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ABSTRACT
A nodal model has been developed to represent room
heat transfer in displacement ventilation and chilled
ceiling systems.  The model uses precalculated air
flow rates to predict the air temperature distribution
and the division of the cooling load between the ven-
tilation air and the chilled ceiling.  The air move-
ments in the plumes and the rest of the room are rep-
resented separately using a network of ten air nodes.
The values of the capacity rate parameters are calcu-
lated by solving the heat and mass balance equations
for each node using measured temperatures as inputs.
Correlations between parameter values for a range of
cooling loads and supply air flow rates are presented.

INTRODUCTION
Displacement ventilation and chilled ceilings and are
complementary ventilation and cooling technologies
that have the potential to provide better comfort, air
quality and energy consumption than conventional
systems.  Displacement ventilation used with or
without a chilled ceiling is characterized by distinct
vertical temperature gradients and radiant asymme-
try.  These characteristics prevent such systems being
simulated by current annual energy simulation pro-
grams, in which it is assumed that room air is well
mixed and surfaces are isothermal.

In office displacement ventilation systems, air is in-
troduced at the diffuser at a temperature slightly be-
low the mean air temperature in the space and flows
across the floor before being transported vertically by
the plumes associated with heat sources in the room
(see Figure 1).  This generally upward movement of
air results in a warm layer of mixed air adjacent to
the ceiling, resulting in a positive temperature gradi-
ent over most of the height of the room.

Thermal comfort considerations impose an upper
limit to the allowable vertical temperature gradients
in office spaces of 2-3 K/m.  Since these gradients
are largely a function of internal load and room
height, this results in a practical cooling load limit for
these systems of about 30-40W/m2.  It is for this rea-
son that, in many applications, displacement ventila-
tion is used with a chilled ceiling.  By using the ceil-
ing as an additional source of convective and radiant
cooling, the capacity of such systems may be in-

creased to approximately 80W/m2.  Chilled ceilings
are also complementary to displacement ventilation
systems, in that they can operate with similar primary
chilled water temperatures.  This chilled water tem-
perature can be significantly higher than in conven-
tional cooling systems (~15oC vs. ~6 oC) if dehumidi-
fication is not required or can be achieved in some
other way, e.g. by the use of desiccants.  Depending
on the climate, it may be possible to use evaporative
cooling on both the air side and the water side and
eliminate the use of refrigeration systems.

A model has been developed that is able to capture
the effects of the vertical air and surface temperature
gradients of these systems and is computationally
efficient enough for annual energy simulation. The
model has a network of ten air nodes that are used to
represent the room bulk air flow.  The walls are sub-
divided to treat vertical variations in surface tem-
perature and heat flux.  The paper describes the de-
velopment of the structure of the nodal network used
in the model.
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Figure 1: Flow in a typical office displacement ven-
tilation system.

The principal parameters of this type of model of the
convection coefficients and air capacity rates. Some
nodal models (Dalicieux and Bouia 1993) perform
momentum-pressure balances at the room air nodes
using a reduced form of the Navier-Stokes equations.
This is not done here, however, so the capacity rates
between interconnected air nodes are parameters of
the model that have to be predetermined.  In the
model proposed here, there are ten air nodes, requir-
ing the definition of four independent capacity rates.
The capacity rate parameters of the model can be
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calculated by solving the heat and mass balance
equations of the nodal model using measured tem-
peratures as inputs.  The variation of the model pa-
rameters with both design parameters and operating
conditions is analyzed and simple rules for predicting
the model parameters are derived.  This approach
could also be used to find the parameters of nodal
models of other systems where intra-zone airflow is
modeled explicitly.

A generalized nodal thermal modeling program
LIGHTS (Sowell 1989) was used as a prototyping
tool to develop the model presented here.  The model
could be implemented in a modular simulation pro-
gram, as described in Rees and Haves (1995) or as an
extension of the room model in a whole building en-
ergy simulation program.

The experimental data used here comes from two
series of test chamber experiments.  The first source
of data is the displacement ventilation experiments
conducted at the National Swedish Institute for
Building Research by Li et al. (1993).  The authors
also made measurements in a test chamber at Lough-
borough University (Rees 1998).  This test chamber
had a single displacement ventilation diffuser and a
flat panel chilled ceiling occupying 88% of the ceil-
ing area.  Air temperature measurements were made
using eighteen shielded thermocouples.  Approxi-
mately 50 thermocouples were used to make surface
temperature measurements.

