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ABSTRACT 7 

The convective heat transfer coefficient (CHTC) is a crucial parameter for night ventilation 8 

performance estimation. This paper investigates the heat transfer of night ventilation with 9 

diffuse ceiling ventilation (DCV) concept in an office room. A series of dynamic full-scale 10 

experiments were conducted with different thermal mass distribution schemes, air change rates 11 

per hour (ACH), and supply temperatures. The CHTC at interior surfaces with the inlet and 12 

outlet temperatures as the reference and the temperature efficiency of DCV were then derived. 13 

In most cases, the experimental CHTCs differed significantly from the CHTCs predicted by 14 

existing correlations. The presence of furniture (tables), its location, and the thermal mass 15 

installed on the walls had little influence on the CHTC at the floor. However, increasing the 16 

thermal mass of one surface can significantly augment its own surface CHTC. New correlations 17 

based on experimental CHTCs were developed for potential application in building energy 18 

simulation tools. The temperature efficiency of DCV decreased with the increase of ACH, the 19 

initial temperature difference between the supply air and indoor air, and the thermal mass level. 20 

DCV had higher temperature efficiency than the mixing ventilation and displacement 21 

ventilation, except for the case with displacement ventilation at low ACH.  22 

KEYWORDS 23 

Convective heat transfer coefficient; Night ventilation; Diffuse ceiling ventilation; Dynamic 24 

full-scale experiments. 25 
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Nomenclature  

Latin symbols  

  

𝐴 Area 

𝑐 Heat capacity 

𝐶 Constant 

𝐶P Specific heat capacity 

𝐸b Black body emissive power 

𝐹 View factor 

𝑔 Gravitational acceleration 

ℎ Surface heat transfer coefficient 

𝐻 Height of walls 

𝑘 Air thermal conductivity 

𝐿 Characteristic length 

�̇� Air volume flow rate  

𝑞 Heat flux 

𝑄 Heat flow 

𝑇 Temperature 

𝑢 Airflow speed 

  

Greek symbols  

  

𝛥 Change in a variable 

𝛿 Kronecker symbol 

휀 Emissivity 

𝜌 Density 

𝑣 Air dynamic viscosity 

𝜆 Thermal conductivity 

  

Subscript  

  

conv Convective 

cond Conductive 

rad Radiative 

surf Surface 

i,j Index for surface i and j 

  

Acronyms  
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ACH Air change rate per hour 

AHU Air handling unit 

BES Building energy simulation 

CCP Climatic cooling potential 

CFD Computational fluid dynamics 

CHTC Convective heat transfer coefficient 

CTF Conduction transfer function module 

DCV Diffuse ceiling ventilation 

HAMT Combined heat and moisture transfer module 

LHS Latin Hypercube Sampling 

MCA Monte Carlo analysis 

NV Night ventilation 

Re Reynolds number 

Nu Nusselt number 
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1 INTRODUCTION 1 

Night ventilation (NV) is a promising way to alleviate the overheating in buildings and reduce 2 

the building cooling demand by using cold outdoor air to cool down the building’s thermal 3 

mass. The cooled thermal mass then acts as a heat sink on the next day to absorb the heat gain 4 

and stabilize the indoor air temperature [1]. During the daytime, the purpose of cooling methods 5 

is to maintain the indoor air temperature within the thermal comfort range, limiting the airflow 6 

rate and inlet temperature decrease to avoid draught. The purpose of NV is to purge out the 7 

diurnal excess heat stored in the thermal mass by convection when the office building is not 8 

occupied. The added benefit of NV is that the indoor air temperature limit of NV can be as low 9 

as 18 °C, and the air change rate per hour (ACH) can be high up to 10 h-1 [2].  10 

Although NV has the benefits mentioned above and has been investigated widely in 11 

experimental or simulation research [3–8], architects or engineers still hesitate to adopt this 12 

solution due to the high uncertainty in performance prediction caused by the inaccurate CHTC 13 

at interior surfaces. Several studies identified the convective heat transfer (CHTC) as a critical 14 

parameter necessary to predict the NV performance [9–11]. Numerous empirical CHTC 15 

correlations have been developed based on the steady flat plat or steady full-scale experiments 16 

[12] and widely adopted in building energy simulation (BES) tools [13]. Nevertheless, those 17 

correlations are only applicable to specific conditions (e.g., radial ceiling diffuser or 18 

displacement ventilation), which may not be adequate for NV and cause a large error in NV 19 

simulations. Previous studies [14–16] investigated the heat transfer of NV with mixing 20 

ventilation, displacement ventilation, and wall-mounted attached ventilation by dynamic full-21 

scale experiments. However, those studies did not focus on characterizing CHTC or developing 22 

CHTC correlation.  23 

Thermal mass activation also plays a decisive role in NV efficiency [17]. Goethals et al. 24 

simulated surrogate models based on CFD [18] and tested the conditions [19] in a modified 25 
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PASLINK cell (an outdoor climate chamber) to investigate the convective heat flux in a night 1 

cooled office room with different ventilation concepts, thermal mass distributions, and room 2 

geometries. The results showed that the thermal mass could augment the convective heat flux 3 

on the surface. Besides the thermal mass on the interior surfaces of buildings, a few studies 4 

investigated the impact of furniture (a kind of internal thermal mass) on the heat transfer in the 5 

room. Wallentén [20] conducted a full-scale experiment involving a desk, two chairs, and a 6 

small chest.  The impact of furniture on the convective heat transfer was found to be small. 7 

Spitler et al. [21] indicated that the furniture (one table and six chairs/two cabinets) impacted 8 

the airflow by comparing the airflow of the room with and without furniture. Those studies 9 

focused more on the convective heat flux or airflow rather than analyzing the CHTC at surfaces.  10 

Diffuse ceiling ventilation (DCV) is an air distribution concept originally developed for 11 

livestock buildings but attracting growing interest for buildings with human occupancy in 12 

recent years [22]. This air distribution system comprises three components: the air plenum, the 13 

suspended ceiling, and the ventilated room. The basic principle of DCV is to induce outdoor air 14 

or supply conditioned air to the plenum before air diffuses through the suspended ceiling panel 15 

into the occupied zone [23]. The plenum acts as the “air duct” to distribute the air; thus, reducing 16 

or replacing the common duct. The large suspended ceiling panel is characterized as an air 17 

diffuser that supplies the air to the occupied zone with very low velocity, which can utilize 18 

extremely low-temperature air without increasing the risk of draught. Furthermore, the pressure 19 

drop through the suspended ceiling panel is much lower than conventional diffusers and air 20 

ducts, saving fan energy use and providing natural ventilation potential [24]. Several studies 21 

have investigated the DCV performance in buildings concerning thermal comfort [25–28] and 22 

energy performance [29–32] by full-scale experiments or numerical simulations.  23 

