). A commercial ANSYS 

Fluent code [39] is used to compute the air flow, air temperature and CO2 dispersion 

inside the office. Our previous studies showed that compared with the RNG k-ε model 

and SST k-ω model, the standard k-ε model slightly better predicted the air velocities 

and temperatures of stratum ventilation [40]. It is noted that the advanced turbulence 

models (e.g. detached eddy simulation and large eddy simulation) may provide better 

predictions than the RANS models (e.g., the standard k-ε model), but their 

computational cost is more expensive. Similar to studies [40, 41], for the reasonable 

accuracy and relative high computational efficiency, the standard k-ε model is adopted 

by this study. A standard wall function is employed to model the turbulent flow in the 

near-wall region [39]. To ensure that the first near-wall grid point is located in the 

logarithmic region, the non-dimensional wall distance, y+, should be at least 11.225 

[39]. In this study, y+ fluctuates in the range of 13 - 290. To predict the CO2 

dispersion, a species transport model is used [39]. The discrete ordinates model is 

used to compute the radiation heat transfer among the surfaces. Buoyancy effect is 

considered by the Boussinesq model [39]. 
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Fig.2. CFD model geometry: (a) Configuration of a typical stratum-ventilated office; 

and (b) mesh of computational domain (Z = 1.45 m). 

The inlet is defined as an opening with uniform velocity, and the outlet is specified as 

the Neumann boundary condition. Based on the experiments, heat sources including 

the occupant, computer and ceiling lights are defined as a constant heat flux solid 
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boundary condition. The front envelop is an exterior envelope, which is defined as the 

constant wall temperature to consider the effects of the outdoor weather condition [42, 

43]. The other walls, floor and ceiling are assumed to be adiabatic. The occupant’s 

mouth is set as velocity inlet boundary. The boundary conditions are summarized in 

Table 2.  

Table 2. Boundary conditions of CFD simulations. 

Room air supply inlet  Uniform velocity inlet; �
 = 400 ppm; TI = 10%; D = 0.184 m  

Room air outlet  Neumann boundary condition 

Room front wall  Constant wall temperature, 10 - 17⁰C 

Other room walls  Adiabatic wall  

Occupant  Constant heat flux solid boundary, 45.2 W/m2  

Mouth  L = 18 L/h; T = 37⁰C; TI = 20% 

Computer  Constant heat flux solid boundary, 225 W/m2 

Ceiling lights  Constant heat flux solid boundary, 176.4 W/m2 

 

For the grid-independent tests, this office is discretized using 310671 (Coarse), 

613456 (Moderate) and 1193129 (Fine) hexahedral grids. The predicted air velocities 

and temperatures along the horizontal Sampling Line (Y = 1.3 m, Z = 1.45 m) of the 

base case (i.e. Case 1 in Table 3) are compared for these three types of grids. Figure 3 

shows that the predicted air velocities and temperatures using the moderate grid are 

close to those using the fine grid, whereas the air temperatures of the coarse grid show 

evident discrepancies from those of the fine grid. Thus, taking into consideration both 

the prediction accuracy and computational cost, the moderate grid is adopted. It is 

noted that the grids adjacent to the occupant, occupant’s mouth, supply air inlet and 

air outlet are refined to capture the details of the flow variables (Figure 2(b)). The 

aspect ratio of the cell in the grid is managed to be less than 8. The mesh quality is 

higher than 0.88.  
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Fig.3. Comparisons of predictions using coarse, moderate and fine grids: (a) Air 

velocity; and (b) air temperature.  

The turbulent Schmidt number can significantly affect the simulations of contaminant 

dispersion [44]. This number depends on the dominant flow structures, and is usually 

implemented as a constant [44]. In this study, different values (i.e. 0.1 - 0.9) of the 

turbulent Schmidt number have been tested, and 0.7 is selected for the turbulent 

Schmidt number because of the overall best agreements with the experimental data. 

The pressure-velocity coupling method is SIMPLE. The pressure interpolation is a 

staggered scheme called PRESTO. Both the convective and diffusion terms are 

discretized by second-order schemes to ensure the computational precision. Linear 

under-relaxation is used to ensure convergence of iteration. LMAA is determined by 

solving a transport scalar equation [45]. The converged criteria of the scaled residuals 
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are as follows: 10-6 for energy, LMAA and CO2 concentration, and 10-4 for other 

variables. The air velocity, temperature and CO2 concentration at specific points are 

also monitored to achieve stable or steady quasi-periodic variations with small 

fluctuation amplitudes. Using the user-defined functions (UDFs) in ANSYS Fluent, 

∆� and EUC are calculated based on the predicted field of air temperature, PMV is 

calculated based on the predicted fields of air temperature and velocity, and CRE is 

calculated based on the predicted field of CO2 concentration (Section 2.1).  