THE MODEL STRUCTURE

The following considerations guided the develop-
ment of the structure of the model:
• the quantities that the model is required to pre-

dict;
• the degree of detail required adequately to repre-

sent the heat transfer phenomena of interest;
• the bulk air flow movements observed in the

experiments and predicted by CFD.
The first two considerations influenced the complex-
ity of the model.  The third was used to determine the
topology of the nodal network.

The structure of a nodal model of a displacement
ventilation and chilled ceiling system has to be more
complex than that of a conventional fully mixed sys-
tem because, firstly, the output requirements are dif-
ferent, and, secondly, the assumption of isothermal
surfaces is no longer valid.  One of the output re-
quirements is the room operating/comfort tempera-
ture.  This temperature lies somewhere between the
air temperature adjacent to the floor and the extract
temperature, and is conventionally measured at a
height of 1.1m.  This imposes a requirement either to
place a node at that height, or to interpolate between
nodes above and below.  The other basic output re-
quirements of the model are the air and water stream

heat flows, and so inlet and outlet air and water
stream nodes are also required.

Given this minimal set of nodes necessary to provide
the required output, further nodes are required to
capture air and surface temperature gradients.  The
walls are divided vertically into four equal sections,
requiring a surface node and adjacent air node at each
level.  The presence of buoyancy-dominated bound-
ary layers flowing over the floor and ceiling suggests
that separate floor and ceiling air nodes are required.

Other nodal models of displacement ventilation
(Mundt 1990, Li et al. 1993, Hensen and Huygen
1996) have had room air nodes connected in a serial
fashion.  Models with this one-dimensional ‘plug
flow’ arrangement make reasonable predictions of the
air temperature just above the floor and just below
the ceiling but significantly over-predict the room air
and wall temperatures (Rees and Haves, 1995).  The
excessive air temperatures predicted in the lower part
of the room are a consequence of the room air nodes
having a direct connection with the heat load.  In
rooms with displacement ventilation, there is some
de-coupling of the heat loads from the room air (the
air surrounding the plumes, that is) by virtue of the
heat being transported to high level directly by the
plumes.

In order to account for this de-coupling effect, a sec-
ond set of air nodes is introduced to represent condi-
tions in the plume(s) explicitly.  These plume air
nodes are connected to each other and to the room air
nodes.  Vertical connections are introduced between
adjacent plume nodes to represent air flow in the
plume(s) and lateral connections are introduced be-
tween the room air nodes and the adjacent plume air
nodes to represent entrainment of air into the plume
from the surrounding air.  This model structure is
shown in Figure 2.  The upper zone of the room is
treated as being well mixed, on the assumption that
the ‘stationary front’  would be approximately three-
quarters of the way up the room.

W1

W 2

W4

W3

EXTRACT

C

C

C

C

C

C

e1

p1

p2

p3

e2

e3

f

R1

R2

Cfp
CR1

CR2

CR3

CS

CS
R4

R3

LOAD  Q

fa

P1

P3

P2

c

SUPPLY

S1/h .Af f

1/h .Aw w

1/h .Aw w

1/h .Aw w

1/h .Aw w 1/h .Ac c

Figure 2: A prototype nodal model of a room with
displacement ventilation showing separate plume and
room air nodes (as in Rees and Haves 1995).
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Results for this form of the nodal model are shown in
Figure 3.  These results show good agreement of the
air temperatures at the first two nodes and near the
ceiling but otherwise too small a temperature gradi-
ent in the lower and middle parts of the room.  The
experimental data, however, generally show the
steepest air temperature gradients to be in the lower
part of the room.  This can not be accounted for if the
direction of the flow in the air surrounding the plume
(i.e. between nodes R1 and R2, R2 and R3 in Figure
2) is always upwards.  This is because the only tem-
perature gains with increasing height are due to the
convective fluxes at each level.  The convective
fluxes predicted assuming reasonable values of the
convection coefficients are insufficient to produce
temperature gradients of the magnitude recorded ex-
perimentally.

