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Abstract

The study of CFD modelling of natural ventilation in multi-cellular spaces is presented in this
paper. Three geometrics are proposed in order to investigate the effect of increasing the number of
partitions on ventilation performance, based on the geometry of the SSEES building at UCL. Flow
patterns, temperature profiles and flow rates were predicted accurately by the CFD code
PHOENICS. The percentage change of air flow rates due to the increasing number of partitions is
also investigated. Moreover, equations which describe the relationship between effective opening
area and flow rate are determined in this research project. Convergence criteria were achieved for
all investigated cases. This gives confidence in this approach and offers guidance on how to model
natural ventilation with complex geometrics using CFD techniques.
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1.0 Introduction

Natural ventilated buildings are becoming more and more complex. Partitioning of indoor space as
well as the design of multi—cellular spaces in order to provide more individual working areas is
frequently introduced in space planning. Therefore location and configuration of these internal
partitions requires consideration as part of the overall ventilation strategy. However, some of the
space planning is not considered in building design stage. The refurbishment of these spaces is also
leading to more complicated situation in terms of the prediction of ventilation performance.
Furthermore, the resistances to airflow can be created by internal partitions (and doorways etc.) in
series, which influences the airflow pattern. The effect of these partitions on airflow and ventilation
performance is therefore often a subject of interest. The aim of this study was to investigate the
effect of partitioning on natural ventilation performance, based on the geometry of a non-domestic
natural ventilated building in the UK. Although minimum ventilation rate and comfort criteria of
cellular spaces were set out, there are no available guidelines on how to size openings in multi-
cellular space. Furthermore, the effect of multi-cellular spaces on natural ventilation performance is
not deducible based on existing literature. Literature on the effect of partitioning and natural
ventilation performance is also scarce. The current study is therefore considered worthwhile.

2.0 Case Study Building Description

The School of Slavonic and East European Studies (SSEES) building is an academic building in
University College London (UCL), located in the centre of the London urban heat island. The
building is a five storey construction with a lower ground floor. It consists of academic offices and
teaching facilities on the upper levels, library on the lower levels, basement and a central light well.
The light well connects all floors and provides the area with natural daylight, fresh air (during
winter) and passive cooling ventilation (during midseason) [1]. The third floor plan is zoned into a
core zone, an open plan area and perimeter zone. Transfer grills enable the passage of fresh air from



the central light well into the cellular spaces. The detailed environmental design strategy for the
SSEES building is described by Short et al. [2].

3.0 Investigated Cases

CFD models based on the third floor of the SSEES building were investigated. Three geometries
describe below were proposed to predict the effect of increasing partitions (resistances) within the
geometry:

e  Geometry 1: light well + open plan space + stack;

e  Geometry 2: light well + two open plan spaces + light well + stack;

e  Geometry 3: light well + open plan space + corridor + two cellular offices + stack.
Furthermore, five cases were involved in order to investigate the relationship between air flow rate
and effective opening area. In the first case of Geometry 2 (Case 2.1) and the first case of Geometry
3 (Case 3.1), opening area of each internal partition was determined as 2% of the total floor area.
These openings were then reduced in order to match the required flow rate (7 ACH) in the second
case of Geometry 2 (Case 2.2) and the second case of Geometry 3 (Case 3.2). The effective opening
area required to achieve the required flow rate was calculated using the orifice flow equation

(Equation 1) which has been introduced in most design guidelines [3-5].
_ [2ap
Q= C“AJ ;
where Q is the ventilation rate or volumetric flow rate through the opening (m%s), Cq is the
discharge coefficient of the opening (-), A is the area of the opening (m?), AP is the pressure
difference across the opening (Pa) and p is the air density (kg/m®). Furthermore, the values of area
(A) used in the equation should take the area of the airflow passing through the opening, instead of

the structural area of the opening..

(Equation 1)

4.0 CFD Modelling Techniques

The CFD code used for the study is PHOENICS FLAIR. PHOENICS is a general-purpose software
package from CHAM which had been widely applied to predict indoor environment [6]. The
program has also been extensively validated by many users and developing groups [6].