2.4 Studied cases  

The considered ranges of the operation parameters cover the values normally 

encountered in practice. The inside surface temperature of exterior envelope reflects 

the outdoor weather condition and ranges from 10⁰C to 17⁰C [42, 43]. The supply 

vane angle (Figure 1(c)), supply airflow rate and supply air temperature range from 0° 
to 70°, 0.02 m3/s to 0.04 m3/s, 22⁰C to 30⁰C respectively. All the operation parameters 

are normalized to be between 0 and 1 for sensitivity analysis (Equation 3) [46]. 

Normalization helps to remove anomalies caused by the different units and scales of 

the parameters [47]. Each operation parameter is allowed to be varied for five levels 

with equal intervals (i.e., 0, 0.25, 0.5, 0.75 and 1). One operation parameter is varied 

at one time while other operation parameters are maintained at the middle level (i.e., 

0.5) [48-50]. As a result, 17 cases are determined (Table 3). For the purpose of 

comparison, Case 1 with all the operation parameters at the middle level is labeled as 

the base case [48-50].  

�̅ = � − ������� − ���� 																																																						(3) 
Where � and �̅ are the original and normalized values respectively [46]; ��� and 

���� are the maximal and minimal values of the original values respectively.  
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Table 3. Studied cases: Normalized values of operation parameters.  

Case &'
 &
 �
 ��	
1(Base) 0.5 0.5 0.5 0.5 

2 0 0.5 0.5 0.5 

3 0.25 0.5 0.5 0.5 

4 0.75 0.5 0.5 0.5 

5 1 0.5 0.5 0.5 

6 0.5 0 0.5 0.5 

7 0.5 0.25 0.5 0.5 

8 0.5 0.75 0.5 0.5 

9 0.5 1 0.5 0.5 

10 0.5 0.5 0 0.5 

11 0.5 0.5 0.25 0.5 

12 0.5 0.5 0.75 0.5 

13 0.5 0.5 1 0.5 

14 0.5 0.5 0.5 0 

15 0.5 0.5 0.5 0.25 

16 0.5 0.5 0.5 0.75 

17 0.5 0.5 0.5 1 
Note: &'( is the supply vane angle from 0° to 70°; &( is the supply airflow rate 

from 0.02 m3/s to 0.04 m3/s; �( is the supply air temperature from 22⁰C to 30⁰C; �) 

is the inside surface temperature of exterior envelope from 10⁰C to 17⁰C. 

3. Results 

3.1 Validation of CFD simulations 

With the same setup as the experiment, the predicted air temperatures, air velocities 

and CO2 concentrations by CFD simulations are compared with the measurements. As 

shown in Figure 4, the predictions generally show the similar variation patterns as the 

measurements. Both the simulated air temperatures and CO2 concentrations agree 

with the measurements well. But, the slightly larger velocity discrepancies are 

produced, especially for the measuring points above the height of 1.0 m for Sampling 
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Lines 1 - 4. On the one hand, it is because these measuring points are within the 

supply air jet path (Figure 1(a)) and the simplified inlet model causes some of the 

discrepancies. Furthermore, the limitations of the Reynolds Averaged Navier-Strokes 

(RANS) turbulence models (e.g. the standard k-ε model used in this study) in 

predicting complex flows involving swirls, vortices, locally transitional flows, etc. 

occurring in room ventilation can also cause some discrepancies [37, 51]. On the 

other hand, the omnidirectional thermal anemometers used in this study are difficult 

to accurately measure low air velocities [52]. The average absolute differences of the 

air temperature, air velocity and CO2 concentration between the CFD simulations and 

the measurements are 0.37⁰C, 0.09 m/s and 13 ppm respectively. The Pearson 

coefficients of the air velocity, air temperature and CO2 concentration between the 

predictions and measurements are 0.74, 0.85 and 0.70 respectively. The overall good 

agreement between the predictions and measurements indicates that the CFD 

simulations are reliable to simulate the air flow, air temperature and contaminant 

dispersion under stratum ventilation for heating applications.  
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Fig.4. Comparisons between CFD simulations and experiments: (a) Air temperature; 

(b) air velocity; and (c) CO2 concentration. 