Taking account of the advantages mentioned above, DCV should also have a high night cooling 24 

potential. Indeed, the outdoor air is circulated throughout the building to effectively remove the 25 
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stored heat in building components, especially the ceiling slab in which the plenum is directly 1 

exposed to the ambient air [33]. However, only a few studies have investigated the night cooling 2 

potential using DCV. Hviid [34] simulated the local CHTC in the plenum by computational 3 

fluid dynamics (CFD) and input those values in BES to evaluate the night cooling potential. 4 

The simulated combined CHTC (i.e., convective + radiative) at the ceiling slab in the plenum 5 

was 11 W/m2·K, only 1 W/m2·K higher than the prescribed value in the Danish standard for 6 

building heat transfer calculations [35]. NV with DVC significantly reduced the overheating 7 

hours and lowered the peak temperature. Hviid and Lessing [36] derived the total CHTC of the 8 

plenum by a full-scale experiment and used the results in a BES tool to simulate NV’s cooling 9 

effect. Compared to the room without DCV, the total CHTC of the plenum was greatly 10 

increased, and the occupied zone temperature reduced 1 – 1.5 °C, which showed the free cooling 11 

potential by utilizing the thermal mass in the ceiling slab. Those studies focused on the heat 12 

transfer in the plenum rather than the ventilated room, which has a larger interior surface area 13 

that directly affects human thermal comfort and the energy use by absorbing the heat gain 14 

during the daytime. 15 

Furthermore, few studies have modeled the building energy performance with DCV only. 16 

According to the authors’ knowledge and literature review, only one thermally activated 17 

building system integrated with DCV was modeled in BES tools [31]. The results showed that 18 

unlike the surfaces in the plenum cooled day and night by conditioned air or cold ambient air, 19 

the surfaces in the ventilated room absorb internal and solar heat gains and impact human 20 

comfort by radiation directly. Zhang et al. [37] demonstrated that for DCV, the buoyancy flow 21 

from heat sources controls the room’s airflow pattern when the ACH is not higher than 10 h-1. 22 

NV usually drives a predominately forced convection heat flow because there is no heat source 23 

or solar irradiance in the office room at night [14]. The heat transfer of the ventilated room with 24 

DCV at night cooling scenario needs further study.  25 
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To the best of the authors’ knowledge, this paper aims to analyze the CHTC at surfaces in a 1 

ventilated room and the temperature efficiency of DCV under the NV scenario. The study also 2 

investigates the impact of thermal mass distribution on the CHTC, compares the CHTC with 3 

existing correlations, and develops CHTC correlations. The dynamic full-scale experiments 4 

were conducted in 25 design cases involving 6 thermal mass distribution schemes, 3 constant 5 

ACH, and 2 supply air temperatures. Section 2 describes the experimental setup. Section 3 6 

introduces the data analysis methods for the derivation of CHTC and uncertainty analysis. 7 

Section 4 presents the experimental CHTCs at surfaces of the ventilated room. Section 5 8 

summarizes the conclusions and closes the article with suggestions for future work.  9 

2 EXPERIMENTAL DESCRIPTIONS 10 

2.1 Guarded hot box setup 11 

The Standard EN ISO 8990 defines two types of hot box apparatuses: the guarded hot box and 12 

the calibrated hot box [38]. A guarded hot box was used as a test chamber to conduct the 13 

dynamic full-scale experiments (see Fig. 1). The hot box was divided into three zones: a 14 

guarding zone, an upper zone, and a test room. The upper zone was an air plenum that represents 15 

the space between the room ceiling and diffuse ceiling in a real building, while the test room 16 

represents the office room with dimensions of 4.2 m (L)×3.6 m (W)×2.5 m (H). The guarding 17 

zone enclosed the upper zone and test room with the constant air temperature (22 °C) by an air 18 

handling unit (AHU) to simulate a stable outdoor environment for ensuring that the heat loss of 19 

envelope was only caused by NV. The temperature of 22 °C is a representative temperature for 20 

the office building at the end of the summer working day [39]. Another AHU supplied the 21 

conditioned air into the upper zone and exhausted the air in the test room by a circular outlet 22 

with a diameter of 215 mm located in the bottom right corner of the front wall shown in Fig. 23 

2a. A duct with an airflow sensor was connected to the outlet to measure the airflow rate. A 24 

fabric air duct with a diameter of 300 mm in the upper zone was applied to distribute the air in 25 
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the upper zone uniformly (see Fig. 2c). The diffuse ceiling panels made by wood-cement boards 1 

(ρ=359 kg/m3, Cp=923 J/kg·K, λ=0.085 W/m·K, porosity = 65%) with a thickness of 25 mm 2 

separated the upper zone and test room (see Fig. 2d).  3 

The original construction of three walls (right, back, and left) and floor in the test room was 4 

sandwich elements (i.e., 15 mm wood panel+225 mm expanded polystyrene+15 mm wood 5 

panel). The front wall comprised 150 mm foam boards (ρ=14.5 kg/m3, Cp=1500 J/kg·K, 6 

λ=0.038 W/m·K) and 12 mm wood panels. The front wall was in contact with the indoor 7 

laboratory environment, conditioned at a constant temperature of 22 °C. To achieve better 8 

insulation, 50 mm foam boards were installed on the test room’s interior surfaces. Due to the 9 

practical door open position in the room, 100 mm foam boards were installed on the back wall.  10 

 11 

Fig. 1. Vertical section view of the hot box.  12 
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 1 

Fig. 2. (a) Outlet, (b) air distribution duct with airflow sensor, (c) fabric air duct and 2 

suspension brackets, and (d) diffuse ceiling panel. 3 

2.2 Design cases and experimental procedure 4 

The total dynamic heat capacity per unit floor area (cdyn/Afloor) defines the building’s thermal 5 

mass level. cdyn represents the amount of energy stored per surface area when the surface is 6 

exposed to a sinusoidal temperature variation over one periodic cycle and can be calculated by 7 

