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ummary Thepaper is the third in a series of four which describe a three-year research project into

advanced fabric-energy-siorage (FES) systems. It presents the derivation of a theoretical relation for the
heat wransfer (storage efficiency) within a FEs-slab which is used to construct a simple model of the slab.
The model is then validated against experimental data and incorporated into the full building simula-

tion :
dcm’onstrsles the application of the model.
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List of symbols

A Area(m?)

D... Elemental ...

HTC Heat-transfer coefficient (W m2K-1)
| Length (variable) (m)

I' Length of air path (m)

L Height of air path (m)

ME Marginal efficiency

MET Marginal energy-transfer rate (W)
MES Marginal energy-supply rate (W)

¢ Rate of energy transfer (W)

SE storage efficiency

SHC specific heat capacity (J kg'K-)

St Stanton number

Time (s)

Transit time for air to pass through slab (s)
Temperature (°C)

Thermal transmittance (W m—2K-1)
Velocity (m s)

Volume (m?)

Effective volume (m?)

Change in ...

. Differencein ...

Length (m)

Constant

Density (kg m?)

Constant
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Introduction

A previous paper® described CFD modelling of the FEs-slab
under a variety of boundary conditions and defined the para-
meter ‘storage efficiency’ (SE), which quantifies the heat trans-
fer between the ventilation air and the slab. This paper shows
}hz.u, given the slab’s average internal heat-transfer coefficient,
1t 1s possible to theoretically derive the storage efficiency of
any length of slab subjected to any air-flow rate.

2 Theoretical derivation of storage efficiency

A small segment of air is considered as it passes through the
slab, as shown in Figure 1. The segment is assumed to be
small enough for it to be at a uniform temperature, the con-
crete’s diffusivity is assumed to be large enough to consider

r

Figure 1 Slab segment considered in theoretical analysis

the slab to be at a uniform temperature and the slab’s thermal
capacity is considered to be large enough to consider that,
within the length of time for air to pass through the slab, the
slab’s temperature is constant.

The rate of energy transfer between the ventilation air and
the slab is given by:

q(t) = HTC(t) DA AT )

where AT is the temperature difference between the air and
the slab, DA is the elemental interface area and HTC is the local
heat transfer coefficient.

This heat flow causes the temperature difference AT to decay
according to

d(AT)/dr = —4(t)/DV p SHC )

The time-dependent temperature difference between the air
and the slab can therefore be evaluated from

AT(t) = AT(0) - (a/v psic)] | HTO) AT@)E  (3)

If the local heat-transfer coefficient HTC is replaced with an
average value HTC , equation 3 may be rewritten as

[, AT = (Cov p suoba HIGXAT() - AT(O) (@)

which is a standard differential equation, the solution of
which is:
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AT(t) = AT(0) exp-[(DAATC/DVp sHCK] 5)
Equation 5 may be simplified by substituting
DA/DV = 4LyL*y= 4/L 6

where L is the length of side of the square core and 7y is the
length of the volumetric element under consideration.
Equation 5 may therefore be rewritten as

AT(r) = AT(0) exp—{(4HTC/Lp SHC)] @)

If ' is defined as the residence time of air within the slab,
AT(0) becomes equivalent to the temperature difference
between the air and the slab at the inlet and AT(?') is equiva-
lent to the temperature difference as the air leaves the slab.
The slab’s storage efficiency may therefore be defined theo-
retically according to

SE = 100% {1 — exp-{(4HTC/Lp SHC)']} 8

Figure 2 compares this theoretical formula with data from
CFD models of the slab®. The curve labelled ‘theory 1’ was
calculated with an average heat-transfer coefficient of 6.5 W
m2K-!, as evaluated from the CFD. The curve labelled ‘theory
2’ was calculated with the average heat-transfer coefficient
evaluated analytically, from the formula®

HTC = St SHC pv 9)

There is good agreement between the first curve and the CD
results, as expected. The increasing discrepancy at high flgw
rates is due to the deviation of the local heat-transfer coeffi.
cient from its average value as more turbulence is generated 4
corners in the air path. The second curve accounted for this
fact explicitly, as the Stanton number St is a function of (he
air-flow rate. The curve therefore shows an improved repre-
sentation of the form of the CFD data at high flow rates

although it is displaced by about 20% along the majority o,f
the curve due to the corners in the airpath, which equation 9
does not account for.

2.1 Varying slab lengths

Figure 3 puts equation 8 to use by predicting the storage effi-
ciency of the FES-slab and the generic slab over a range of
lengths (where the generic slab’s average heat-transfer coeffi-
cient was evaluated from CFD data as 4.4 W m~K~). The fig-
ure clearly shows the FES-slab’s diminishing advantage; the
difference in storage efficiency between 12 m slabs is less than
2%, while the difference between 16 m slabs would be less
than 1%.
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Figure 2 Comparison of experi-
mental and CFD storage efficiencies
with theoretical formulae

Figure 3  Intrinsic storage effi-
ciency against slab length for a
201 s air flow
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3.2 Switchflow

The high storage efficiency of longer slabs has implications
for the switchflow system. Equation 8 was used to show that
a 12 m slab using switchflow would still have a storage effi-
ciency of around 81%; only 19% less than when the slab uses

the 3-core air path.