4.1 Boundary Conditions

CFD problems are defined in terms of boundary conditions and it is important to specify them
correctly [7]. For this research project, buoyancy is modelled using the Boussinesq approximation
in which density is assumed to be constant. Moreover, the selection of turbulence model for this
research was based on literature and recommendations from previous studies [8-12]. RNG k-¢
model is therefore justified and applied to account for the effect of turbulence in this research
project. Additionally, values of k and ¢ were initialised as k=0.001m?/s? and £=0.009m?/s® before
the simulation began.

The material that initially fills the entire solution domain was selected as air at 20°C, latm and
treated as incompressible fluid. The ambient conditions were set to be 21°C and OPa relative to
latm. Walls and ceiling boundaries within the domain were of type “PLATE” and modelled as
adiabatic on both sides. All external opening boundaries are of the “OPENING” type while internal
openings left as holes on internal walls. In order to create air flow into the light well, a large
opening was assigned at the top of the domain boundary. For modelling natural ventilation, each
external opening has a quadratic loss coefficient of 2.69. This replaced the linear pressure different
boundary condition with a more accurate than linear pressure difference boundary condition:

AP, = 0.5fpU2 (Equation 2)
where AP,.. is the pressure loss across opening (pa), f is the loss coefficient, g is the air density
(kg/m®) and U,, is the velocity normal to the opening (m/s). The equation above is same as Equation
1 but with F in place of Yes (C¢=0.61). Additionally, all velocity components at the openings were



set to be “Deduced”. This option calculates the flow through the opening once the temperature
fields have been established. Four types of heat sources are considered throughout the domain -
people, computers, printer and artificial lights — with a sum of 1900W (36W/m?). Positions and
values of the internal heat source remain unchanged throughout three geometrics.

4.2 Convergence Criteria

In this study, convergence was considered to be reached when the error in mass equation was less
than 0.1% of the total mass entering the domain (kg/s). Also the value of enthalpy residual should
fall below 1% of the value of the heat input (W). Spot values at all locations in a representative
region of the flow must be settled down to a relatively constant value when convergence has been
achieved. It is also suggested that the monitoring point should avoid being located too close to inlets
and recirculation zone. Therefore the monitoring point was placed at the middle of the open plan
office throughout the study.

5.0 CFD Results

5.1 Mesh Dependency Study

A mesh dependency study was conducted in order to investigate the influence of different mesh
densities on the predicted numerical results. The meshes are refined until the increasing number of
cells has very little influence on the predicted results. Six sets of mesh resolutions were studied
including: Mesh 1 with approximately 6.6x10* cells; Mesh 2 with approximately 7.9x10* cells;
Mesh 3 with approximately 1.0x10° cells; Mesh 4 with approximately 1.3x10° cells; Mesh 5 with
approximately 1.7x10° cells; and Mesh 6 with approximately 2.1x10° cells. Convergence was
considered to be achieved after 5000 iterations with each mesh. Although Mesh 6 displayed the
highest accuracy, it required excessive computation resources. Therefore Mesh 5 with
approximately 1.7x10° cells was adopted for the CFD modelling by compromising the accuracy and
computation resources.

5.2 Results Analysis

Convergence criteria can be achieved for all cases with 5000 iterations. Residuals of mass and
enthalpy equations are below convergence criteria in each case which suggests that the CFD models
are able to predict the performance of the geometry accurately.

In Geometry 1, the predicted flow patterns illustrate that fresh air enters from the ambient into the
light well, travels along the open plan space and then flows out of the stack. In comparison with
Geometry 1, similar effects were observed of the flow patterns in Geometry 2. Nevertheless, the
partition effectively creates resistance which deflects some of the flow vertically. The flow then
drops downwards, raises to the ceiling due to buoyancy force and flows through the upper opening
of the partition. Temperature profiles of Case 2.1 clearly indicate that a layer of cool air has built at
the front of the partition. Results also reveal that the partition has effectively separated the flow of
warm and cool air entering the space behind the partition. In comparison with Case 2.1, similar
effects of the flow patterns were observed in Case 2.2 except the fact that air velocity have
increased at the partition openings. Moreover, predicted air temperature profiles show that
temperature difference between these spaces is more significant than that in Case 2.1. The average
air temperature in the space behind the partition is 1-1.5°C higher than the space in front of the
partition. Furthermore, in comparison with Case 2.1, the air temperature of the space behind the
partition has increased due to the reduction of partition openings. This indicates that the partition is
less effective with reduced opening size.

