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ABSTRACT 

Poor hygrothermal performance exacerbates deterioration risk from mould growth, corrosion and damage to 

archival materials. Improved microcomputers’ computational power has significantly advanced computational fluid 
dynamics (CFD) models and research developments in indoor airflow, heat transfer and contaminant transport. 

Nevertheless, numerous uncertainties exist in the CFD experiments which require adequate clarifications for improved 

results’ reliability. This paper presents the measurement and validation of a CFD model for the investigation of the 

hygrothermal performance in an indoor environment with known cases of microbial proliferations. The room, 5.2 m × 4.8 

m × 3.0 m high,  is air-conditioned and ventilated by constant air volume (CAV) system controlling the indoor airflow and 

hygrothermal profiles with ceiling mounted four-way supply diffuser and extract grille for indoor air distribution. The 

methodology combines in-situ experiment and numerical simulation with a commercial CFD tool using the standard k–ε 

model. Microclimate and airflow parameters obtained from in-situ experiments were used as boundary conditions in the 

CFD. The study shows a good agreement between the predicted and measured indoor hygrothermal profile with less than 

10%  deviation. The results indicate that the model can be employed for further investigation with high confidence. 

 
Keywords: CFD simulation, in-situ experiments, indoor climate, hygrothermal performance, uncertainty assessment. 

 

INTRODUCTION 

The need for energy efficiency in building design, 

construction and operation has continuously received 

considerable attention within the past few decades. This 

came as a result of large energy consumption evidence by 

the building sector which stands at about 40% of the 

global energy utilisation and contributing up to nearly 40-

50% of  the world carbon emissions [1, 2]. It had been 

previously documented [1, 3-5] that the Heating, 

Ventilating and Air Conditioning (HVAC) systems 

practically dominate the building sector energy 

consumption with over 60% of the total utilisation. With 

the energy efficiency needs on one hand comes the need to 

provide a healthy and comfortable indoor environment on 

the other. Despite the high energy consumption, the 

HVAC systems often found to result in sick building 

syndrome (SBS), building related illness (BRI) poor 

hygrothermal performance, and other indoor air quality 

(IAQ) related issues to the building occupants[6].Human 

being spend large part of their time in indoor environment 

(academic, health, recreational, commercial, etc.). The 

energy efficiency need, the comfort requirements and 

occupant longer stay indoor lead to a conflict between 

energy efficiency improvement and creation of healthy 

and comfortable indoor environment [7].  

The built environments, over the past few 

decades, have therefore witnessed the emergence of 

building performance diagnostics. Building performance 

assessments are executed on the existing buildings in 

retrofit upgrades as well as new ones even before they are 

built. Various approaches exist for building performance 

appraisal [8, 9]. The authors classified such assessment 

approaches into analytical and empirical, numerical 

simulation (zonal models, multi zone models, 

computational fluid dynamics models, etc.) as well as 

experimental measurements (small-and-full-scale).While 

experimental approach is found most significant as it 

generates validation data for analytical and numerical 

simulation models, field experiments are expensive in 

terms of cost and access to free houses for in-situ 

experiments [10]. 

The rapid improvement in computer power in the 

past two to three decades has significantly influenced the 

development in computational models and progress in 

fluid dynamics research [11]. According to the authors, 

there is a change in speed from about 10
9
 Flops in 1984 to 

10
13

 Flops in 2002, an evidence that is corroborated by the 

observation of Li and Nielsen [12]. Despite these, 

numerous uncertainties exist in the in-situ and numerical 

experiments. It is therefore, pertinent to adequately clarify 

these uncertainties for improved quality of the obtained 

results. With good uncertainty clarifications, interpretation 

of results can be correctly done thereby increase the 

reliability of obtained results. Experimental errors or 

uncertainties can arise from the experimental set-up, data 

collection process and measuring equipment [13]. Detailed 

of a statistical approach of assessing instrumentation 
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uncertainty for field experiment is presented in a recent 

work by the author [14]. 

Similarly, numerical experiments include error 

sources as modelling simplifications, mathematical and 

numerical models, and boundary conditions [11, 15]. 