EN ISO 13786 [40]. The original test room’s thermal mass level was low, with the cdyn/Afloor of 8 

31.6 kJ/m2·K. In order to investigate the influence of thermal mass distribution on the heat 9 

transfer in the test room, 18mm Fermacell® fiber plasterboards (ρ=1150 kg/m3, Cp=1100 10 

J/kg·K, λ=0.32 W/m·K) were installed on the different surfaces of the test room or were used 11 

to assemble four tables in the room. Each table comprised two fiber plasterboards (i.e., 36 mm 12 

thickness) and was supported with four metal columns with a height of 700 mm. Fig. 3 shows 13 

the locations of tables. Three different constant air change rates per hour (ACH) and two initial 14 

temperature differences (ΔT0) between the supply air (i.e., the conditioned air before entering 15 

the plenum) and test room indoor air were designed for different experimental cases. Table 1 16 

lists the design cases and the corresponding thermal mass level of the test room. For the sake 17 
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of simplification, the fiber plasterboard is called “thermal mass” in later sections. The design 1 

cases are referred to by abbreviations in later sections. For example, ‘10ACH 10°C Floor’ 2 

represents case 1 with ACH of 10 h-1, ΔT0 of 10°C, and thermal mass installed on the floor.  3 

The experiment procedures are: (1) supplying the air temperature with 22 °C until the steady 4 

state was reached (i.e., interior surfaces and indoor air temperature were close to 22 °C, the 5 

average temperature difference between the interior and exterior surfaces less than 0.1 °C); (2) 6 

supplying the conditioned cold air with the predefined temperature to the upper zone and 7 

exhaust the air from the test room by AHU for 8 hours to simulate NV. Steps 1 and 2 were then 8 

repeated for the next case. An automatic control system was developed using the LabVIEW 9 

programming language to identify the steady state and control AHUs. It is worth noting that an 10 

electrical heater with a power of 1000 W was installed before the inlet of the upper zone (cf. 11 

Fig. 1). The heater was turned on to heat the conditioned air with predefined temperature (e.g., 12 

12°C) to 22 °C to ensure steady state condition. Then the heater to start the NV case study. This 13 

is done to save the time to turn the temperature from 22 °C to the predefined temperature by 14 

AHU. 15 

 16 

Fig. 3. Tables (a) in the middle, (b) close to walls, and (c) close to corners or walls. 17 

Table 1. Design cases and the corresponding thermal mass level of the test room. 18 

Case No. Thermal mass distribution ACH (h-1) ΔT0 (℃) Total cdyn/Afloor (kJ/m2·K) 

Case 1 to 6 Floor 10, 5, 2 10, 5 50.6 

Case 9 to 12 Floor+Table(a) 10, 5 10, 5 75.9 

Case 13 to 16 Floor+Table(b) 10, 5 10, 5 75.9 
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Case 17  Floor+Table(c) 10 10  75.9 

Case 18 Floor+Table(c) 5 5 75.9 

Case 19 Floor+Right wall 5 5 62.6 

Case 20 to 25 Not installed 10, 5, 2 10, 5 31.6 

2.3 Measurements 1 

Table 2 shows the specifications of measurement equipment and the measured parameters. 2 

Every surface in the test room was evenly divided into nine parts, and the center of each part 3 

was the measuring point for thermocouples or thermopiles (see Fig. 4a). A thermal paste 4 

ensured good thermal contact between the thermocouples and surfaces. Fig. 4b and c detail the 5 

locations of the thermocouples and thermopiles in one wall.  6 

Table 2. Specification of measurement equipment. 7 

Instrument Measured parameter Range Accuracy Remark Reference 

FTMU UltraLink Airflow rate 
0 to 507 

m3/h 
±5% Ø=160 mm 

[41] 

Type K 

thermocouple 

Surface temperature, 

indoor air, and outlet 

temperature 0 to 

50 °C 
±
0.09 °C 

 

[42] 

Local air temperatures 

above and below the 

diffuse ceiling 

With shielding 

ventilated tube 

[43] 

PT 100 

Supply air temperature, 

air temperature from 

AHUs 

0 to 

50 °C 
±0.1 °C  

[44] 

TH9100MR 

Thermo tracer 

Diffuse ceiling 

temperature 

-20 to 

100 °C 
±2 °C  

[45] 

Thermopile 

Temperature difference 

between interior and 

exterior surface 

- 
±
0.058 °C 

Formed by 3 

thermocouples 

connected in series 

[46] 

Hot-sphere 

Anemometer 
Air velocity 

0 to 5 

m/s 

± 0.05 

m/s 
- 

[47] 
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 1 

Fig. 4. (a) Positions of thermocouples/thermopiles measuring points in the surface, location of 2 

thermocouple and thermopile in (b) the original wall, (c) the original wall with fiber 3 

plasterboard. 4 

Local air temperatures above and below the diffuse ceiling were measured by thermocouples. 5 

Fig. 5a and b show the horizontal section and vertical section of the temperature measuring 6 

points, respectively. The thermocouples shielded inside a ventilated tube (see Fig. 5c), which 7 

was formed by the silver and had a mini-fan inside to produce a low-speed airflow (1.5 m/s) to 8 

accurately measure the air temperature by reducing the error caused by radiation and increasing 9 

convection employing ventilation [43], as shown in Fig. 5c. The upper shielding ventilated 10 

thermocouples measured the inlet air temperature for the test room, while the temperatures 11 

measured by the lower shield thermocouples denote the diffuse ceiling lower surface 12 

temperatures. The reason is that the air temperature close to the diffuse ceiling lower surface 13 

was almost identical to the diffuse ceiling lower surface temperature under the summer cooling 14 

scenario with internal heat gains [37]. We infer those two temperatures should be closer under 15 

the NV scenario since no internal heat gains are present in the test room. A thermo tracer was 16 

used to measure surface emissivity (see Fig. 4d).  17 

(c)(b)(a)
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 1 

Fig. 5. (a) Horizontal section of measuring points below and above the diffuse ceiling, (b) 2 

vertical section of measuring points, (c) shielding ventilated tube, (d) thermo tracer. 3 