It would seem that the only mechanism that can ac-
count for sufficient heat being transferred to the mid-
dle and lower part of the room, is bulk movement of
air from the warm layer near the ceiling to lower in
the room i.e. by a significant amount of recirculation.

Figure 3: Air and wall temperature profiles predicted
by the nodal model shown in Figure 2 (Li et al. Case
B3).

It is not obvious which path between air nodes in the
model corresponds to the recirculation of air from the
upper to lower parts of the room.  In previous work
(Rees and Haves 1995, Haves et al. 1995) recircula-
tion was simply introduced in the model structure by
making two connections from the room air node in
the upper zone to the air nodes in the middle zones.
This arrangement is shown by the dotted lines from
node P3 in Figure 2.  The correct temperature gradi-
ents and coupling with the walls is reproduced for
this data set by assuming 60%.

Definitive determination of the structure of the air
flow network ideally requires experimental meas-
urement of the flow field for the whole room.  Laser

Doppler anemometry would be required, which is
both time-consuming and expensive.  An alternative
approach is to use the results of computational fluid
dynamics (CFD) simulations to help refine the air
flow network in the nodal model and this approach
has been used here.

The velocity field data generated using CFD (Rees
1998) have been aggregated by dividing the room up
with hypothetical surfaces to form a number of large
control volumes.  These large control volumes have
been arranged so that the flow through each surface
is at a position representative of the flow into and out
of the plume or between each horizontal layer.  The
numerical velocity data were then integrated over the
faces of these large control volumes to find the net
mass fluxes.  These flows are presented in two-
dimensional form in Figure 4 for one particular test
case (DV9).  It can be seen that there is strong recir-
culation from the upper layer to the two middle lay-
ers. The magnitude of this recirculating flow rate is
large compared to the supply and extract flow rates.
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Figure 4: Bulk air flows calculated from a CFD
simulation of test case DV9.  The units are kW.K-1.

A modified air flow network conforming to the flow
pattern suggested by the numerical results was used
subsequently to derive the parameter values.  The
structure of this model is shown in Figure 5.
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Figure 5: The model with a nodal network con-
forming to the air flow pattern indicated by the CFD
results shown in Figure 4 (referred to as model A).
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THE MODEL PARAMETERS

In a nodal model, there are heat balance and mass
balance equations associated with each node.  Use of
the model to predict room temperature distributions
requires knowledge of the capacity rates and convec-
tive heat transfer coefficients that form the parame-
ters of these equations.  The other parameters of the
model are the emissivities of each room surface, the
selection of which is relatively straightforward and is
not discussed further.

The model structure described in the previous section
and shown in Figure 5 has a total of ten air nodes,
including the supply node, and the air flow network
includes twelve capacity rate interconnections and
six surface conductances, defined by the corre-
sponding convective heat transfer coefficient.  The
capacity rates and heat transfer coefficients for each
test case are calculated by simultaneously solving the
inverted node air heat and mass balance equations
using the corresponding set of measured air and sur-
face temperatures.

The first step in determining the values of the pa-
rameters is to interpolate between the experimental
temperature measurements to define equivalent tem-
perature values at the air and surface nodes. The wall
node temperatures, W1-W4, were obtained by inter-
polating between the measurements taken at different
heights and producing area-weighted averages of
measurements in different horizontal positions.  The
floor and ceiling node temperatures were obtained by
taking the area-weighted averages of the measure-
ments on these surfaces.

Measurements of the variation of air temperature
with height were made using a vertical array of sen-
sors positioned near the center of the room.  Meas-
urements at different horizontal locations outside the
plumes showed very little lateral variation in air tem-
perature, as did the CFD results.

