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Abstract

The air flow in the office ventilation system known as displacement ventilation is dominated by a gravity current
from the inlet and buoyant plumes above internal heat sources. Calculations of the flow and heat transfer in a typical
office room have been made for this type of ventilation system used in conjunction with chilled ceiling panels. These
calculations have been made in parallel with full size test chamber experiments. It has been found that with higher
values of internal load (45 and 72 W m™ of floor area) the flow becomes quasi-periodic in nature. Complex lateral
oscillations are seen in the plumes above the heat sources which impinge on the ceiling and induce significant recir-
culating flows in the room. The frequency spectra of the transient calculations show good agreement with those of the
experimental results. Comparison is also made between calculated mean room air speeds and temperature profiles and

measured values. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The work described here concerns a study of flow and
heat transfer in a type of office ventilation system known
as displacement ventilation, with supplementary cooling
provided by a chilled ceiling. Experiments were carried
out in an environmental test chamber equipped with this
type of system, under a range of operating conditions.
Numerical calculations of the room airflow and heat
transfer were carried out in parallel with the experiments
using the test chamber geometry and experimental
boundary conditions.

The flow in this type of system differs from that of
other types of ventilation systems in that the buoyancy
forces are very significant. Other numerical studies of
this type of system [1,2] have modeled the fluid as in-
compressible, treated buoyancy using the Boussinesq
approximation, and used eddy diffusivity turbulence
models with some success. These studies have, however,
ignored transient effects.

*Corresponding author. Tel.: +1-405-744-5900; fax: +1-405-
744-7873.
E-mail address: sjrees@okstate.edu (S.J. Rees).

For reasons discussed below, supplementary cooling
by a chilled ceiling is necessary when dealing with larger
room heat loads using a displacement ventilation sys-
tem. Larger room heat loads imply a greater number of
people and more items of electrical equipment, and
hence a greater number of plumes generated in the
room. When making calculations for smaller loads (<40
W m~2), using a single heat source, preliminary work
showed that it was possible to obtain a steady-state
solution by using a false time-stepping procedure.
However, when larger loads from four heat sources were
modeled, no steady-state solution could be found and it
was necessary to make a fully transient calculation. The
results of these transient calculations showed a quasi-
periodic variation in the flow field, which was also
observed in the experiments. The results of these calcu-
lations are presented and discussed here.

2. Background
Conventional air distribution systems for office

rooms employ slotted openings adjacent to either wall or
ceiling surfaces with air supply velocities of the order of
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Nomenclature Greek symbols
p coeflicient of thermal expansion
C turbulence model coefficient € turbulent kinetic energy dissipation rate
C, specific heat capacity r diffusion coefficient
g gravitational acceleration vector I dynamic viscosity
g metric tensor ¢ general independent variable
h specific static enthalpy o density
1 total flux a Prandtl number
k turbulent kinetic ener .
&y Subscripts
P pressure .
eff effective
S source term . . .
. i,J] coordinate index
t time .
0 reference (density)
T temperature
X t turbulent
U mean velocity
X distance in coordinate direction
3m s™! (Re ~ 10000). The intent in these systems is to A |
produce wall jets that have sufficient momentum to R ot \ Pt = msm,
travel most of the way across the ceiling before their . Y- )
. L ) A (e - it >
mean velocity has decayed to that of the mean room L _ -1 | T Tl J n
velocity. The momentum of the jets and the entrainment = Saoror — =11 . ’@{Z I TR
.. . . N Pl - . . .
of the room air into the jet promote a general recircu- ff ) \ - Tty 1ty <1,
lation pattern in the room. Heat and contaminants t Lt =
generated within the room therefore become well mixed i, — f t
in the recirculating room air. - :\\: -
The room air distribution system studied in this work =~ Q\ - A
is very different to conventional systems in several re- === = > B = - - =>

spects. Displacement ventilation systems seek to avoid
any mixing of the air within the room and to rely on
buoyancy forces to establish a movement of air from low
to high level within the room. Rather than maintaining
uniform air temperature and contaminant concentra-
tions throughout most of the room, vertical gradients of
both temperature and contaminant concentration are
allowed to develop. The aim is that occupants are ex-
posed to temperature and air-quality conditions that are
close to the supply air conditions [3-5]. Displacement
ventilation systems seek to achieve this by introducing
the supply air at very low velocity near the floor at
temperatures only a few degrees below the ‘operating
temperature’ of the room (see Fig. 1). The Archimedes
number at the inlet is typically of order one (Re ~ 3000)
so that the cool air from the supply diffuser descends
towards the floor in a short distance [6]. This flow forms
a gravity current and is slightly warmed as it spreads
over the floor surface.