3.2 Individual effects of operation parameters on ventilation performances 

A dimensionless influence coefficient is defined in Equation 4 to quantify the 

individual effect of each operation parameter on the ventilation performances [49, 53]. 

A larger absolute value of the influence coefficient indicates a more significant effect.  
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�� = ∆������ / ∆������ 																																																									(4) 

where �� is the influence coefficient; ∆�� and ∆�� are the changes in the input 

and output respectively; ���� and ���� are the input and output of the base case 

respectively.  

3.2.1 Ventilation performances of base case 

Figure 5 shows the airflow pattern and CO2 concentration field of the base case. It can 

be seen from Figure 5(a) that, with the supply vane angle of 35°, the downward initial 

momentum suppresses the impacts of the thermal buoyancy. The convective flow 

around the human body is disrupted by the invading supply jet. As a result, the supply 

air can reach the upper body to efficiently provide quality air and thermal comfort 

with an LMAA of 845 s and a PMV of 0.01. ∆� is moderate at 1.84⁰C. The occupied 

zone is effectively warmed, with the air temperature in the occupied zone higher than 

the exit air temperature. Thus, a high energy efficiency is achieved, with an EUC of 

1.20. Since the air is directly supplied to the occupied zone, CO2 in the breathing zone 

can be efficiently removed, with a CRE of 1.06 (Figure 5(b)). Since the exhaled jet 

velocity is low, the exhaled CO2 flows upwards immediately with the help of the 

thermal buoyancy [11]. Overall, the ventilation performances of the base case are 

satisfactory. 
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Fig.5. Room central vertical section fields for base case: (a) Air temperature and (b) 

CO2 concentration. 

3.2.2 Individual effects on indoor air quality 

The influence coefficients of the supply vane angle, supply airflow rate, supply air 

temperature and inside surface temperature of exterior envelope on LMAA are 0.45, 

-0.67, -0.12 and -0.05 respectively (Table 4). Thus, LMAA is most sensitive to the 

supply airflow rate, followed by the supply vane angle, supply air temperature and 

then inside surface temperature of exterior envelope. In other words, the supply 

airflow rate is the most important operation parameter to LMAA, followed by the 

supply vane angle, supply air temperature and then inside surface temperature of 
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exterior envelope. The negative influence coefficients of the supply airflow rate, 

supply air temperature and inside surface temperature of exterior envelope indicate 

that increasing these three operation parameters would lower LMAA to improve 

indoor air quality.  

Table 4. Influence coefficients of operation parameters on ventilation performances.   

 &'
 &
 �
 �� 

LMAA 0.45 -0.67* -0.12 -0.05 

CRE -0.54* -0.20 0.07 -0.08 

PMV -16.85 12.62 115.38* 33.23 

∆� -0.93 -0.35 1.07* 0.50 

EUC -0.39* 0.09 -0.06 0.15 

Note: * labels the most important operation parameter for each ventilation 

performance. 

Figure 6 shows the variations of LMAA with the four operation parameters. The 

variations of LMAA with its most important operation parameter are explained as 

follows. When the normalized supply airflow rate increases from 0 to 1, LMAA 

decreases from 1414 s to 650 s. This is because that the larger the supply airflow rate, 

the larger the supply air velocity, thereby the larger the downward initial momentum. 

The increased downward initial momentum weakens the impacts of the thermal 

buoyancy. As a result, the supply air can reach the breathing zone more quickly and 

the air in the breathing zone is younger.  
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Fig.6. Variations of local mean age of air (LMAA) with operation parameters. 

Regarding CRE, the supply vane angle is the most important operation parameter, 

followed by the supply airflow rate, inside surface temperature of exterior envelope 

and then supply air temperature (see the influence coefficients in Table 4). Figure 7 

shows the variations of CRE with the four operation parameters. The variations of 

CRE with its most important operation parameter are explained as follows. With the 

normalized supply vane angle increasing from 0 to 0.5, CRE increases from 0.96 to 

1.06 (Figure 7). When the normalized supply vane angle is zero, the warm air is 

horizontally supplied and flows into the upper zone due to the thermal buoyancy. With 

increasing the normalized supply vane angle to 0.5, the warm air is supplied with a 

downward initial momentum. The downward initial momentum suppresses the 

upward thermal buoyancy to some extent. As a result, the supply air reaches the upper 

body to dilute and take away the exhaled CO2, leading to an increase in CRE. When 

the normalized supply vane angle increases to 1, CRE decreases to 0.63. With the 

over-downward supply air, the short-circuiting is caused and part of supply air is 

directly exhausted without entering the occupied zone (Figure 8). Thus, CRE 

decreases dramatically.  
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Fig.7. Variations of CO2 removal efficiency (CRE) with operation parameters. 