Air velocities were measured by hot-sphere anemometers placed on the movable columns or 4 

interior surfaces. Fig. 6a shows the horizontal positions of anemometers in the test room, of 5 

which “A1 – A13” represents the positions of columns, and “B1 – B9” means the positions of 6 

anemometers placed on the ceiling and floor. The columns (A1 – A12) hold three anemometers, 7 

while the column (A13) only had one, as shown in Fig. 6b and c. Each position (B1 – B9) had 8 

two anemometers installed on the ceiling and floor, respectively. The distances of anemometers 9 

away from surfaces were 50 mm.  10 

 11 

(a) (b)

(c) (d)

(a) (b) (c) (d)
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Fig. 6. (a) Horizontal positions of anemometers in the test room, (b) anemometers in the 1 

columns close to the room surface (A1-A12), (c) anemometer in the column in the middle of 2 

the room (A-13), (d) anemometers fixed close to the ceiling or floor (B1-B9). 3 

One thermocouple located in the middle of the test room measured the indoor air temperature, 4 

while another one placed in the middle of the outlet recorded the outlet air temperature. Fluke 5 

Helios Plus 2287A dataloggers acquired analog signals from all thermocouples and thermopiles. 6 

PT100 monitoring the supply air temperature for the upper zone was logged with a data 7 

acquisition modules NI-9216 from National Instruments. The sampling rate of 0.1 Hz (every 8 

10 s) was selected to log all the data. To reduce the noise in the measurement signals, the 9 

moving average of 15 values (2.5 min) was applied.  10 

3 DATA ANALYSIS 11 

3.1 Derivation of CHTC 12 

The convective heat flux (𝑞conv,𝑖 ) on surface i is derived by the corresponding calculated 13 

conductive heat flux (𝑞cond,𝑖) and radiative heat flux (𝑞rad,𝑖) based on the inside surface heat 14 

balance, as shown in Eq. (1), assuming that heat flux from outside to inside is positive. Then, 15 

the convective heat transfer coefficient (CHTC) ℎ𝑐𝑜𝑛𝑣,𝑖 at surface i is calculated by Eq. (2).  16 

𝑞conv,𝑖 = 𝑞cond,𝑖 − 𝑞rad,𝑖                                                (1) 17 

ℎ𝑐𝑜𝑛𝑣,𝑖 =
𝑞conv,𝑖

(𝑇ref−𝑇surf,𝑖)
                                                     (2) 18 

where 𝑇ref  and 𝑇surf,𝑖  are the reference temperature and surface i temperature, respectively. 19 

𝑞cond,𝑖 was calculated by a transient 1D finite difference model with an explicit scheme [48]. 20 

The boundary conditions for the 1D model were the interior and exterior surface temperatures, 21 

respectively. For the surfaces (i.e., four walls and the floor), the interior surface temperature 22 

was measured by the thermocouple, and the exterior surface temperature was derived by the 23 
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temperature difference measured by the thermopile and the measured interior surface 1 

temperature. For the four tables, the interior and exterior surface temperatures were measured 2 

by the thermocouples. 𝑞rad,𝑖 was calculated using the radiosity method [49] that is widely used 3 

in BES tools like EnergyPlus and IDA-ICE. Eq. (3) & (4) show the calculation method. 4 

[
𝛿𝑖𝑗−(1− 𝑖)∙𝐹𝑖−𝑗

𝑖
] [𝐽𝑖] = [𝐸b𝑖]                                            (3) 5 

𝑞rad,𝑖 =
𝑖

(1− 𝑖)
∙ [𝐸b𝑖 − 𝐽𝑖]                                              (4) 6 

where 𝛿  is the Kronecker symbol, 휀 is the emissivity, 𝐹𝑖−𝑗  is view factor from surface i to 7 

surface j and 𝐸b is the black body emissive power. For cases without indoor tables, 𝐹𝑖−𝑗 was 8 

calculated by the method for perpendicular and parallel rectangular plates [50]. While for cases 9 

with tables, 𝐹𝑖−𝑗 was considered as the obstructed view factor and was calculated using the 10 

adaptive integration method [51].  11 

3.2 Uncertainty analysis 12 

The uncertainty analysis based on the most widely used uncertainty propagation method-Monte 13 

Carlo analysis (MCA) was conducted to estimate the uncertainty of result concerning the 14 

accuracies of equipment (cf. Table 1) and the uncertainties of the material properties that were 15 

assumed to be normally distributed and given with a confidence interval of 95%, as shown in 16 

Table 3. The thermal conductivity, density, and specific heat capacity originated from the 17 

manufacture, while the emissivity was deduced by comparing the material surface temperature 18 

to the temperature of black tape with high emissivity using the TH9100MR thermo tracer. Latin 19 

Hypercube Sampling (LHS) was adopted as the sampling method to generate the input 20 

scenarios according to the uncertainties of parameters mentioned above. The benefit of LHS is 21 

that results can be converged easily with a considerably small reduced number of samples for 22 

the MCA [52]; thus, the sample size by LHS was set as 300. After generating input scenarios 23 
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by LHS, MCA was then conducted to determine the total uncertainty with a confidence interval 1 

of 95% for the derived results, including the CHTC. 2 

Table 3. Properties of materials used in the test room. 3 

Material λ (W/m·K) ρ (kg/m3) Cp (J/kg·K) 휀 (-) 

Wood-cement 0.085 ± 0.001 359 ± 10 923 ± 100 0.95 ± 0.03 

Foam boards 0.038 ± 0.001 14.5 ± 0.1 1500 ± 100 0.96 ± 0.03 

Fiber plasterboards 0.32 ± 0.01 1150 ± 10 1100 ± 100 0.95 ± 0.03 

3.3 General form of CHTC correlation development 4 

Forced convection is the driving force of NV. For a flat plate with dominated forced convection, 5 

the Nusselt number (NuH) can be written as a function of the Reynolds number (ReH) by Eq. 6 

(5) [53].  7 

ℎ𝐻

𝑘
= Nu𝐻~{

Re𝐻
0.5, for larminar flow

Re𝐻
0.8, for turbulent flow

                                    (5) 8 

Re𝐻 =
𝑈∞𝐻

𝑣
                                                          (6) 9 

where h is the CHTC, 𝑈∞ represents the fluid free stream velocity, H is the plate length, k is 10 

the fluid thermal conductivity, v is the air dynamic viscosity.  11 

Fisher & Pedersen [54] conducted the steady-state experiment in an isothermal room with a 12 

radial ceiling diffuser that supplied air with ACH from 3 to 12 h-1 and with the temperature 13 

from 10 °C to 25 °C to derive the CHTCs with the inlet temperature as the reference at interior 14 

surfaces. They then combined the experimental results with the high ACH from 15 to 100 h-1 15 