Standard procedures on the execution and reporting of 

numerical experiments have evolved to reduce such 

uncertainties [16-18]. Benchmarking selected code with a 

previously documented numerical and experimental 

solution (verification) is recommended for ascertaining 

uncertainty from the simulation code while correlating 

simulated results with the measured values (validation) to 

ensuring that the results obtained from simulation are less 

prone to errors. For errors and uncertainties due to 

computational grid, grid dependency analyses remain the 

industry standards for improving discretisation accuracy. 

 

Aims and objectives 
This study presents the measurement and 

validation of a CFD model for the investigation of airflow 

and hygrothermal distribution in an indoor environment 

with known cases of microbial proliferations. The aim is 

to develop an error free model for the investigation of the 

indoor hygrothermal profile leading to indoor mould 

proliferation. The study objectives include: (1) to provide 

information on measurement procedures for indoor 

hygrothermal performance assessment, (2) to provide 

boundary conditions for the computational simulation of 

the facility, (3) to validate the modelling and simulation in 

accordance with best practice guidelines. 

 

Methodology 

 

Experimental set-up: The storage facility and 

ventilation system 
The storage facility (Figure-1), 5.2 m × 4.8 m × 

3.0 m high, is air-conditioned and ventilated by a constant 

air volume (CAV) air handling unit (AHU) that controls 

the airflow and hygrothermal distribution within the 

storage facility. The air distribution is a mixing ventilation 

type that consists of a ceiling mounted four-way square 

supply diffuser (600 mm x 600 mm) and a rectangular 

extract grille (600 mm x 300 mm). The lighting system 

consists of six numbers ceiling mounted fluorescent 

fittings (600 mm x 1200 mm) with two numbers 36W 

lamps. The air outlets as well as light fittings were 

installed to flush with the ceiling surface. 

 

Measurement procedures 

The measurement protocol was in two manifolds: 

steady state and time-series. Temperature, humidity and 

airflow data from the steady state measurements were use 

as input boundary conditions in the CFD simulations while 

time-series data for model validation. 

 

 

 Table-1. Specifications of measurement equipment. 
 

Equipment Variable Accuracy Resolution Range 

ALNOR 

AVM440  

Airflow 

Instrument 

RH ± 3% 0.1% 5 to 95% 

T ± 0.3°C 0.1°C -10 to 60°C 

V 
± 3% or 

± 0.015m/s 
0.01m/s 0 to 30m/s 

Testo Quicktemp 

860-T1 
T 

± 0.75% or  

±0.75°C 
0.1°C -30 to 900°C 
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Figure-1. Space layouts with positions of supply, exhaust and other components of the case study room: 

Left - 3D model and right - field experiment. S1, S2 and S3 are virtual data loggers’ positions. 

 

The face of supply diffusers and exhaust grilles 

were divided into grids to facilitate measurement of 

airflow, thermal and hygric parameters of the outlets 

(supply and exhaust). Figure-2 shows the division of air 

outlets into grids with (a) supply diffuser (b) exhaust 

grilles and (c) field assessment of a typical supply diffuser 

with ALNOR AVM440 thermal anemometers. The 

measurements were averaged to give a fair representation 

of the measured parameters. The surface temperatures of 

the bounding walls, floor and ceiling were measured with 

Testo infra-red thermometer.Table-1 shows the 

specifications, accuracies and precisions of the measuring 

equipment. 

 

 
(a)                                               (b) 

 

Figure-2. Division of air outlets into girds for better 

results accuracy (a) supply diffuser (b) exhaust grilles and 

(c) field measurement of a typical supply diffuser with 

ALNOR AVM440 anemometer. 

 

Model setup 

In this study 3D modelling (Figure-1) of the 

experimental room was created within the FLOVENT 

CFD analysis tool. The walls, floor and ceiling were 

model as adiabatic since the room is bounded with other 

rooms with similar air-condition. The furniture in the room 

comprise of metal shelves for keeping stored components. 

In the model, the shelves were placed nearly 25 mm from 

the wall surfaces and sat directly over the floor. The items 

were modelled as rectangular blocks to conserve 

computational resources. One of the many benefits of CFD 

simulation is the ability to place virtual data loggers at 

different points for replication of the measurement 

positions. The virtual data loggers allow assessment of the 

hygrothermal conditions at the different locations in the 

model.  

 

CFD governing equations and boundary conditions 

The fluid flow physics, heat transfer and other 

related processes are contained in the Navier-Stokes 

equations of the general form using the standard k–ε model 

as shown in Equation.(1)[11, 19]. 