Calculating the Parameter Values
The air node heat balance and mass balance equa-
tions were solved using a general-purpose equation
solver code (Klien and Alvarado 1997).  The heat
transfer coefficients are inherently positive.  In addi-
tion, some of the air flow rate directions are con-
strained in order to avoid violating the second law of
thermodynamics.  Experimental errors or errors in
the model structure may result in the solution violat-
ing these constraints.  In the chilled ceiling cases, it
was found that the measured value of Tcla was incon-
sistent with positive values of both hc and hw.  As
there is more independent information pertaining to
wall convection coefficients, it was decided to spec-
ify a value for hw and calculate hc and Tcla.  Using the
value for convective heat transfer at vertical internal
surfaces suggested in the CIBSE Design Guide A

(1986: Table A3.6), i.e. 3 W.m-2.K-1, yields reason-
able values of ceiling coefficient for many of the test
cases.  The results of the parameter calculations are
shown in Table 1 for the Li et al. test cases.  The re-
sults of the calculations using the Loughborough test
data are shown in Tables 2 and 3.  Further details are
presented in Rees (1998).

In the Li et al. test cases, the flow between the room
air nodes R1-R4 was found to be in a downward di-
rection so that air was recirculated from R4 down
towards R1, as shown in Figure 5.  In the Loughbor-
ough cases, the flow between R1 and R2 was found
to be upward and the flow between R2 and R3 was
sometimes upwards and sometimes downwards, al-
though it was always quite small.  This difference
can be understood in terms of the positions of the
heat loads in the two sets of experiments.  In the Li et
al. test cases, the load was near the floor, whereas, in
the Loughborough cases, the load(s) were at desktop
level.  A variation of the model was introduced to
deal with the latter cases, denoted ‘Model B’  and is
shown in Figure 6.
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Figure 6: A variation of the model devised to con-
form to the results of the test chamber experiments
with loads at desktop level (denoted ‘Model B’).

Table 1: Capacity rate and convection coefficients
calculated for the Li et al. displacement ventilation
cases. The units are W/K and W/m2.K respectively.

Case B1 B2 B3

Load(W) 100 200 300
hwl 0.89 0.92 1.3
hw 5.5 5.5 6.3
hc 13.91 9.88 8.51
hf 8.60 7.25 6.06
CS 13.86 27.7 41.6
Cfp 8.88 17.4 17.8
Ce1 9.4 15.0 26.6
Ce2 63.0 58.5 33.7
Ce3 44.7 48.2 92.4

CR1/CS 0.36 0.37 0.57
Ce1/Ce2 0.15 0.26 0.79

Ce1+ Ce2 72.4 73.5 60.3
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Table 2: Capacity rate and convection coefficients
calculated for the Loughborough displacement ven-
tilation test cases. The units are W/K and W/m2.K
respectively.

Case DV7 DV8 DV9 DV10 DV11 DV12

Load (W) 100 200 300 300 400 400
hwl 0.65 0.9 0.75 1.7 2.4 1.4
hw 3.5 3.0 1.2 2.9 5.0 3.0
hc 11.66 6.097 11.91 30.53 56.67 8.3
hf 0.8 1.1 1.3 1.6 2.3 2.3
CS 23.3 23.3 23.3 46.6 46.6 46.6
Cfp 6.3 6.7 2.069 9.172 1.211 9.2
Ce1 12.6 12.6 5.334 1.41 0.969 20.6
Ce2 10.33 4.8 17.6 44.03 47.81 17.3
Ce3 4.52 9.9 1.065 3.062 3.9 30.6
CR3 5.87 0.65 1.69 7.98 3.36 0.48

CR1/CS 0.73 0.71 0.91 0.8 0.97 0.8
Ce1/Ce2 1.22 2.64 0.30 0.03 0.02 1.19

Ce1+ Ce2 22.93 17.30 22.93 45.44 48.78 37.91

Table 3: Capacity rate and convection coefficients
calculated for the Loughborough displacement ven-
tilation & chilled ceiling test cases. The units are
W/K and W/m2.K respectively.