[21] to develop the correlations for forced convection in the enclosure by the scale analysis of 16 

the boundary layer for the flat plate in Eq. (5). Table 4 shows these correlations for forced 17 

convection.  18 

Table 4. CHTC correlations for the radial ceiling diffuser configuration (ACH: 3 to 100 h-1) 19 

[54]. 20 
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Surface type Correlations 

Ceiling ℎ = 0.49𝐴𝐶𝐻0.8 

Floor ℎ = 0.13𝐴𝐶𝐻0.8 

Walls ℎ = 0.19𝐴𝐶𝐻0.8 

Fisher [55] also noticed that correlations in Table 4 gave a relatively large error in predicting 1 

the CHTC at low ACH due to the flow pattern not being fully turbulent. Then, a relationship 2 

between Nue and Ree was expressed in Eq. (7).  3 

Nue = C2 + C3 ∙ Ree
𝑚                                                        (7) 4 

Nue = 
ℎ𝐿

𝑘
                                                               (8) 5 

Ree =
�̇�

𝜌𝑣𝐿
                                                               (9) 6 

where L is the characteristic length that can be the cubic root of the room volume (𝑉𝑟𝑜𝑜𝑚
1/3

), and 7 

�̇� is the air volume flow rate. Combining Eqs. (7) to (9), the CHTC can be expressed by Eq. 8 

(10).  9 

ℎ =  C4 + C5 ∙ 𝐴𝐶𝐻
𝑚, 0.5 ≤ 𝑚 ≤ 0.8                                (10) 10 

Eq. (10) was used as the general form for the CHTC correlation development. The reference 11 

temperature for the correlation development was the inlet temperature for the test room (i.e., 12 

the temperature measured by shielding ventilated thermocouple above the diffuse ceiling panel, 13 

cf. Fig. 5b). It should be noticed that the CHTC at the diffuse ceiling lower surface (i.e., the 14 

ceiling for the test room) was not investigated. The reasons are listed below: (1) the convective 15 

heat flux at the diffuse ceiling surface is difficult to be derived because the porous matrix of 16 

wood-cement ceiling converts part of the conductive and convective heat transfer into radiative 17 

heat transfer [22]; (2) the diffuse ceiling made by the wood-cement has very low thermal mass 18 

and heat capacitance, which has little influence on the energy use of DCV with respect of the 19 

whole space; (3) the heat transfer through the porous material in BES tools like EnergyPlus 20 

cannot be modeled by the most commonly used Conduction Transfer Function (CTF) module. 21 
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While the Combined Heat and Moisture Transfer (HAMT) Model needs another input of 1 

moisture in all the building materials and does not fit the heat transfer equations for the diffuse 2 

ceiling panel mentioned in [22]. This is because EnergyPlus treats the air exchange and 3 

interchange between zones as convective heat gain [13]. A possible approach to select the 4 

suitable CHTC correlation for the diffuse ceiling is to adopt different existing correlations to 5 

find the one that minimizes the discrepancy between the measured values (e.g., interior surface 6 

temperature) and simulated values by BES.  7 

After integrating the conductive and radiative heat flux at nine sections of each surface and 8 

calculating the mean surface temperature, Eq. (2) was used to calculate the surface-averaged 9 

CHTCs with the inlet temperature as the reference over the night cooling period. It is worth 10 

noting that the first hour data of the whole 8-hour night cooling period is excluded due to the 11 

initial transient effect at the beginning of NV.  12 

The forced CHTC correlations for the floor and walls in Table 4 as well as the correlations in 13 

Table 5 that were derived from the same test chamber with a sidewall inlet, were used to 14 

compare with the experimental CHTCs. Petersen et al. [56] found that DCV tends to have the 15 

displacement ventilation effect within the occupied zone at low internal heat loads. Therefore, 16 

the forced convection correlation for the floor (ℎ =  0.48𝐴𝐶𝐻0.8) without heat patches under 17 

the displacement ventilation was also selected for comparison [57]. 18 

Table 5. CHTC correlations for the sidewall inlet configuration (ACH: 3 to 12 h-1) [55]. 19 

Surface type Correlations 

Floor ℎ =  0.698 + 0.173𝐴𝐶𝐻0.8 

Wall ℎ =  −0.109 + 0.135𝐴𝐶𝐻0.8 

Furthermore, adaptive CHTC correlations that blended the natural and forced convection 20 

correlations [58] were also used for comparison. Those correlations may be the most 21 

comprehensive model for CHTC available and have been widely implemented in BES tools. 22 

For the NV scenario (i.e., cold air above or close to interior surfaces), the correlations for the 23 
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buoyant floor and the walls with opposing forces were selected, as shown in Eq. (11) and Eq. 1 

(12), respectively.  2 

ℎfloor,adaptive = [[(1.4 (
∆𝑇

𝐷ℎ
)
1/4
)
6

+ (1.63∆𝑇1/3)
6
]

3/6

+ [(
𝑇𝑠𝑢𝑟𝑓−𝑇𝑖𝑛𝑙𝑒𝑡

∆𝑇
) (0.159 + 0.116𝐴𝐶𝐻0.8)]

3
]

1/3

        (11) 3 

ℎwall,adaptive = max

{
 
 
 

 
 
 
[[(1.5 (

∆𝑇

𝐻
)
1/4
)
6

+ (1.23∆𝑇1/3)
6
]

3/6

− [(
𝑇𝑠𝑢𝑟𝑓−𝑇𝑖𝑛𝑙𝑒𝑡

∆𝑇
) (−0.199 + 0.19𝐴𝐶𝐻0.8)]

3
]

1/3

80%[(1.5 (
∆𝑇

𝐻
)
1/4
)
6

+ (1.23∆𝑇1/3)
6
]

1/6

80%[(
𝑇𝑠𝑢𝑟𝑓−𝑇𝑖𝑛𝑙𝑒𝑡

∆𝑇
) (−0.199 + 0.19𝐴𝐶𝐻0.8)]

        (12) 4 

where ∆𝑇 is the temperature difference between the surface and the indoor air, 𝐻 is the wall 5 

height, and 𝐷ℎ is the hydraulic diameter of the floor, which is calculated by 4×area/perimeter. 6 