 

   div V grad S
t

 


    


ρ ρ

                 (1)

 

 

Where ρ is the density, V is the velocity vector, ϕ 

is the dependent variable in the flow field to which the 

equation applies (temperature, velocity, pressure, etc.), Γϕ 

is the turbulent diffusion coefficient and Sϕ is the source 

or sink term of the variable ϕ.  

In CFD five of such equations are in use for the 

field variables: one equation for temperature (T) (derived 
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from conservation of energy/enthalpy); three equations for 

x-velocity (u), y-velocity (v) and z-velocity (w) (derived 

from conservation of momentum) and one equation for 

pressure (p) (derived from the conservation of mass). 

Additional equations are coupled with these five set of 

equation for specie concentration (c), turbulence kinetic 

energy (k) and dissipation of turbulence kinetic energy (ε). 
In totality, the set of equations for coupled heat and mass 

transfer in CFD result in eight equations. The field 

variables (temperature, velocity, pressure) are function of 

x-coordinates, y-coordinates, z-coordinates and time. 

Table-2 shows the dependent variables (ϕ), effective 

diffusion coefficients (Γϕ), and the source term for each of 

the flow parameters. 

In this study, the source terms are provided as 

boundary conditions from the air outlets - supply diffuser 

(temperature = 15.5 °C, humidity ratio = 9.8 x 10
-3

 kg/kg, 

airflow rates = 0.61m
3
/s) and return grille (airflow rates = 

0.61m
3
/s). Others are enclosures surface temperatures – 

walls (17.4 °C, 16.8 °C, 18.4 °C and 19.6 °C), floor (18.4 

°C) and ceiling (17.3 °C) and lighting heat gains (6 x 72 

W). The return grille humidity ratio as well temperature 

are to be computed by the CFD simulation. 

 

Table-2. The dependent variables (ϕ), effective diffusion 

coefficients (Γϕ), and the source term (SΦ) for each 

of the flow parameters. 
 

Equation Φ ΓΦ SΦ 

Continuity 1 0 0 

x momentum u  –∂P/∂x 

y momentum 

(vertical) 
v  –∂P/∂y - ρg 

z momentum w  –∂P/∂z 

Enthalpy CpT  Q 

Concentration c/ρ d Qm 

k equation k /σk G – ρ ε 

ε equation ε /σε C1 ε G/k – C2 ρ ε2/k 

 = lam+ t 

t= ρ C  k2/ε 

G = [2[(∂u/∂x)2
 + (∂v/∂y)2

 + (∂w/∂z)2
]+ (∂u/∂y + 

∂v/∂x)2
 + (∂v/∂z + ∂w/∂y)2

 + (∂u/∂z + ∂w/∂x)2
] 

C1 = 1.44, C2 = 1.92, C  = 0.09, σH= 0.9, σk= 1.0, σε= 

1.3 

 

Discretisation and grid dependency analysis 

The accuracy of CFD results depends largely on 

quality of the grids [11, 17]. The entire simulation domain 

was discretised using structured grid approach. Grid 

refinement was performed around the supply and return 

outlets to cater for high gradients often associated with air 

terminal devices thereby improving the prediction of 

velocity flow field [1]. The baseline grid was of coarse 

type that resulted in a total 4752 cells. The cell quantity 

was fine-tuned to medium and fine grids to give a total of 

9885 and 39935 for medium and fine grids respectively. In 

this study, grid dependency analysis were carried out with 

virtual measurement of the hygrothermal parameters on a 

vertical section at center of the modelled room. Series of 

simulation were executed using coarse, medium and fine 

grids. Subsequent upon the satisfactory grid selection from 

grid dependency assessment, the model is further 

investigated for similarity between the measured and 

simulated parameters. 

 

Model validation 

In establishing the similarity between the 

measured and simulated parameters, the study adopted the 

percentage of root-mean square deviation (PRMSD) 

approach [4, 20]. PRMSD is obtained as a single value for 

all the points considered for both the measured and 

simulated parameters. It is evaluated from Equaiotn. (2) as 

follows: 

 𝑀 𝐷 =  √(∑ 𝐶 −𝐶𝑠𝐶  × 𝑛 )                                         (2) 

 

Where: Cm is the measured parameter; Cs is the 

simulated parameters and n is the number of points under 

considerations. 