 

Fig.8. Airflow patterns with normalized supply vane angles of 1. 

3.2.3 Individual effects of operation parameters on thermal comfort 

From Table 4, it can be seen that PMV is most sensitive to the supply air temperature, 

followed by the inside surface temperature of exterior envelope, supply vane angle 

and then supply airflow rate, with the corresponding influence coefficients of 115.38, 
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33.23, -16.85 and 12.62 respectively. Compared with other ventilation performance 

indices, the influence coefficients of PMV are larger. This is because that PMV of the 

base case is close to zero (i.e., thermal neutrality) (Equation 4). Figure 9 shows the 

variations of PMV with the four operation parameters. The variations of PMV with its 

most important operation parameter are explained as follows. When the normalized 

supply air temperature increases from 0 to 1, PMV increases from -0.86 to 0.36. 

Particularly, when the normalized supply air temperature increases from 0.25 to 0.5, 

the increase of PMV is faster from -0.74 to 0.01. With the normalized supply air 

temperature between 0.25 and 0.5, the thermal buoyancy is moderate, so the supply 

air can directly enter the occupied zone to warm the body. However, when the supply 

air temperature is over-low or over-high, the thermal buoyancy is over-small or 

over-large, so the supply air either strikes directly the floor or flows upwards directly 

to the upper zone.  

 

Fig.9. Variations of Predicted Mean Vote (PMV) with operation parameters. 

 

The influence coefficients in Table 4 show that ∆� is most sensitive to the supply air 

temperature, followed by the supply vane angle, inside surface temperature of exterior 

envelope and then supply airflow rate. The variations of ∆� with the four operation 
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parameters can be seen from Figure 10. The variations of ∆� with its most important 

operation parameter are explained as follows. When the normalized supply air 

temperature increases from 0 to 1, ∆�  increases from 0.67⁰C to 2.75⁰C. The 

increased supply air temperature with the increased thermal buoyancy more 

effectively elevates the air temperature at the height of 1.1 m than that at the height of 

0.1 m, which enlarges the air temperature difference between the two heights. It is 

noted that although Figure 10 shows that the normalized supply vane angle of 1 

results in a small ∆� of 0.70⁰C, it is inadvisable to adopt the largest supply vane 

angle for the small ∆�. This is because that with the largest supply vane angle, part of 

the supply air is directly exhausted due to the short-circuiting (Figure 8).   

 

Fig.10. Variations of vertical air temperature difference between head and ankle levels 

(∆�) with operation parameters. 

3.2.4 Individual effects of operation parameters on energy efficiency 

It can be seen from the influence coefficients in Table 4 that EUC is most sensitive to 

the supply vane angle, followed by the inside surface temperature of exterior envelope, 

supply airflow rate and then supply air temperature. When the normalized supply 

vane angle varies between 0 and 0.75, the variation of EUC is mild from 1.12 to 1.20. 
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When the normalized supply vane angle continually increases to 1, EUC decreases 

substantially to 0.74. This is caused by the airflow short-circuiting (Figure 8). When 

the normalized inside surface temperature of exterior envelope, normalized supply 

airflow rate and normalized supply air temperature increase from 0 to 1, EUC varies 

from 1.16 to 1.38, from 1.11 to 1.25, from 1.15 to 1.20 respectively (Figure 11).  

 

Fig.11. Variations of energy utilization coefficient (EUC) with operation parameters. 

3.3 Combined effects of operation parameters on ventilation performances 

In practice, the operation parameters could vary simultaneously. The combined effects 

of the operation parameters on ventilation performances can be evaluated by the 

method of room sum square (RSS) [48]. The RSS method is developed based on the 

uncertainty propagation theory [54]. According to the RSS method, the variation of a 

specific ventilation performance caused by the combined effects of the operation 

parameters is the root sum square of the variations of the ventilation performance 

caused by the individual effect of each operation parameter (Equation 5).  