It is worth noting that the outlet air temperature is selected to represent the test room’s average 7 

indoor air temperature due to the small air temperature gradient in the ventilated room [37]. 8 

Therefore, the surfaced-average CHTCs with the outlet temperature as the reference were 9 

deduced to compare with the predicted values by adaptive correlations. The discrepancy 10 

between the two values was evaluated by the mean absolute percentage error (MAPE) using 11 

Eq. (13).  12 

MAPE =
1

𝑛
∑ |

𝐸𝑡−𝑃𝑡

𝐸𝑡
|𝑛

𝑡=1                                                 (13) 13 

where 𝐸𝑡 and 𝑃𝑡 are the experimental value and predicted value at point t, respectively. 𝑛 is the 14 

number of data points (i.e., 2520 points from 7h data with 10s interval). MAPE was also used 15 

to evaluate the discrepancy between the experimental CHTC (inlet temperature as reference) 16 

with predicted values by forced correlations at ACH of 5 and 10 h-1. 17 

The indoor furniture was usually regarded as a horizontal and upward-facing surface in BES 18 

software [34] because no specific CHTC correlations were developed for the furniture. 19 

Therefore, the forced correlations and adaptive correlations for the floor were also used for 20 

comparison, respectively. 21 
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4 RESULTS AND DISCUSSION 1 

4.1 CHTC at the floor 2 

Fig. 7 shows the experimental surface-averaged CHTCs at the floor (inlet temperature as 3 

reference) and the corresponding existing CHTC correlations. The nonlinear least square 4 

method with the trust-region-reflective [59] algorithm is adopted to deduce the fitted curve 5 

based on the experimental values. For different design cases, the R2 (coefficient of 6 

determination) of fitted curves is between 0.90 and 0.94, and the uncertainties estimated for the 7 

surface-averaged CHTCs range from ± 6% to ± 10%. It is worth noting that there are two 8 

experimental values at the same ACH, representing the values are from two different inlet 9 

temperatures. Those values are very close to each other, indicating ΔT0 has little influence on 10 

the average CHTC at the floor; thus, demonstrating the inlet jet momentum by NV drives the 11 

forced convection at the floor.  12 

It can be seen that at the same ACH, Novoselac et al.’s correlation [57] (i.e., displacement 13 

ventilation) predicts the highest CHTC, followed by Fisher’s correlation [55] (i.e., sidewall 14 

inlet) and Fisher & Pedersen’s correlation [54] (i.e., radial ceiling diffuser). The reason is that 15 

the displacement ventilation diffuser located on the floor covered a larger floor area with the 16 

cool inlet jet compared to the free horizontal jet from the vertical slot located in the middle of 17 

a west wall and the downward jet from the radial ceiling diffuser. When the thermal mass (i.e., 18 

fiber plasterboard) was installed on the floor (except Fig. 7f), the experimental values at ACHs 19 

of 5 and 10 h-1 fit quite well with Fisher’s correlation, while the other two existing correlations 20 

either overestimate or underestimate the experimental values. It seems that the presence of 21 

tables, locations of tables, and the thermal mass installed on the right wall has negligible impact 22 

on the average CHTC at the floor. Even though the number of experimental values for cases 23 

shown in Fig. 7b to Fig. 7e is smaller than the case with the thermal mass on the floor, it can 24 

infer that the fitted curve in Fig. 7a is also applicable for those cases with ACH ranging from 2 25 
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to 10 h-1. Compared to the floor with thermal mass, the floor without thermal mass had much 1 

lower surface-averaged CHTCs (Fig. 7f). The possible reasons are: (1) the dynamic heat 2 

capacity of the floor increases a lot from 8.5 to 26.0 kJ/m2·K by installing the thermal mass on 3 

the original foam boards, which provides a larger heat sink to store/release more heat; (2) the 4 

temperature congruence of the local air and floor surface is slowed down by the thermal mass 5 

which leads to a higher temperature difference for a longer period to extract more heat by NV. 6 

When no thermal mass is installed on the floor, all three existing correlations overestimate the 7 

average CHTC at the floor, of which Fisher & Pedersen’s correlation predicted the results 8 

relatively well with the mean absolute percentage error (MAPE) of 38.7%, and root mean 9 

squared error (RMSE) calculated by Eq. (14) of 0.18 W/m2·K at high ACH (i.e., 5 and 10 h-1).   10 

    11 

   12 

Fig. 7. Experimental CHTC at the floor for thermal mass on the (a) floor, (b) floor + table(a), 13 

(c) floor + table(b), (d) floor + table(c), (e) floor + right wall, and (j) thermal mass not 14 

installed. 15 

RMSE = √
∑ (𝐸𝑡−𝑃𝑡)2
𝑛
𝑡=1

𝑛
                                                (14) 16 
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The comparison between the experimental CHTCs at the floor (outlet temperature as reference) 1 

and the predicted CHTCs by the corresponding adaptive correlation is also conducted. 2 

Generally, the adaptive correlation for the floor underestimated the experimental values. The 3 

MAPE between those two values ranges from 42% to 221% for different design cases. The 4 

lowest MAPE (i.e., 42%) occurs in case 11 (5ACH 10 °C Floor+Table(a)), as shown in Fig. 8.  5 

 6 

Fig. 8. Comparison between the experimental CHTC at the floor and CHTC predicted by 7 

adaptive correlation for the floor for case 11.   8 

4.2 CHTC at walls 9 

Fig. 9 shows the experimental surface-averaged CHTCs at four walls (inlet temperature as 10 

reference) and the corresponding two existing CHTC correlations. The experimental values 11 

with the same symbols at the same ACH represent those values are from two different inlet 12 

temperatures. The text of “Floor” or “Floor+Table(a)” in the legend of Fig. 9 represents the 13 

thermal mass distribution. The uncertainties estimated for the experimental CHTCs range from 14 

± 5% to ± 10%. Fisher’s correlation gives higher values for walls than Fisher & Pedersen’s 15 

correlation at the same ACH because the jet from the radial ceiling diffuser covered a larger 16 

wall area than the free horizontal jet from the middle of a west wall. Fisher’s correlation fits 17 

relatively better with the experimental values than Fisher & Pedersen’s correlation, but the 18 
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errors are still large with MAPE ranging from 28% to 131%, and RMSE ranging from 0.17 to 1 