Case DC10 DC11 DC12 DC13 DC14 DC15 DC16

Load(W) 1200 800 450 450 600 600 600
Tsw 16 16 17 14 14 17 17
hwl 0.8 1.3 0.7 1.2 1.1 1.4 1.2
hw 3.0 3.0 3.0 3.0 3.0 3.0 3.0
hc 4.4 5.5 6.8 4.8 6.1 6.7 6.8
hf 5.8 2.4 1.3 1.0 2.5 3.0 2.6
CS 46.6 46.6 46.6 46.6 46.6 46.6 23.3
Cfp 9.0 1.35 8.36 4.6 8.57 7.4 2.3
Ce1 32.7 21.83 4.95 1.0 5.37 20.1 0.9
Ce2 15.1 26.16 34.57 48.3 34.59 23.6 24.9
Ce3 303.9 11.70 18.12 120.8 46.05 18.7 1.9
CR3 10.21 2.71 1.26 7.34 1.90 4.44 4.86

CR1/CS 0.81 0.97 0.82 0.9 0.82 0.84 0.9
Ce1/Ce2 2.16 0.83 0.14 0.02 0.16 0.85 0.04

Ce1+ Ce2 47.84 47.99 39.52 49.36 39.96 43.66 25.85

GENERALIZED PARAMETERS

For the model to be useful in predicting the thermal
loads and temperatures of rooms with displacement
ventilation and chilled ceilings under a variety of
conditions, it is clearly necessary to be able to gener-
alize the parameters of the model.  This requires the
definition of functions or rules that could be used to
establish the model parameters from either other
model inputs or more conventional design parame-
ters.  The convection coefficient parameters are con-
sidered first.

The Convection Coefficient Parameters
It was necessary, as noted previously, to allow a dif-
ferent value of convection coefficient for the lowest

section of the room walls than for the rest of the
walls when calculating the parameters.  There is
some physical basis for making such a distinction
between the lowest part of the walls and the upper
part.  Flow visualization and CFD results showed
that, in the bottom part of the room, the flow is
dominated by a gravity current from the diffuser and
a return current flowing over it.  In the upper part of
the room, the flow is much more mixed, with higher
velocities near the walls.  The convection coefficients
in the upper part of the room can therefore be ex-
pected to be larger.

In the calculations of the parameters, in nearly all the
test cases, a value for the convection coefficient for
the lower part of the walls that satisfies the con-
straints of the model could be found using the corre-
lation published by Hatton and Awbi (1998) for tur-
bulent flows in enclosures, i.e. hc=1.49(∆T)0.345

W/m2.K. This then, seems a reasonable basis for de-
fining the value of the parameter hwl in the model.

It is more difficult to find independent correlations
for convection coefficients representative of condi-
tions at the ceiling.  The value of the convection co-
efficient could be expected to lie between 4.3
W/m2.K, which is the value given in the CIBSE De-
sign Guide A for horizontal surfaces and still air con-
ditions, and 24-96 W/m2.K, which is the range of
values for a plate with an impinging jet with similar
characteristics to that of the plume (Gardon and Ak-
firat 1965).  CFD results (Rees 1998) suggest values
of hc in the range 12.8-19.1 W/m2.K.

The values of hc found from the parameter calcula-
tions are higher for the cases without a chilled ceil-
ing, 11.7 W/m2.K, than for the cases with a chilled
ceiling, 5.9 W/m2.K.. There is also greater variation
about the mean value of hc in the displacement ven-
tilation cases. The coefficient is less well defined in
these cases than in the chilled ceiling cases because
of the small temperature differences at the ceiling,
and corresponding greater significance of the meas-
urement errors. In view of the lack of good inde-
pendent information concerning the value of the
ceiling convection coefficient, the mean value found
from the chilled ceiling test case parameter calcula-
tions has been adopted as a constant coefficient in the
model.

The value of the floor heat transfer coefficient found
in the parameter calculations is given by a single
equation hf=Cs(Tfla-Ts)/(Tfla-Tfl)Af. This equation can
be solved independently of the others, given a value
for Tfla. Nearly all the values calculated in this way
fall in the range 1-3 W/m2.K. Again, in the absence
of better information, the mean value of the floor
convection coefficient, 2.1 W/m2.K, has been
adopted to define a constant value of hf  in the model.
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The Capacity Rate Parameters
In the process of considering trends in the model pa-
rameters, alternative methods of parameterizing the
model were considered.  The four independent ca-
pacity rate parameters were chosen initially to be the
capacity rates representing flow into the plume(s),
namely Cfp, Ce1, Ce2 and Ce3.  This method of param-
eterizing the model has the advantage that the pa-
rameters can be thought of a representing the en-
trainment processes and are always in the same di-
rection, but has the disadvantage that the parameters
are dimensionalized.