�,, = -.(/��/��� ∆���)0 																																																				(5) 
where �,, is the root sum square; � indicates the ��� input.  
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3.3.1 Combined effects of operation parameters on indoor air quality  

Figure 12 shows the variations of LMAA caused by the combined effects of the 

operation parameters. When only the combined effects of the supply vane angle, 

supply airflow rate and supply air temperature are considered, the normalized inside 

surface temperature of exterior envelope is set at 0.5 [48]. LMAA increases from 650 

s to 1531 s with the normalized supply vane angle, normalized supply airflow rate and 

normalized supply air temperature increasing simultaneously from 0 to 1. Compared 

with the base case (with an LMAA of 845 s), the combined effects of the three 

controllable operation parameters on LMAA reveal that stratum ventilation for 

heating applications needs to be properly operated for reducing LMAA (e.g., from 

845 s to 650 s). Otherwise, the improper operation could severely deteriorate LMAA 

(e.g., from 845 s to 1531 s). When the combined effects also take into consideration 

the inside surface temperature of exterior envelope, LMAA increases from 649 s to 

1532 s with the four normalized operation parameters increasing simultaneously from 

0 to 1. The differences of LMAAs considering and without considering the inside 

surface temperature of exterior envelope are less than 1%. This indicates that the 

outdoor weather condition does not significantly affect LMAA, which will be further 

discussed in Section 4.  

  

Note: RSS1 refers to combined effects of supply vane angle, supply airflow rate and 

supply air temperature; RSS2 refers to combined effects of supply vane angle, supply 
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airflow rate, supply air temperature and inside surface temperature of exterior 

envelope. 

Fig.12. Combined effects of operation parameters on local mean age of air (LMAA). 

Figure 13 shows that when the inside surface temperature of exterior envelope is 

maintained the same as that of the base case, CRE varies from 0.59 to 1.07 caused by 

the combined effects of the other three operation parameters. The large variation of 

CRE indicates that it is imperative to appropriately control the three operation 

parameters to avoid the low CRE. Compared with the base case, although the 

improvement of CRE is marginal (i.e., from 1.06 to 1.07), the CRE deterioration due 

to the improper operation can be substantial (i.e., from 1.06 to 0.59). When the inside 

surface temperature of exterior envelope is considered, CRE varies from 0.58 to 1.08 

caused by the combined effects of the four operation parameters. The differences of 

CREs with the invariable and variable inside surface temperatures of exterior 

envelope are less than 1.5%. Thus, the effect of the outdoor weather condition on 

CRE is also negligible. 

 

Fig.13. Combined effects of operation parameters on CO2 removal efficiency (CRE).  
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When the inside surface temperature of exterior envelope is kept the same as that of 

the base case, compared with the base case, PMV can be decreased from 0.01 to -0.90 
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and increased from 0.01 to 0.36 due to the combined effects of the three operation 

parameters (Figure 14). When the inside surface temperature of exterior envelope is 

variable, compared with the base case, PMV can be decreased by from 0.01 to -1 and 

increased from 0.01 to 0.55 due to the combined effects of the four operation 

parameters (Figure 14). The larger variation range of PMV with the variable inside 

surface temperature of exterior envelope indicates that the variation of the inside 

surface temperature of exterior envelope risks to cause the thermal environment from 

comfort to discomfort. 

 

Fig.14. Combined effects of operation parameters on Predicted Mean Vote (PMV). 

When the inside surface temperature of exterior envelope is the same as that of the 

base case, compared with the base case, ∆� can be decreased from 1.84⁰C to 0.08⁰C 

and increased from 1.84⁰C to 2.84⁰C due to the combined effects of the other three 

operation parameters (Figure 15). When the inside surface temperature of exterior 

envelope is variable, 	∆� can be decreased from 1.84⁰C to -0.06⁰C and increased 

from 1.84⁰C to 3.10⁰C due to the combined effects of the four operation parameters 

(Figure 15). Although the differences between ∆� with the variable inside surface 

temperature of exterior envelope and that with the fixed inside surface temperature of 

exterior envelope are small (less than 0.26⁰C), the variation of the inside surface 

temperature of exterior envelope can result in local thermal discomfort with ∆� 

beyond the upper limit of 3⁰C stipulated by ASHRAE 55 [28]. This is mainly because 
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the downdraft produced by the cold exterior envelop reduces the air temperature at the 

ankle level [43]. 

 

Fig.15. Combined effects of operation parameters on vertical air temperature 

difference between head and ankle levels (∆�). 