Buoyant plumes develop around any warm object in
a room such as people and electrical equipment. Air is
entrained into the plumes from the air near the floor and
also from the surrounding air in the lower part of the
room. Each plume increases in size and flow rate with
height until it reaches an upper zone, bounded by the
ceiling, where there is some mixing [3]. In principle, there

Fig. 1. The characteristic flow patterns in an office room with
displacement ventilation.

is a height in the room at which the sum of the upward
flow in the plumes is equal to the supply flow. As air is
extracted from the upper layer of air at the same rate as
the supply, continuity dictates that in stable conditions
air in the upper layer does not fall below this height
before being extracted [7]. The interface between the
bottom of the mixed layer adjacent to the ceiling is re-
ferred to as the ‘stationary front’.

It is this separation of the room air flow into a lower
‘un-mixed’ zone and an upper layer of mixed warm air
that enables displacement ventilation to show advan-
tages in air quality in the occupied zone compared to
conventional mixing systems. The supply air can be in-
troduced into the room at only one or two degrees below
the operating temperature, giving such systems a ther-
modynamic advantage. This allows the refrigeration
systems used to cool the air to be operated at a higher
COP, or to be dispensed with altogether.

The effect of the transport of heat in the room to a
layer of warm air near the ceiling is to produce a tem-
perature gradient over most of the height of the room.
Where displacement ventilation systems are used without
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a chilled ceiling, there is a direct relationship between the
overall temperature gradient and the heat gains in the
room. There is also a well-known relationship between
air temperature gradients and thermal comfort. Some
authors suggest a maximum air temperature gradient of
2 K m~! and others an overall head-to-foot difference of
3 K for acceptable thermal comfort. To stay within these
guidlines therefore imposes a limit on the size of gains
that can be dealt with by displacement ventilation sys-
tems. This limit is approximately 30 W m~2 (values be-
tween 20 and 40 W m~? are suggested in the literature).
Chilled ceilings are used to provide additional cooling in
cases where the load is significantly greater.

3. Numerical method

The numerical model of room air flow is formulated
from the incompressible form of the Navier—Stokes
equations, together with an eddy viscosity turbulence
model. The body forces of interest here are those due to
buoyancy. These are dealt with using the Boussinesq
approximation so that density changes are related to
temperature difference by use of the thermal expansion
coefficient, . The body force term in the momentum
equations then becomes p,S(T — Ty)g;, where p, and T,
are the reference density and temperature, respectively.
When the Boussinesq assumption and an eddy viscosity
turbulence model are employed, the Reynolds-averaged
Navier-Stokes equations can be expressed in Cartesian
tensor notation as:

a(ﬂo Ui)

A 1
B o, (1)
A(poUi) | A(pUiU;) _ @_._i % ov;

o o, ox o\ Ay, o

+ poB(T — To)gi + S, (2)

with an effective viscosity p defined by uge = p, + 1
and the pressure modified so that

: 2
P =P+ 3 pok = pog- 3)

The turbulence model used here is based on the two-
equation eddy viscosity model of Launder and Spalding
[8]. The equation used to model & is of the form:

0(pok) | A(pyUjk) 0 1\ Ok
ot + Ox; ox; 'u+ak Ox;

7

:Pk+G_p087 (4)

where P, is the production due to strain and is given by

ou; oU;\ oU;
Pk:ut( n ) (5)

an le- ij ’

and G is the production due to buoyancy forces and is
given by
Hegr o OT
G = P~ - 6
o (6)
In the high Reynolds number form of the epsilon
equation used here, several terms are neglected on the
basis of their small magnitude so that the resulting
modeled epsilon equation is

0(pe) | (ppUse) @ B\ Qe
ot * Ox; Ox; M+O's Ox;

2
P &
=Cy %Pk — ngpoz- (7)

The model constants C,, C,;, C», o; and o, have the
values 0.09, 1.44, 1.92, 1.0 and 1.3, respectively.