A similar method might be to specify the capacity
rates between the room air nodes, namely CR1, CR2,
CR3 and CR4.  These parameters have the disadvan-
tage that they represent flows that are not always in
the same direction in each form of the model.  A
further set of parameters could be defined by consid-
ering the ratio of flows where the flow divides in the
network, such as Cfp /CS.  Each of these parameter-
izations was used, and the values for each case ex-
amined, in order to identify trends that could be used
to form rules for determining parameter values.

Considering each of the sets of capacity rate pa-
rameters, it is apparent that some of the parameters
do not show any particular variations with the usual
design parameters such as load size, air change rate,
or ceiling temperature.  Some of the parameters vary
but have values confined within definite limits.  The
trends in the capacity rate parameters can be summa-
rized as follows (see Tables 1-3).

1. Cfp /CS falls in the range 0.03-0.29 i.e. Cfp is al-
ways a limited fraction of the supply capacity
rate.

2. Parameter CR3 falls within a relatively narrow
range of 0.48-10.2 W/K  and is always of similar
magnitude to parameter Cfp.

3. The sum of parameters Ce1 and Ce2 is always
very close to the supply capacity rate, CS.

4. Parameter Ce3, which represents the entrainment
at the top of the plume and degree of mixing in
the upper part of the room, is relatively small in
the displacement ventilation cases. It becomes
large (up to 6.5 times the supply capacity rate)
when the loads are large and/or the ceiling tem-
perature is lower.

The small value of the parameter Cfp and the nearly
constant value of Ce1+ Ce2 could be expected. The
effect of these parameters is mainly to control the
temperature gradient in the lower part of the room.
The experimental results showed that the non-
dimensionalized temperature gradients in the lower
part of the room are very similar for test cases with
the same supply capacity rate. The temperature gra-
dients found in the experiments fall, therefore, into a

relatively narrow range. Hence, the parameters con-
trolling the prediction of the temperature gradient in
the lower part of the room might be expected to fall
into a limited range.

From these observations of the parameter variations,
some rules can be defined that allow the approximate
determination of the parameter values.  Firstly, as Cfp

varies little, its value can be set from the mean value
of Cfp /CS, i.e. 0.15. It also seems reasonable to set
Ce1+ Ce2 = CS.  If this is done, continuity restraints
dictate that CR3 = Cfp.  Having established these rules
it remains necessary to find the ratio Ce1 /Ce2 and the
value of Ce3.  The only notable trend concerning the
value of Ce3 is that for nearly all the displacement
ventilation test cases its value lies towards the bottom
of its range, such that Ce3/CS ≈ 0.15.  For the dis-
placement ventilation and chilled ceiling test cases,
there is a much wider variation of Ce3.

The significance of the parameters Ce1 /Ce2 and Ce3

was investigated by examining the model output us-
ing a wide range of values for these parameters.
Varying Ce3 chiefly varies temperature TR3 but has
negligible effect on the overall air heat balance.  The
parameter ratio Ce1 /Ce2 influences TR2 and therefore
the temperature gradient in the lower quarter of the
room.  Unfortunately, the data collected and the pa-
rameter values calculated do not show how the pa-
rameter ratio Ce1 /Ce2 can be readily established.  For
the purposes of testing the model further, and demon-
strating how it could be used, this ratio has been set
at 1.0.  A summary of the rules that can be used to
establish each of the model parameter values is
shown in Table 4.

TESTING THE MODEL

The model was tested in the following ways,

• by making comparisons between the measured
and predicted air heat balances;

• by making comparisons between the measured
and predicted temperatures in the occupied zone.

If these calculations are made by fixing the inside
surface temperatures at their experimental values and
using the parameter values calculated for that par-
ticular case, the results are very nearly exact.  In the
tests reported below, however, the predictions have
been made using the generalized parameter values
defined by the rules given in Table 4.

The surface temperatures have been fixed at their
experimental values in these tests. This was done in
order to test the adequacy of the air flow network and
associated parameters in the model. External bound-
ary conditions could have been applied by extending
the model with wall conductances, but modeling wall
conduction is strictly beyond the scope of the model
and would introduce additional uncertainties. The
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room air heat balances and air temperatures (at node
R2), for a selection of cases, are given in Table 5.