3.3.3 Combined effects of operation parameters on energy efficiency 

When the inside surface temperature of exterior envelope is kept the same as that of 

the base case, compared with the base case, EUC can be decreased from 1.20 to 0.72 

and increased from 1.20 to 1.25 due to combined effects of the other three operation 

parameters (Figure 16). When the inside surface temperature of exterior envelope is 

variable and the normalized operation parameters are not greater than 0.75, EUCs 

resulting from the combined effects with the variable and fixed inside surface 

temperatures of exterior envelope are similar, with differences less than 1%. However, 

when the normalized operation parameters increase to 1, EUC with the variable inside 

surface temperature of exterior envelope increases from 1.25 to 1.39 as compared 

with the fixed inside surface temperature of exterior envelope.  
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Fig.16. Combined effects of operation parameters on energy utilization coefficient 

(EUC). 

4. Discussion 

The analysis of individual effects of the operation parameters on the ventilation 

performances reveals that the most important operation parameter of each ventilation 

performance is the controllable one rather than the uncontrollable outdoor weather 

condition. The supply vane angle is most important to CRE and EUC, the supply 

airflow rate is most important to LMAA, and the supply air temperature is most 

important to thermal comfort (i.e., PMV and ∆�) (Section 3.2). While the cooling 

applications of stratum ventilation fix the supply vane angle at 0° [2], the supply vane 

angle is preferred at 35° for a large CRE and a large EUC when stratum ventilation is 

used for heating (Figures 7 and 11). This confirms that the operation of stratum 

ventilation for heating applications is distinct from that for cooling applications.  

The variations of the ventilation performances caused by the corresponding most 

important operation parameters and the combined effects of the four operation 

parameters are compared. For example, the supply airflow rate can cause LMAA to 

vary from 650 s to 1414 s (Figure 6), while the combined effects of the four operation 
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parameters can cause LMAA to vary from 649 s to 1531 s (Figure 12). The variations 

of LMAA caused by the supply airflow rate alone overlap 86.5% of the variations of 

LMAA caused by the combined effects of the four operation parameters. In other 

words, the supply airflow rate can explain 86.5% variations of LMAA. Thus, in order 

to improve LMAA, properly determining the supply airflow rate is adequate in 

practice if a comprehensive and convenient overall optimization of all operation 

parameters is unavailable. Similarly, 85.6% variations of CRE can be explained by the 

supply vane angle (Figures 7 and 13); 78.8% variations of PMV can be explained by 

the supply air temperature (Figures 9 and 14); 65.7% variations of ∆� can be 

explained by the supply air temperature (Figures 10 and 15); and 70.2% variations of 

EUC can be explained by the supply vane angle (Figures 11 and 16). Thus, all the 

ventilation performances can be well maintained by properly controlling the 

corresponding most important operation parameters. 

Furthermore, the variations of the ventilation performances caused by the combined 

effects with the fixed and variable inside surface temperatures of exterior envelope are 

compared. The combined effects with the fixed inside surface temperature of exterior 

envelope refers to the combined effects of the three controllable operation parameters, 

and the combined effects with the variable inside surface temperature of exterior 

envelope refers to the combined effects of the four operation parameters (Section 3.3). 

For example, the combined effects with the fixed inside surface temperature of 

exterior envelope can cause LMAA to vary from 650 s to 1531 s, while the combined 

effects with the variable inside surface temperature of exterior envelope can cause 

LMAA to vary from 649 s to 1532 s (Figure 12). Thus, the variations of LMAA 

caused by the combined effects with the fixed inside surface temperature of exterior 

envelope overlap 99.8% of the variations of LMAA caused by the combined effects 

with the variable inside surface temperature of exterior envelope. In other words, the 

inside surface temperature of exterior envelope can explain the variations of LMAA 

by 0.2%. This indicates that the outdoor weather condition is insignificant to LMAA. 

Similarly, Figures 13-16 show that the inside surface temperature of exterior envelope 
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can explain the variations of CRE, PMV, ∆�and EUC by 3.9%, 18.5%, 12.7% and 

20.8% respectively. Thus, the outdoor weather condition is also insignificant to these 

ventilation performances. As a result, once the controllable operation parameters are 

properly determined, the variations of the outdoor weather condition should not 

significantly affect the ventilation performances. However, it should be noted that, as 

shown in Figures 14 and 15, the variations of the outdoor weather condition might 

cause an indoor thermal environment from comfort to discomfort.  