The energy equation in the code used in this work [9]
is formulated in terms of the static enthalpy, 4. With a
two-equation eddy viscosity model, such as that used
here, the turbulent heat fluxes are modeled using the
eddy diffusivity hypothesis so that the modeled Rey-
nolds-averaged energy equation becomes
a(p()h) a(pOUlh) _ i ( A + M )a_h =8, (8)

ot Ox; 0x; 0x;
where S, is a source term that is used here for the intro-
duction of heat at the location of internal heat sources. In
view of the very small temperature range of the flow the
energy equation is closed using the calorific equation of
state i = C,T, where C, takes a constant value.

The governing equations of fluid flow and heat
transfer are discretized using a finite-volume method on
a structured, non-orthogonal boundary fitted grid. The
approach to discretizing the equations on the boundary
fitted mesh involves transforming the equations into
computational space but making as much use of the
physical grid information as possible. The governing
equations are transformed into computational space as
follows. The equations are first all expressed as a ca-
nonical convection—diffusion equation in tensor form:

C[, oy

Apyp) D iy 0 [ 0¢
or +6—x,-(PoU¢)*a—x,- i) +s 9)
This can be written in a more convenient form as
o(pyp) O
- 10
B Tae (10)

where I’ is the total convective and diffusive flux. It can
be shown that the divergence of a vector can be related to
its covariant (/") and normal (I’) forms by the following:

o 1 9 ; 1 o
e
o' /g oc VERUS
This relationship is used to transform the general

equation (10) into computational space and express it in
terms of the normal flux vectors so that

(11)
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Apogp) I
= ,/gS 12
V87, toa VS, (12)
and
7i 10 ri ij ad)
I'= /gl :poU(b_\/égjra_éj' (13)

The governing equations can be seen to be of similar
form when transformed into computational space in this
way, except that the scalar diffusivity, I' has been re-
placed by \/gg"I’, an anisotropic diffusivity. The term
/2¢” and the normal velocities U’ can be calculated by
making direct use of the geometric information from the
boundary fitted grid — specifically the cell volumes and
area vectors. Burns and Wilkes [10] comment that this
approach gives better results on distorted grids than
calculating the transformation parameters numerically,
as in the approach discussed by Thompson et al. [11].

Central differencing has been employed to discretize
all diffusive flux terms of the integrated equations. Two
convection differencing schemes have been used, the first
using hybrid differencing [12] to treat the convection
terms of all equations, and the second employing a
higher (second)-order upwind scheme to treat the con-
vection terms of the momentum and energy equations,
but retaining hybrid differencing of the turbulence
equations. The temporal terms have been discretized
using implicit first-order backward differencing in time.
Pressure coupling is dealt with using the SIMPLEC al-
gorithm [13]. The procedure adopted here to overcome
the problems of pressure-velocity decoupling on co-lo-
cated non-orthogonal meshes is the Rhie-Chow pressure
smoothing procedure [14].

4. The experiments
The experiments were conducted in the Loughbor-

ough University Department of Civil and Building En-
gineering environmental test chamber. The chamber is

1.9m
1 ‘—I
1] 1]
= = .
22m | 3am 47m S
12m i\ i " 1 ©
L D yun A B [
:” :” °
[Ny =
E—rj

(a) Load simulator boxes
® Measurement Stand Positions on 600x600 tables

of a size representative of a two-person office and has a
net floor area of 16.7 m>. It is not quite symmetrical,
owing to a column part way along the south wall. The
general arrangement is sketched in Fig. 2(a).

The displacement ventilation system supply was via a
semi-cylindrical diffuser on the centerline of the shorter
end wall of the test chamber. Extract was via a grille
above the door at the other end of the room. The supply
diffuser was constructed with a perforated metal face of
square holes over a foam rubber sheet so that the open
area is estimated to be 80% of the geometric area. The
chilled ceiling was constructed from a proprietary system
of metal tiles occupying 88% of the total ceiling area.

The heater batteries and cooling coil of the air supply
for the displacement ventilation system were controlled
such that the temperature of the air stream could be
maintained at 0.1 K when in heating mode and +0.3 K
when in cooling mode. The chilled ceiling water supply
temperature could be controlled within a +0.2 K band.
The pump flow rate was high enough to ensure a tem-
perature difference of ~2 K across the chilled ceiling
panel system at full load and so minimize any tem-
perature difference across the ceiling surface.