Table 4: Rules found for determining the model pa-
rameter values.

Parameter Rule to set Parameter Value

hf 2.1 W/m2.K (mean calculated value)
hc 5.9 W/m2.K (mean calculated value)
hw 3.0 W/m2.K (CIBSE Guide A)
hwl 1.49(∆T)0.345 (Hatton and Awbi 1998)
Cfp 0.15 CS

Ce1, Ce2 Ce1+Ce2 =CS  and Ce1 /Ce2=1
Ce3 0.15 CS for displacement ventilation,

> 0.15 CS  for high loads and chilled
ceiling cases

Table 5: Comparison of measured room tempera-
tures and air heat balances (Qa) with predicted val-
ues.

Test
Case

Measured
Qa (W)

Predicted
Qa (W)

Measured
TR2 (

oC)
Predicted
TR2 (

oC)

DV8 58.5 74.5 22.10 22.12
DV12 212.8 235.8 21.37 21.48
DC10 248.9 209.8 24.33 23.68
DC11 164.7 162.8 21.85 21.98
DC14 162.4 157.9 18.28 18.53
DC15 242.2 239.3 19.08 19.11

The predicted value of the net load on the air stream,
Qa, is worst in case DC10, where the generalized
parameter values are most different from the values
specifically calculated for that test case. It is also in
case DC10 that the load on the air stream is the
smallest proportion of the total internal load
(1200W).

Comparison of the measured room air temperature
profiles with those calculated using the generalized
parameters for displacement ventilation cases DV8
and DV12 is shown in Figure 7. Similar comparisons
for displacement ventilation and chilled ceiling cases
DC11 and DC15 are shown in Figure 8. The tem-
perature profiles are reasonably well matched over
the full height of the room.

To test the ability of the model to reproduce some of
the characteristics of displacement ventilation and
chilled ceiling systems further, a hypothetical test
zone has been used. This zone was of the same ge-
ometry as the Loughborough test chamber but all the
walls were given conductance of 0.3 W/m2.K.  A
base test case was devised in which the outside tem-
peratures were 25oC, the ceiling temperature was 20
oC, the air supply temperature was 19oC and flow rate

equivalent to 3.0 air changes per hour.  The load was
set at 600W for the base case.
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Figure 7: Comparison of Predicted and measured air
and temperatures profiles for displacement ventila-
tion cases DV8 and DV12.
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Figure 8: Comparison of Predicted and measured air
and temperatures profiles for displacement ventila-
tion & chilled ceiling cases DC11 and DC15.

The response of the model to changes in ceiling and
air temperature is shown in Figure 9.  The model can
be seen to demonstrate the expected qualitative be-
havior, in that:

• as the supply air temperature is increased and
approaches the external temperature the heat
transferred to the air stream reduces;

• as the ceiling temperature is reduced, so the pro-
portion of the load transferred to the air stream
reduces and the comfort temperature becomes
closer to the supply air temperature.
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(i)

(ii)

Figure 9: Predicted air and wall surface temperatures
from the model with (i) varying supply air tempera-
ture and (ii) varying ceiling temperature.

CONCLUSIONS

A nodal model has been developed to represent room
heat transfer in displacement ventilation and chilled
ceiling systems. The structure of the model includes
air nodes representing different regions of the room
air and air flowing in the plume(s). This structure
allows the air and surface temperature gradients to be
calculated.  By separately representing the air move-
ment in the plume(s) and the rest of the room, the
model is able to correctly represent the relationship
between the internal load and the air and surface
temperatures found in the occupied part of the room.

A method has been demonstrated whereby capacity
rate parameter values can be calculated by solving
the heat and mass balance equations of the nodal
model using the experimental temperatures as inputs.
Convection coefficient parameters for the model
have been defined using a combination of published
correlations and calculated parameter values.  Analy-
sis of the calculated capacity rate parameters has
produced a set of rules that enable the parameter val-

ues to be pre-determined.  The model has been
shown to be able to reproduce the measured air heat
balance and room temperatures reasonably well.  The
ability to show the expected response to changes in
the design parameters has also been demonstrated.
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