Based on the above results, a control strategy is proposed to simplify the operation of 

stratum ventilation for heating applications as follows. Under a certain outdoor 

weather condition (e.g., 13.5⁰C or normalized value of 0.5 of the inside surface 

temperature of exterior wall), the supply airflow rate is determined to be the maximal 

value (e.g., 0.04 m3/s or normalized value of 1 in Figure 6) to minimize LMAA. The 

supply vane angle is determined to be the middle value (e.g., 35° or normalized value 

of 0.5 in Figures 7 and 11) to maximize the ventilation performances regarding CRE 

and EUC. With the determined supply vane angle and supply airflow rate, the supply 

air temperature is determined to limit PMV and ∆� at comfort level (e.g., 26⁰C or 

normalized value of 0.5 in Figures 9 and 10) [28]. When the outdoor weather 

condition varies, the controllable operation parameters can be maintained invariable 

as long as PMV and ∆� are thermally acceptable. If PMV and/or ∆� are outside the 

thermal comfort zone [28] caused by the variations of the outdoor weather condition, 

the supply air temperature is recommended to be adjusted to transfer PMV and/or ∆� 

from thermal discomfort to thermal comfort. This is because PMV and ∆� are most 

sensitive to the supply air temperature. Thus, to accommodate the variations of the 

outdoor weather condition, a constant-air-volume system capable of adjusting the 

supply air temperature is preferable to a variable-air-volume system with a constant 

supply air temperature. In summary, the supply airflow rate and the supply vane angle 

are recommended to be maintained at the maximal value (e.g., 0.04 m3/s) and middle 

value (e.g., 35°) respectively for high indoor air quality and energy efficiency, and the 

supply air temperature is determined according to the outdoor weather condition for 
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thermal comfort. 

It is noted that the proposed operation strategy does not aim to optimize the 

ventilation performances, but to simplify the operation while providing reasonable 

ventilation performances. Sensitivity analysis (i.e., the analysis of the individual 

effects and combined effects) is one of the widely used methods to provide guidelines 

to improve the design and operation performances [50]. However, sensitivity analysis 

is not an optimization method [50, 55]. The comprehensive optimization method 

considering different operation performances needs to be developed in future studies. 

The optimization method firstly should be able to balance the different ventilation 

performances reasonably. Table 4 indicates that the ventilation performances can be 

conflicting with each other. Moreover, since there are a large number of operation 

alternatives (different combinations of the supply vane angle, supply airflow rate and 

supply air temperature) for different outdoor weather conditions, the optimization 

method should be computationally efficient. 

5. Conclusions  

CFD simulations are conducted to study the effects of the operation parameters on the 

performances of stratum ventilation for heating applications. Experiments are 

conducted to validate the CFD simulations. Using the experimentally validated CFD 

simulations, both the individual effects and combined effects of the supply vane angle, 

supply airflow rate, supply air temperature and inside surface temperature of exterior 

envelope on the ventilation performances are analyzed. The individual effects show 

that the supply vane angle is most important to both CRE and EUC, the supply 

airflow rate is most important to LMAA, and the supply air temperature is most 

important to both PMV and ∆�. The comparisons of the individual and combined 

effects show that the variations of LMAA, CRE, PMV, ∆� and EUC caused by the 

combined effects of the four operation parameters can be explained by the 

corresponding most important operation parameters by 86.5%, 85.6%, 78.8%, 65.7% 

and 70.2% respectively. Moreover, the outdoor weather condition does not 
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significantly affect LMAA, CRE and EUC, but can transfer PMV and ∆�  to 

discomfort level. 

Furthermore, the constant-air-volume system is recommended for heating applications 

of stratum ventilation. In practice, the supply airflow rate and the supply vane angle 

are suggested to be set at the maximal value and middle value respectively for high 

indoor air quality and energy efficiency, and the supply air temperature is modulated 

according to the outdoor weather condition for thermal comfort. This proposed 

control strategy simplifies the operation of stratum ventilation for heating 

applications. 
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Highlights 

� Experiments of stratum ventilation for heating are used to validate CFD 

simulations.  

� Individual and combined effects of four operation parameters on ventilation 

performances are analyzed. 

� Relative importance of the operation parameters for each ventilation performance 

is identified 

� Ventilation performances are mainly determined by corresponding most 

important operation parameters.   

� Control strategy is proposed to simplify heating operation of stratum ventilation. 
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