 

RESULTS AND DISCUSSIONS 

 

Grid dependency analysis 

Key parameters were measured for each of the 

grid experiments. The result is as presented in Figure-3. 

The prediction from coarse grid was far low compared to 

both medium and fine grids. Nevertheless, for most of the 

measured cases, the fine mesh under-predicts the basic 

flow parameters. This reason, coupled with longer 

computational time resulted in selecting the medium grid 

for further analysis. 

 

 
 

Figure-3. Grid dependency analysis. 

 

Overall thermal and hygric profile 

Figure-4a and 4b show the thermal and hygric 

profiles at center of the case studied room (x = 2.25m). A 

relationship is shown between the thermal and hygric 

profiles. In most cases, humidity becomes higher at lower 
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temperatures and vice versa. The increase in humidity at 

low temperature is due to presence of more moisture in the 

air. At increased temperature, the moisture dries off 

leaving the air to be less humid and hence low relative 

humidity. The thermal profile shows thermal stratification 

in most part of the room. The upper part close to ceiling 

reveals some high temperature which is due to the heat 

emission from lighting. Cold region is concentrated on the 

air-stream close to the supply diffuser (Figure-4a). In 

addition, regions close to the shelves were found with low 

thermal gradients. Hence regions close to the shelves are 

found with higher hygric gradients (Figure-4b). Overall, 

the entire room still revealed thermal and hygric 

stratifications not only within the room but also around the 

shelves. These findings suggest that the air in the room is 

not well distributed. Consequence of such stratification in 

thermal and high hygric profiles could result in microbial 

proliferation as reported in a similar study elsewhere by 

the authors[21]. 

 

 
 

Figure-4. Ventilation profile in the case studied room with 

ceiling mounted supply and exhaust at x = 2.25m 

(a) Temperature contour (b) Relative humidity contour. 

 

Validation of CFD simulation with measured data 

Table-3 presents the results of in-situ and 

simulation experiments. The PMRSD between the 

measured and simulated parameters for the experiment 

results in 2.6% and 4.1% respectively for T and RH. These 

results follow submission from earlier studies that 

acceptable deviations between the measured and simulated 

values in numerical investigation should be in the range of 

5% [22] and 10% [1]. In the study of [7], the difference 

was found to be higher than 5-10% where their experiment 

results in a deviation of more than 25%. A value of 6.7% 

deviation was reported in the work of [20]. 

 

 

Table-3. Comparison of hygrothermal parameters between 

measured and CFD simulations. 
 

Location 
Measured Simulated 

T (°C) RH (%) T (°C) RH (%) 

Supply Diffuser 15.5 85.1 15.8 83.5 

Exhaust Grille 16.4 76.4 16.8 80.0 

Room Ambient 17.9 82.4 17.3 78.4 

PRMSD: T = 2.6% and RH = 4.1% 

 

The current work performs better than the earlier 

cited work. With recorded deviations of less than 5% in 

the current study, the hygrothermal parameters indicate 

that the CFD simulation produces a valid agreement with 

the measured parameters. Subsequent upon the satisfactory 

validation results, the numerical simulation can be used to 

further investigate the model for hygrothermal 

performance, microbial proliferations and other various 

indoor air quality problems. 

 

CONCLUSIONS 

The need for energy efficiency in building design, 

construction and operation has continuously received 

considerable attention within the past few decades due to 

high carbon footprint of the built environment. Although 

commendable improvements had been recorded on 

building energy efficiency, some detrimental effects had 

also been recorded as poor hygrothermal performance and 

associated deteriorative impacts. Computer simulation in 

the built environment is promising in the provision of fast 

and cheaper solutions to a host of challenges. 

Nevertheless, their use is inherently involves some degree 

of uncertainties. Therefore improving the certainty of 

simulation outcomes requires successive validation of the 

model. This paper reported the measurement and 

validation of a CFD model for the investigation of 

hygrothermal performance in an indoor environment with 

known cases of microbial proliferations. The methodology 

combines in-situ experiment with CFD simulation with a 

commercial tool using the standard k–ε model. 

Microclimate parameters obtained from in-situ 

experiments were used as boundary conditions in the CFD. 

Good correlation was established between the predicted 

and measured hygrothermal profile with less than 10% 

deviations. This indicates that the model can be employed 

for further investigation with high confidence. 
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