0.34 W/m2·K for different walls at high ACH.  2 

Fig. 10 shows the mean vertical air velocity measured by anemometers on columns A-1 to A-3 

13 and anemometers in position B-9 (cf. Fig. 6) for case 1 (10ACH 10°C Floor) over the night 4 

cooling period. The vertical velocity changed little for most locations, indicating a relatively 5 

uniform air distribution in the test room. The velocity in the height of 0.42 m of column A-12 6 

was larger than other measured velocities because the anemometer was close to the outlet. Due 7 

to the relatively uniform air distribution, the experimental CHTCs at four walls under the same 8 

ACH were similar, except the front wall had slightly higher CHTC than the other three walls 9 

for most cases. The reason could be that the outlet was located in the bottom right corner of the 10 

front wall that induced more airflow near the outlet, resulting in a higher average velocity over 11 

the entire front wall than other walls.  Fig. 11 shows the local air velocity over the whole front 12 

wall with the linear interpolation and extrapolation method by the local velocities measured by 13 

nine anemometers on the columns A-10, A-11, and A-12 in Fig. 6 and the outlet velocity 14 

deduced by the airflow rate and outlet area for case 1 (10ACH 10°C Floor) after two hours, 15 

which supports the reasons mentioned above.  16 

In Fig. 9b, it can be seen that the right wall with the thermal mass had a much higher average 17 

CHTC than the right wall without thermal mass, indicating the thermal mass enhanced the 18 

convective heat transfer at the surface. For cases without tables, the experimental values at the 19 

same ACH and under the same thermal mass distribution were almost independent of the inlet 20 

temperatures. The corresponding fitted curves with R2 ranging from 0.91 to 0.95 (see Table 6). 21 

The presence of tables and the location of tables seem to have some influence on the average 22 

CHTC at walls. For cases with tables, the discrepancy between the experimental values with 23 

different inlet temperatures under the same locations of tables at the ACH of 10 h-1 is large, 24 

with the absolute error up to 0.5 W/m2·K, resulting in a small R2 as low as 0.47. This may be 25 
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explained that tables obstructed the downward airflow to turn more airflow horizontal to walls 1 

or just reduced the downward airflow along the walls, changing the airflow pattern on the walls 2 

with different inlet temperatures. Therefore, the average CHTCs at walls are difficult to be 3 

predicted when tables are placed in the room.  4 

An alternative easier way is to derive the fitted curve for each wall based on all experimental 5 

CHTCs regardless of the tables’ parameters. The solid red lines in Fig. 9 are the fitted curves 6 

with R2 ranging from 0.49 to 0.79. The R2 of those fitted curves is small, leading to the MAPE 7 

between the experimental values and predicted values range from 17% to 51%. However, the 8 

RMSE between those two values ranges from 0.06 to 0.12 W/m2·K, which should be acceptable 9 

in BES. 10 

  11 

 12 

Fig. 9. Experimental CHTC at the (a) front wall, (b) right wall, (c) back wall, (d) left wall.  13 
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 1 

Fig. 10. Vertical air velocity measured by anemometers on columns A-1 to A-13 and 2 

anemometers in position B-9.  3 

 4 

Fig. 11. Local air velocity over the front wall for case 1 after two hours. 5 

Table 6. Fitted curve functions for CHTCs at different walls of two thermal mass distribution. 6 

Thermal mass distribution Front wall Right wall Back wall Left wall 

Floor 0.14+0.08ACH0.8 0.01+0.15ACH0.8 -0.04+0.12ACH0.5 0.03+0.06ACH0.8 

Outlet

m/s
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Not installed 0.14+0.12ACH0.5 -0.1+0.08ACH0.8 -0.15+0.07ACH0.8 -0.2+0.08ACH0.8 

The comparison between the experimental CHTCs at four walls (outlet temperature as 1 

reference) and the predicted CHTCs by the corresponding adaptive correlation shows that the 2 

MAPE between those two values ranges from 14% to 3,229%. The reason that the MAPE can 3 

be up to 3,229% was that the experimental values of cases at low ACH were small, but the 4 

values predicted by adaptive correlations were large, leading to a small denominator and a large 5 

numerator for calculating the MAPE by Eq. (13). Either the adaptive correlation for the wall 6 

underestimated or overestimated the experimental values for different design cases. The lowest 7 

MAPE (i.e., 14%) occurs in case 9 (10ACH 10°C Floor+Table(a)) for the front wall, as shown 8 

in Fig. 12.  9 

 10 

Fig. 12. Comparison between the experimental CHTC at the front wall and CHTC predicted 11 

by adaptive correlation for the wall for case 9. 12 

4.3 CHTC at tables 13 

Fig. 13 shows the surface-averaged CHTCs at tables (inlet temperature as reference) and the 14 

corresponding three existing correlations. The experimental values with the same symbols at 15 

the same ACH represent those values are from two different inlet temperatures. The 16 

uncertainties estimated for the surface-averaged CHTCs range from ± 7% to ± 12%. Fisher & 17 
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Pedersen’s correlation predicts relatively well for CHTCs at table surfaces facing upward, while 1 

all three correlations largely overestimate the experimental values at table surfaces facing 2 

downward. 3 

For the same table of all design cases, the CHTC at the table surface facing upward was higher 4 

than that for the table surface facing downward. Because the inlet jet poured down the table 5 

surface facing upward firstly and flowed over the table surface facing upward, while the table 6 

surface facing downward was affected relatively less by the cold air. Another reason that can 7 

contribute to the difference between the CHTCs at two surfaces of one table was the different 8 

view factor of the two surfaces, resulting in different radiative heat transfer fluxes, which can 9 

impact the CHTC. The CHTCs at tables were dependent on the locations of tables. However, it 10 

is difficult to develop an accurate CHTC correlation (i.e., R2 exceeds 0.90) using the curve 11 

fitting method for specific locations of tables since the discrepancy between the experimental 12 

values at the same ACH with different inlet temperatures is high. The possible reason is that 13 

the boundary conditions for the 1D finite-difference model to calculate the transient conductive 14 

heat flux of table surfaces were temperatures measured by two thermocouples, causing higher 15 

uncertainty for the results than the other interior surfaces (e.g., floor) whose temperature 16 

difference was measured by thermopiles.  17 

A feasible way is to derive the fitted curves (even with the small R2 of 0.28 and 0.37, 18 

respectively) for table surfaces facing upward and for table surfaces facing downward based on 19 

the corresponding experimental values without concerning the location of tables, as shown in 20 