The primary air and wall surface temperature sensors
were type ‘T’ copper—constantan thermocouples. The
thermocouples used for air temperature measurement
had the junction mounted within a short open-ended
stainless steel tube to provide protection from longwave
radiation. Eighteen sensors were mounted on a vertical
stand to allow measurement of the vertical distribution
of the room air temperature. Surface temperature ther-
mocouples were distributed around the walls in seven
vertical lines each of four sensors to allow measurement
of vertical temperature profiles. Thirteen surface tem-
perature thermocouples were installed on the chilled
ceiling and six on the floor surface.

Calibration of the thermocouples was carried out
using a constant temperature water bath and a reference
mercury-in-glass thermometer. An ice-point reference
system was used in taking measurements from the

EXTERNAL WALL

EXTRACT
GRILLE

DOOR

INSTRUMENT
STAND

HEAT LOAD
(b) SIMULATOR

Fig. 2. The environmental test chamber apparatus. View (a) shows the general arrangement and (b) shows the layout of the room with
four heat sources. Horizontal dimensions are measured from the left (east) wall.
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Table 1

The main experimental parameters®

T. (°C)
259

T, (°C)
19.8

Tw (°0)
16.0

n (ac h™!)

5.0
5.0

Load (W)

1200
800

Test case

DCI10

22.6

19.0

16.0

DCl11

#The temperatures tabulated are for the chilled water supply, air supply and air extract, respectively.

mesh. This was necessary to accommodate the curved
face of the supply diffuser at one end of the room. In the

ice-point-based

this

of
measurement system before and after the experiments

Testing

thermocouples.

remainder of the room and in all vertical planes the
mesh is orthogonal. The resulting mesh has 45 x 41 x 56

(103 320) cells and is illustrated in Fig. 3.

to be re-

showed the air thermocouple measurements
peatable at £0.17 K (absolute) and surface
perature difference measurements at £0.25 K.

-air tem-

to

Initially a false time-stepping procedure was adopted

in an attempt to calculate the steady-state solution to the
flow. However, it was found that this method could not

Air speed measurements were made using a Dantec
54N10 flow analyzer linked to a personal computer and
connected to twelve 54R10 air flow transducers.

54R 10 air flow transducer is a hot

The

reduce the equation residuals adequately. Examination
of the spatial distribution of the equation residuals did
not reveal any particular regions in the flow that could

film omnidirectional air

speed and temperature sensor designed for measuring

room air flows within the velocity range 0.05-5.0 m s~!.

be causing convergence difficulties. This situation could

Air speed measurements were made by sampling the sen-

be explained by transient effects in the flow, such that a

sor signal twice a second over 2.5 min periods, followed by
a 30 s delay, and recording the averaged values. The air
flow transducers were mounted on the same vertical stand

true steady state could no longer be defined. To examine
this possibility a fully transient solution procedure was

adopted.

as the room air thermocouples. Air speed measurements
were made for one of the test cases at a number of positions

When using the fully transient solution procedure, a
spatially constant time step was applied without any
further numerical underrelaxation. The convergence

along the centerline of the room. These positions are noted

as A-D in Fig. 2(b). An additional measurement was

made at location E near to a side wall.

criteria were such that, at each time step, sufficient in-
step iterations were carried out to ensure that the mass

Internal loads were simulated in the test chamber
using two sizes of cuboid boxes containing single do-
mestic light bulbs of various wattages. When stacked
these were intended to simulate a personal computer and
monitor. The radiant component of the heat output
from the load simulator boxes was measured at 50-55%

residual had fallen below 1% of the net flow through the

room, and the enthalpy equation residual had fallen by

&

by taking a series of radiometer readings over the box
surfaces. (This information was used when assigning
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5. Results

Fig. 3. The 45 x 41 x 56 mesh representing the environmental

test chamber geometry.

Representation of the environmental test chamber
geometry (Fig. 2) required the use of a boundary fitted
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four orders of magnitude. It was found that satisfactory
convergence could be maintained with time steps of up
to 3.0 s. Time steps of 3.0 s required 16 inner iterations
per time step so that the procedure was computationally
very expensive, progressing an order of magnitude
slower than real time.

A calculation of the flow and temperature fields was
made using two sets of experimental boundary conditions
(noted above as DC10 and DCI11). This was done by
applying fixed temperature boundary conditions at the
wall, ceiling and floor surfaces and fixed flux conditions at
the four heat sources. When using these boundary con-
ditions, an assumption has to be made about the frac-
tional radiant output of the heat source and a value of
50% was used. The numbering of the heat sources and the
corresponding plumes is indicated in Fig. 4.