Although a strong attempt has been made to achieve reliable results for Case 3.1 and Case 3.2 in
Geometry 3, convergence cannot be obtained. Therefore the following changes had been made to
Geometry 3 in order to achieve convergence:



e One of the light well openings was removed while the other one was increased to provide the
same condition as the previous cases. These changes were made to eliminate the back flow into
the light well.

e Height of the upper and lower openings of one of the partition was increased (instead of long
and narrow along the partition) in an attempt to locate more cells at the openings without
extensively increasing mesh density. Opening area remains unchanged.

e All adiabatic furniture (e.g. decks and chairs) was removed. Heat source (people and
computers) was replaced with blocks with the same amount of heat gain. This reduces the
complexity of the model and therefore produces a mesh with better quality.

e The mesh was refined to approximately 3.2x10° cells in order to obtain more accurate results
while compromising computation resources.

Convergence criteria can be met after 5000 iterations with new Geometry 3. The predicted flow
patterns indicated that fresh air enters the light well, travels along the open plan space, flows into
the corridor, enters the cellular offices through the acoustic treated wall and flows out of the stack.
It can be clearly seen from the predicted flow patterns that warm air travels through the upper
opening of the partition, it stays at the upper level of the corridor and then flows into the cellular
office through the upper opening of the acoustic treated wall. It is also evident that a small amount
of air which travels at the lower level of the corridor deflected upwards by the acoustic treated wall
and eventually flows into the cellular office through the upper opening. The air temperature profiles
clearly indicate that the internal partitions have divided the storey into an open plan space, a
corridor and cellular spaces with different temperature profiles. It can be seen from the figures the
horizontal partition within the acoustic treated wall has effectively separated the flow of warm and
cool air entering the cellular office. Cooler air stays at lower level within the wall and enters the
office without mixing with the warmer air at upper level. This allows cooler air at breathing zone.
Moreover, the figures clearly show that one of the offices has higher air temperature than the other.
This is thought to be caused by the location of openings on the acoustic treated wall.

In comparison with Case 3.1, similar effects of the flow were observed in Case 3.2. It can be
noticed that air movement within the spaces has reduced due to the increase in internal resistance. It
can be seen from the predicted air temperature profiles that air temperature has significantly
increased, especially the cellular offices. Air temperature difference between the open plan space
and the corridor is also less significant compared with Case 3.1. It should also be noted that the air
temperature of the cellular offices is approximately 25°C which has increased approximately 2°C in
the breathing zone compared to Case 3.1. Temperature difference between the lower level of the
acoustic treated wall and the lower level of the cellular office is approximately 2°C which indicated
that cooler air cannot be delivered into the space through the lower openings of the partition. This
suggests that the partition openings are too small for air to flow through. Furthermore, average
temperature of the cellular office is above 24°C which suggests that the space is not within the
comfort range during summer, as recommended by CIBSE [3].

6 Discussion

The predicted ventilation performance for each case is presented in Table 1 below. Results clearly
show that Case 1 without internal partitions can achieve the highest flow rate of 0.681m?®/s within
the storey which is twice as much as the required flow rate (0.337m?/s). Predicted results also reveal
that the required flow rate could not be obtained in Case 3.2. This is thought to be caused by the
resistance created by the partitions which was too large that the discharge coefficient C4 used in the
orifice flow equation (Equation 1) could not accurately describe the flow. This is also in line with
the literature review. Moreover, the air flow rate in Case 2.2 is predicted twice as high as that in
Case 3.2. In comparison with Case 1 without any partitions, air flow rate has reduced 11.5% with
the participant of the partition in Case 2.1. However, the air flow rate in Case 3.1 has reduced



28.2% with the addition of two partitions (the outer and inner leaf of the acoustic treated wall). This
suggests that the relationship between the number of partitions and air flow rate is nonlinear.
Furthermore, the effective opening area of Case 2.2 and Case 3.2 was determined to obtain the
required flow rate theoretically; however, their predicted CFD results demonstrate a lack of
agreement. This possibly suggests that the theoretical prediction did not agree with the CFD
prediction in this research project. This also suggests that openings for multi-cellular spaces need to
be designed larger than theoretical predictions to achieve the require flow rate.