Table 7. The MAPE and RMSE between the experimental CHTCs at table surfaces facing 21 

upward and the CHTCs calculated by the fitted curves are 29% and 0.21 W/m2·K. For table 22 

surfaces facing downward, the MAPE between the experimental values and predicted values 23 

are very large (up to 7,014%) because some experimental values are close to 0, but the RMSE 24 

between those two values is 0.13 W/m2·K, which should also be acceptable in BES.  25 
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 2 

  3 
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  1 

Fig. 13. Experimental CHTC at different table surfaces. 2 

Table 7. Fitted curve functions for the table surface facing upward and downward. 3 

Table surface Fitted curve function 

Facing upward 0.11+0.19ACH0.65 

Facing downward -0.21+0.1ACH0.65 

The MAPE between the experimental CHTC at tables (outlet temperature as reference) and the 4 

predicted CHTC by the adaptive correlation for the floor range from 18% to 31,512%. Either 5 

the adaptive correlation for the floor underestimated or overestimated the experimental values 6 

for different design cases. The lowest MAPE (i.e., 18%) occurs in case 17 (10ACH 10°C 7 

Floor+Table(c)) for table 1 upward. The MAPE is up to 31,512% because the experimental 8 

CHTCs (outlet temperature as the reference) at the table surfaces facing downward were too 9 

small.  10 
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 1 

Fig. 14. Comparison between the experimental CHTC at table 1 surface facing upward and 2 

CHTC predicted by adaptive correlation for the floor for case 17. 3 

4.4 Temperature efficiency 4 

Apart from modeling the NV for performance estimation by adopting CHTC correlations in 5 

BES tools, the NV performance in terms of the surface cooling effectiveness can also be 6 

calculated in a simple model with the climatic cooling potential (CCP), temperature efficiency, 7 

and other parameters at the design stage [15]. The CCP for passive cooling of buildings by NV 8 

in Europe can be found in [60], while the temperature efficiency can be calculated by Eq. (15). 9 

𝜂 =
𝑇outlet−𝑇inlet

�̅�surface−𝑇inlet
                                                            (15) 10 

where 𝑇outlet  and 𝑇inlet  are the outlet and inlet temperatures, respectively. �̅�surface  is the 11 

average interior surface temperature. Because the value of temperature efficiency oscillated 12 

during the cooling period, the 𝜂 for each case can be yielded by averaging the values over the 13 

cooling period (the first hour data excluded). Fig. 15 shows the temperature efficiencies of cases 14 

with the thermal mass on the floor and without thermal mass and corresponding fitted curves 15 

(R2 > 0.94) based on the quadratic polynomial form. The fitted curves can be used to estimate 16 

the 𝜂 at other ACH. The uncertainties estimated for the 𝜂 range from ± 3% to ± 5%. It can be seen 17 
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that 𝜂 can be higher than 1 at low ACH. The temperature efficiency decreases with the increase 1 

of ACH, ΔT0 (i.e., the initial temperature difference between the supply air and indoor air), and 2 

thermal mass level. When comparing to the derived 𝜂 of the displacement ventilation and mixing 3 

ventilation in literature [15], the temperature efficiency of DCV is higher than those two 4 

ventilation concepts, except for the case with displacement ventilation at low ACH whose 𝜂 is 5 

higher than 1.10. 6 

 7 

Fig. 15. Temperature efficiency depending on the ACH for DCV. 8 

5 CONCLUSIONS AND FUTURE WORK 9 

The heat transfer of night ventilation (NV) using the diffuse ceiling ventilation (DCV) concept 10 

was investigated by conducting a series of dynamic full-scale experiments. The design cases 11 

comprised 6 thermal mass distributions, 3 constant air change rates per hour (ACH), and 2 12 

supply air temperatures. The surface-averaged convective heat transfer coefficient (CHTC) 13 

with the inlet temperature and outlet temperature as the reference at the floor, walls, and tables 14 

were derived from the experiments and compared with existing CHTC correlations. New CHTC 15 

correlations (inlet temperature as reference) specific to DCV with NV were developed. The 16 



Page 32 of 39 

temperature efficiency of DCV was also derived to compare with that of the mixing ventilation 1 

and displacement ventilation.  2 

For the surface-averaged CHTCs with the outlet temperature as the reference, the adaptive 3 

correlations predict accurately for some cases with a mean absolute percentage error (MAPE) 4 

between the experiment and the prediction as low as 14%. However, for most cases, large error 5 

was observed with MAPE up to 31,512%. For the surface-averaged CHTCs with the inlet 6 

temperature as the reference, existing forced correlations also do not predict well except 7 

Fisher’s correlation (i.e., sidewall inlet configuration) for the floor [55], which predicts quite 8 

well for the floor with thermal mass. The presence of furniture (tables), its location, and the 9 

thermal mass installed on the wall have little influence on the CHTC at the floor. Increasing the 10 

thermal mass level of one surface can significantly augment the CHTC at the surface.  11 

The temperature efficiency of DCV decreases with the increase of ACH, the initial temperature 12 

difference between the supply air and indoor air, and the thermal mass level. Compared to the 13 

temperature efficiency of mixing ventilation and displacement ventilation in literature, DCV 14 

has higher temperature efficiency in most cases, except the case with displacement ventilation 15 

at low ACH.  16 

The developed CHTC correlations can be adopted in building energy simulation (BES) tools 17 

that enable the user to set custom functions for interior CHTC to simulate the building energy 18 

use and indoor thermal comfort quickly and more accurately without coupling complex 19 

computational fluid dynamics (CFD). Furthermore, the developed correlations also enable the 20 

user to optimize the ACH and thermal mass distribution to achieve low building energy use and 21 

good thermal comfort.  22 

The study is limited because only two surface materials were used. The CHTC of the interior 23 

surface with other materials include PCM, needs to be investigated in the future. The influence 24 

of the plenum’s height on the CHTCs of room interior surfaces also needs further study. CFD 25 
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simulations can be used to calculate the indoor temperature accurately. The latter can be 1 

regarded as the reference temperature to calculate the experimental CHTC and compare the 2 

adaptive correlations in this way. Due to the lack of CHTC correlation development for the 3 

suspended ceiling panel in this study, the suitable correlation for the diffuse ceiling in BES 4 

needs further research. 5 
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