To monitor the progress of the transient solution, a
number of points were chosen at which the field values
of each solution variable were recorded at each time

Heat Source 1 ‘—I Heat Source 2

: Monitoring Points
t

Fig. 4. A plan view of the test chamber showing the position of
the plume monitoring points used in the calculations (at a
height of 2.77 m) and the numbering of the heat sources.

Heat Source 3

Heat Source 4

S.J. Rees et al. | International Journal of Heat and Mass Transfer 44 (2001) 3067-3080

step. Firstly, four points at high level in each plume were
selected. The position of these monitoring points is
shown in Fig. 4.

The initial conditions of the calculations were zero
velocity and a constant air temperature throughout. As
the objective of the calculation was to find data rep-
resentative of the measured conditions, data from the
initial 4600 s of the calculation were disregarded. Ex-
amination of the data at the plume monitoring points
for test case DC11 showed that after this time quasi-
periodic fluctuations in the flow had evolved with a
period of 450 s. These fluctuations continued and were
observed in each solution variable. These data have been
plotted in Fig. 5.

It was found that both the 7" velocity and temperature
data obtained from the monitoring point in plume four
were decaying. The calculation was therefore continued
until a steady quasi-periodic variation was observed
(from around 8000 s onwards, see Fig. 5). It may be noted
that the amplitude of the fluctuations, particularly of the
U and V velocities, is significant given that the maximum
velocities near the base of the plumes are ~0.3 m s~'.

A notable feature in the shape of the velocity and
temperature signals at each monitoring point is that,
within each period, there are two maxima and two cor-
responding minima (see Fig. 6). To analyze the fluctu-
ating motion of the plumes further a set of animation
data was generated on a vertical plane through the center
of heat sources two and four (plane x =3.65 m). Visu-
alization of the temperature and velocity data at this
plane showed that these plumes moved from side to side
in the room, but plume four more so than plume two.
The timing of the movement of plume four — either to-
wards the north wall, upright or towards the room center

U (ms™)

Plume 1 —
Plume2 ——
Plume 3 - -
Plume 4 ----

vV (ms™)

W (ms™)

NN
A
\J J J

RTAYE

T
y/\\/\/\\/\\

T o)

.
v l!

T
PRI
Gy N

3
A

7000

8000
Time (s)

9000 10000

Fig. 5. The cyclic variations of the U, V and W velocity components and temperature at the four monitoring points during the progress

of the transient calculation (case DC11).
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Fig. 6. Progress of the motion of plume four through one
period of the observed steady periodic fluctuations (case DC11).

— was noted from the animated data. This information
has been noted on a plot of the U, V" and W velocity data
for the plume four monitoring point in Fig. 6.

A notable feature of the observed motion of plume
four is that the time taken to traverse from one side to
the other differs at different parts of the period. For
example, at ~200 s in the 450 s period this plume moves
from its maximum deflection towards the room center,
to its maximum northerly position over ~50 s, whereas,
starting at time ¢ = 50 s in the period it takes more than
100 s to complete the same movement in the opposite
direction.

In order to find the cause, or driving forces producing
this quasi-periodic motion two possibilities were first
considered:

1. resonance in the plumes impinging on the ceiling (jet
column instability);
2. vortex shedding caused by flow perpendicular to the
axis of the plumes.
Impinging jets and plumes have been found to show
instability under certain circumstances. By externally
exciting a round free jet Crow and Champagne [16]
found that lateral perturbations were amplified in the
jet, the maximum amplitude occurring at a Strouhal
number (ST = fDje/ Ujer, Where f is the frequency of the
oscillations) of 0.3 and at a distance of 3.7 Dj,, down-
stream. More recent research work [17] has established a
range of Strouhal numbers between 0.24 and 0.51 where
jet instability has been observed.

The feasibility of the existence of this phenomena in
this case was examined by making an approximate cal-
culation of the frequency given a target Strouhal number
of 0.3. The resulting value of 0.2 Hz is two orders of
magnitude higher than the fundamental frequency ob-
served here (0.0022 Hz). It is therefore unlikely that this
could be the principle mechanism driving the observed
fluctuations.

A second possibility is that of a vortex shedding
phenomena, in which the lateral flow through the room,

from the inlet to exhaust, causes vortices to be generated
as this flow crosses the region dominated by the plumes.
In this case, the Strouhal number might be expected to
be ~0.1 (and ST = fDypjume/ Ux). If Uy is estimated from
the net flow through the room a frequency of 0.001Hz is
obtained. Although lower than that observed this
phenomena clearly leads to frequencies of the correct
order of magnitude as those observed.