Table 1 Predicted ventilation performance of each case

Case 1l Case 2.1 Case 2.2 Case 3.1 Case 3.2
Mass flow rate (kg/s) 0.817 0.723 0.535 0.587 0.282
Volume flow rate (m%s) 0.681 0.603 0.446 0.489 0.235
ACH 14.2 12.5 9.3 10.2 4.9
Ventilation rate (I/s/ person) 97.3 86.1 63.7 69.9 33.6

Nevertheless, predictions through trial-and-error on CFD modelling with Case 3.2 suggested that
each opening of the acoustic treated wall needs to be increased from 0.126m? to 0.181m? in order to
achieve the required flow rate. Alternatively, effective area of the geometry should be increased
from 0.315m? to 0.409m? for this geometry. Furthermore, predicted results indicated that the free
opening area on both of the outer and inner leaf of the acoustic treated wall needs to be larger than
1.4% of total floor area to obtain the required flow rate. Based on the results obtained throughout
the investigation, the relationship between effective opening area and predicted flow rates is shown
in Figure 1 below. The “best-fit” trend line shown in the figure represents a linear relationship (with
linear correlation R?=0.789) between effective opening area and flow rate among all cases. The
linear relationship can be represented by Equation 3 stated below.

Q = 0.6394,4 + 0.312 (Equation 3)
where @ is the volume flow rate (m%/s) and A.¢r is the effective opening area (m?). However, as
Figure 19 shows, different trend lines can be obtained with Geometry 2 and Geometry 3. Therefore
the relationship between flow rate and effective opening area of Geometry 2 and Geometry 3 are
represented by the following equations:

Geometry 2: @ = 0.4284,, + 0.310 (Equation 4)

Geometry 3: Q@ = 1.3654 47 — 0.203 (Equation 5)
The equations clearly show that the gradient of Equation 5 (with linear correlation R?=0.986) is
higher than that for Equation 4 (with linear correlation R*=1). This indicates that the change in
effective opening area in Geometry 3 has a greater effect on air flow rates than that in Geometry 2.
Figure 1 also demonstrates that the air flow rate is lower with cellular spaces when the effective
opening area is smaller than 0.53m? in approximate. This also suggests that openings for multi-
cellular spaces need to be designed bigger when the effective opening area is small.
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Figure 1 Predicted volume flow rate of each case



7 Conclusions

Steady state CFD modelling of natural ventilation in multi-cellular spaces is presented in this paper.

The effect of partitioning on ventilation performance based on the geometry of the SSEES building

in UCL has been investigated. Ventilation performance and temperature profiles in five different

cases were predicted by the CFD code PHOENICS. Convergence criteria were achieved with all

cases, which indicates that the models can be solved accurately. Predicted flow patterns indicated

that the partitions had effectively separated the flow of warm and cool air entering the spaces. This

enabled cooler air to occupy the breathing zone. However, the partitions became less effective due

to the reduced opening area. Moreover, air temperature in cellular offices increased extensively due

to the reduction in opening area of the acoustic treated wall. This perhaps reveals that the partition

openings are too small to deliver adequate ventilation. Furthermore, the percentage change of flow

rates between the geometrics suggests that the relationship between the increase of number of

partitions and air flow rate is nonlinear. The disagreement between the predicted flow rate of Case

2.2 and Case 3.2 revealed that the theoretical prediction did not agree with the CFD prediction in

this study. Nevertheless, appropriate opening area to achieve required flow rate in Geometry 3 was

proposed. The relationship between flow rates and effective opening area suggested that the change

in effective opening area in Geometry 3 with cellular offices has greater effect on air flow rates than

that in Geometry 2 with one partition only. However, the influence of the distance between

partitions on the behaviour of ventilation performance is unknown. Therefore further investigation

is required on the relationship between air flow rates and the distance between partitions in a natural

ventilation building. Moreover, the flow resistance created by transfer grille also needs to be

considered if more accurate predictions are desired.
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