To analyze the oscillating motion of the plumes,
further data were collected at the plume monitoring
points over several periods. From these data, discrete
Fourier transforms were calculated for each velocity
component and temperature. The discrete Fourier
transforms for plume four are shown in Fig. 7.

It can be seen that, in addition to the fundamental 2
mHz frequency there are further peaks in the spectrum
at 4, 8 and 16 mHz. The largest peak occurs in the
transformation of the temperature data at 8 mHz. These
higher-order harmonics are a reflection of the complex
nature of the fluctuations but do not necessarily suggest
specific phenomena at these frequencies. The higher-
frequency peaks may well arise from the asynchronous
interaction of two or more phenomena.

To illustrate the features of the flow observable at
each stage of the quasi-periodic motion of the plumes,
the flow field has been plotted in vector form, at each of
the eight steps identified in Fig. 6. The data have been
plotted on a horizontal plane part way up the plumes
(z=1.7 m) and on a vertical plane through plumes two
and four (x = 3.65 m). Vector plots projected on these
planes are shown in Figs. 8-10.

The progression through the 450 s period can most
easily be followed by reference to the motion of plume
four which at time zero in the period — actually solution
time 10000 s — is positioned towards the north wall (the
left and bottom wall in the section and plan views, re-
spectively). At time 100 s plume four is upright and
moves towards the center of the room by ¢ = 180 s. This
motion is reversed except on a shorter time scale between
times 180 and 250 s. Plume four moves to an upright
position again at =300 s and slowly towards the room
center by 400 s. The motion is then quicker from this
position to upright (430 s) and north again by 450 s.

Of the other plumes, plume three seems to move in
the same direction as plume four, while plume one
moves in the opposite direction. Plume two also moves
in the opposite direction to plume four (so that they
move towards the center of the room together, then
apart) but by a much smaller amount.

Study of the flow vectors in these planes shows further
details of the plume movement and its effect on the sur-
rounding flow. Firstly, it can be seen that plume four, at
each stage in the period, does neither penetrate so vig-
orously, nor impinge so strongly on the ceiling as plume
two. It can also be seen that throughout the period there
is no particular variation in the flow observable beneath
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Fig. 7. Discrete Fourier transforms of the calculated U, V" and W velocity components and temperature at the monitoring point in

plume number 4 for case DCI11.

the heat sources (0-0.7 m height), and that the velocities
in this region are much lower in magnitude.

Between plume four and the north wall there is a
noticeable recirculation pattern which seems most vig-
orous at 100 and 300 s when the plume is in an upright
position. Between plumes two and four the wall jet flows
from each plume impinge and this results in a swirling
motion at high level. The recirculating flows surround-
ing the plumes exist over a height from 0.7 m and up to
the ceiling and recirculate air to the very base of the
plumes. This swirling motion varies in strength (again it
seems most vigorous at 100 and 300 s) but always rotates
in the same direction so that it acts in favor of the mean
flow in plume two and against the mean flow of plume
four. This probably accounts for the lack of penetration
of plume four to the ceiling.

The vectors plotted on the horizontal plane in Figs.
8-10 show that the recirculating flow surrounding the
plumes is not just a vertical movement but has a strong
horizontal component. This is particularly noticeable
between the north wall and the adjacent plumes where
the flow is along the wall towards each corner of the

room. This flow is also sufficient to impart a noticeable
degree of swirl, at this height, to plumes three and four.
A similar situation also exists around plume one, where
there is a flow along the wall away from the column, and
a corresponding swirl around the plume — although not
so strongly as plumes three and four. This swirl around
plume one varies more noticeably throughout the period
and is hardly evident at 100 and 400 s. The flow at plume
two is distorted and deflected from the axis of the heat
source but there is little swirl or flow along the adjacent
wall. In this case the motion of the plume seems to be
stabilized by its proximity to the column.

The recirculating flow in the room that is entrained
into the plumes is mostly drawn from the west and east
walls where some vertical flow down the walls is evident.
The fluctuations in the plume are evidently strong
enough to induce fluctuations in this flow outside the
plumes — compare the regions next to the diffuser at 250
and 400 s for example.

From the study of these data it appears that, with
four heat sources in the test chamber, the flow entrained
into the plumes is sufficiently large compared to the



S.J. Rees et al. | International Journal of Heat and Mass Transfer 44 (2001) 3067-3080

3075

/|
!

Mo,

e NN
B NN

e NN

>
i
770

XK IOxxx x4 n—arn s

N N

i
A

t=+100s

=

AN

[

o
),
1,

i
W

y
)
"

W

)

fE g e

A

i

e AN

R TN

p——— NN

P NN 4
Ve

-

S UL T L

A

=X
B

ST

SN\

o220 1111
R

RPN

1.

[
e s o o

Laemm

\\
e
RN

|

Ly

b

T

Fig. 8. Velocity vectors at plane x = 3.65 m (left) and at plane z = 1.7 m (right) at times 0, 100 and 180 s of the period.

supply flow that recirculating flows that fall to the base
of the heat sources are generated in the upper region of
the room. Furthermore, these recirculating flows, be-
sides possessing the expected vertical velocity compo-
nent, also have a significant horizontal component.
These flows are strong enough to generate swirling ef-
fects in some locations.

It also appears that it is the interaction of the plumes
with the recirculating flows and with each other that is
causing the growth of the plumes to be unstable. There is
some similarity between the observed flow and vortex
shedding phenomena, in that, the recirculating flow
around the plumes causes some swirling motion in the
plumes and causes fluctuations with a frequency of the
same order of magnitude. However, the results of
the calculation do not show any separated vortices
moving downstream.

Although the fluctuations in the calculated velocity
and temperature at the plume monitoring points have
been studied, no direct comparison with the exper-
imental data was possible as no measurements were
made at these points for case DC11. Some comparison
with the experimental data was possible retrospectively
however, at the temperature measuring positions on the
room centerline. Calculated data have firstly been taken
from six points equivalent to the position of six of the
thermocouples. The calculated fluctuations in the tem-
perature data at these points over several periods are
shown in Fig. 11(a).

It can be seen that the fluctuations at low level in the
room are very small in magnitude compared to those at
high level. The largest amplitude fluctuations appear at
2.73 m in the calculated data. In the experiment tem-
peratures were recorded over a period of approximately
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45 min (fortunately long enough to include several of
the predicted temperature fluctuation periods) with
measurements made every second but averaged over 30 s
before being logged. The recorded data are therefore at
30 s intervals and some of the fluctuations have been
effectively filtered out. Nevertheless, fluctuations are
present in the recorded experimental data from higher
levels in the room.

A discrete Fourier transform has been calculated for
the measured data from 2.73 m and is plotted in Fig.
11(b) along with the discrete Fourier transform of the
equivalent calculated data. The Fourier transform from
the calculated data shows harmonics at 5, 10, 15 and 18
mHz. These harmonics are at similar frequencies and
magnitudes to those shown in the experimental data. As
these fluctuations were not originally observed in the
experimental data, this is a good example of how CFD
predictions can be used to reveal physical phenomena in
experiments that would have otherwise gone undetected.

Test case DC10 is similar to that of DC11 but each
heat source has an output of 300 W rather than 200 W,
giving a total load of 1200 W (equivalent to 71 W m~2 of
floor area). It was particularly useful to make a calcu-
lation for this test case as velocity measurements had
been made, along with temperature measurements, at a
number of positions along the room centerline and can
be compared with the calculated data.

In this case, it was found that steady periodic fluctu-
ations developed in the CFD prediction at the four plume
measuring positions after approximately 1800 s. The
calculation was continued for a further 3200 s. The data
from the plume monitoring positions showed a similar
quasi-periodic form to the DC11 case, but with a shorter
period of 383 s. The shortening of the period is not sur-
prising in view of the increased momentum in each
plume. Given that the supply flow rate is the same in case
DCI11, and the other boundary conditions are similar,
the reduction in the period of the fluctuations suggests
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that it is the momentum of the plumes that drives the
recirculating flow and the fluctuations, rather than the
negatively buoyant effects of the cold ceiling surfaces.
Temperature and velocity profiles were measured in
the DC10 experiment along the room centerline at four
different distances from the supply diffuser. To make a
comparison with this temperature data the numerically
calculated temperatures have been averaged over a
whole period. The calculation was first made for this test
case using hybrid differencing of the convective terms of
all equations. The calculation was continued for several
periods further using higher-order differencing and fur-
ther temperature and velocity data extracted. The simi-
larity of the predicted results using two different
convection discretization schemes encourages the belief
that the CFD predictions are close to grid independence.
The temperature profiles are compared at the four
different positions in Fig. 12(a). From the floor up to a

height of 1 m there is close agreement between calcu-
lated and experimental data except at x = 4.7 m (near
the rear wall of the chamber) where the temperature
near the floor is underpredicted. In the upper part of the
room (above 1 m) the air temperature is overpredicted in
the calculations by up to 0.8 K at x = 3.2 m. The ex-
perimental results also show a change in temperature
gradient at approximately 1 m. This effect is shown in
the calculated results but at a lower level of ~0.75 m.
The mean air speed profiles are compared, at the four
different positions, for test case DC10 in Fig. 12(b). As
the experimental measurements were made with an
omnidirectional probe, the numerically calculated
velocities have been used to calculate air speeds, and
then averaged over one whole period. Comparison of
these results with the experimental data shows some of
the same principle trends — namely that there are peaks
in the air speed approaching the floor and ceiling, and
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comparison of discrete Fourier transforms of calculated and measured temperatures at height 2.73 m.

there is a local maximum part way up the height of the
room.

Near the floor, the numerical results show a similar
trend to the experimental data in that the speed im-
mediately adjacent to the floor surface reduces with the
distance from the supply diffuser. The agreement with
the experimental data up to 0.5 m is generally very good.
There is also good agreement above a height of 2 m
except at a distance of x = 4.7 m. Where a local peak in
air speed was measured consistently at ~1.1 m, the nu-
merical results show peaks that are both lower in the
room (~0.7 m) and lower in magnitude. At x = 3.2 m no
particular peak part way up the height of the room is
predicted at all. The difference in results from using the
alternative differencing schemes is not great but higher-
order upwinding could be said to offer slightly better
results (see Fig. 12).

It is interesting that both the calculated changes in
temperature gradient and the local maximum in the air
speed are predicted to occur at a lower height in the
room than that measured (~0.7 m compared with ~1.1
m measured). It seems likely that these features are as-
sociated with the bottom of the recirculating flows in the
upper region of the room (i.e., the bottom of a well-

mixed zone surrounding the plumes). If this is the case,
then this would suggest that the depth of the upper well-
mixed zone is overpredicted. This is consistent with the
fact that the k—¢ turbulence model is known to over-
predict the spreading rate and entrainment factor of
plumes [18,19], and hence the magnitude of the sur-
rounding flow. For a given supply flow rate this would
require a flow to be recirculated down to a lower level in
the room than would actually occur.

6. Conclusions

Transient flow and heat transfer calculations have
been made for a displacement ventilation and chilled
ceiling system in parallel with test chamber experiments.
The results of the calculations show that the flow is
separated into two distinct regions of the room. These
regions can be identified as firstly, near the floor and up
to the height of the top of the supply diffuser, where the
room flow is dominated by that from the diffuser, and
secondly, above the top of the diffuser and up to the
ceiling, where the flow is dominated by the plumes from
the heat sources.
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Complex quasi-periodic fluctuations in the room air
flow have been observed in the predicted results. These
fluctuations take the form of mainly lateral oscillations
of the plumes above the heat sources. Some syncron-
ization of the plume oscillations was observed, as the
plumes tended to move to the center of the room to-

gether. However, complete symmetry of the motions was
disturbed by the lack of symmetry in the room. These
oscillations were found to have a Strouhal number in the
range 0.16-0.21 with higher frequencies in the case of
higher heat load, where the momentum in the plumes
was greater.
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The dynamic motion of the plumes seems to be due to
the interaction between the plumes and the recirculating
flows between the plumes, and between the plumes and
the walls. It does not seem to be driven by the momentum
associated with the inlet or any effects near the outlet
from the room. The lateral movement of air in the re-
circulating flow surrounding the plumes is also signifi-
cant enough to induce some swirling of the plumes.

Some of the predicted air temperature and velocity
profiles from the transient calculations, when compared
with experimental data, show evidence that the vertical
extent of the recirculating flow in the upper region of the
room is slightly overpredicted. This is most likely due to
the known tendency of turbulence models such as the kA—
¢ model used here to overpredict the entrainment into
plumes.

The predictions of the fluctuations in the temperature
field near the ceiling, induced by the motion of the plumes,
have been shown to be very similar in magnitude and
frequency to the fluctuations in the experimental data.
This has demonstrated how numerical methods can be
used to make predictions of the presence of phenomena in
experiments that would be otherwise unobserved.
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