3 Theoretical derivation of marginal efficiency

The theoretical derivation of storage efficiency was put to fur-
ther use by investigating the benefit gained from increasing
the flow rate through a FES-slab. Figure 4 presents the results
for 4 m, 10 m and 16 m slabs. The figure indicates that the
wransit time for air to pass through the 4 m slab soon became
so short that the benefit of increased air flow was virtually
eliminated by the reduction in storage efficiency. The longer
air paths within the other slabs meant that reasonable transit
limes were maintained at greater flow rates, making the stor-
age efficiencies less volatile. This indicates that there is very
little advantage to be gained from increasing the flow rate
beyond a critical value, which is determined by the transit
time for air to pass through the slab.

Further investigation showed that it was possible to evaluate
the critical flow rate analytically, from the slab’s marginal effi-
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ferred to the slab). The marginal efficiency was defined

according to the following analysis.

The rate of energy supplied to the slab is given by:
Rate of energy supply = p suc (T, - T, )V (10)

which can be rewritten in terms of the transit time for air to

pass through the slab:
Rate of energy supply = p sHc (T, - T, WA/t (11)

where [' is the length of the air path and A’ is its mean cross-
sectional area.

The energy which is actually transferred to the slab is there-
fore found from

Rate of energy transfer = p sHc (T, — T, WA'SE@)r (12)
where the storage efficiency is given by equation 8.

Thus, simplifying equations 11 and 12 according to equations
13 and 14:

y=psac (T, ~T, A (13)
(14

It is possible to express the rates of energy supply and transfer
according to equations 15 and 16:

1 = 4HTC/Lp SHC

ciency (the proportion of additional energy which is trans- Rate of energy supply = y/i' as)
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Rate of energy transfer = (y/t')(1 — exp(—ut') (16)

The differentiation of these equations with respect to the
transit time for air to pass through the slab yields the margin-
al energy supply (MES) and the marginal energy transfer
(MET), as

MES = —y//t? 7)
MES = (Wi?)[(1 + ') exp(—ut') - 1] (18)

The marginal efficiency (ME) of a change in the flow rate can
therefore be defined as the proportion of the extra energy sup-
plied which is transferred to the slab, according to equation
19:

ME = 100% MET/MES 19)
ie.

ME = 100% {1 -[1 + (4HTC/Lp SHC)t]
X exp-[(4HTC/Lp SHC)']}

Equation 20 is evaluated in Figure 5, which provides the
opportunity to calculate the minimum acceptable transit time
for any definition of minimum acceptable marginal efficien-
cy. The figure can be used to show that, for example, the tran-
sit time for air to pass through a slab cannot be reduced below
10 s without reducing the marginal efficiency below 50% or,
in other words, if the flow rate through a 4 m slab is increased
from 17 1 s™! (transit time = 10 s) to 18 I s! then less than half
of the additional energy will be transferred to the slab.

(20)

4 Construction and validation of a multi-node FES-slab
model

The preceding section of this paper has dealt with theoretical
analysis of results from a CFD model of a single FEs-slab, in
isolation from other building elements. Subsequent sections
describe a simplified model which can be used as part of a full
building simulation. This ‘multi-node’ model was validated
on a spreadsheet before being incorporated into an office
model constructed within the University of Strathclyde’s
building simulation program ESP-r.

4.1 Construction

Figure 6 shows the construction of the multi-node model
whereby each homogenous layer contained two equally
spaced nodes. The model was defined to represent the 4 m
FES-slab discussed in the bulk of this research project.

4.2 Heat transfer

Heat exchange at the external surfaces was calculated accord-
ing to equations 21 and 22, where the U-values were derived
from first principles upon the basis of a 5°C temperature dif-
ference across the surface:

@ Thall
o SCI
Screed L)
Top Half oTl
Of Slab eT2
e Tin Toute
Bottom Half oT3
Of Slab
T4
® Troom

Figure 6 Format of the multi-node model
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External heat transfer (top surface)

=4 Utop(Thall -T,,)& @1)
External heat transfer (bottom surface)
=4 Ubot(Troom - Tslab)& (22)

Internal heat transfer between adjacent nodes was also mog-
elled according to the appropriate U-values, while the interac.
tion between the slab and the ventilation air was modelled
according to the intrinsic storage efficiency. This reduces the
knowledge required by a potential designer to a single para.
meter, which can be evaluated from equation 8.

4.3 Validation

The model was validated against 11Y/, days of data from ope
the bre’s experiments®, as shown in Figures 7 and 8. Table |
shows that the average disagreement between the mode] and
the experiment was less than 3% over the 11'/, days for both
the outlet air temperature and the slab bulk temperature
(where the simulated slab bulk temperature was approximat-
ed to the average of nodes T2 and T3, as shown in Figure 6).

Table 1 Goodness of fit of the multi-node validation

Average disagreement in T, (%) Average disagreement in T, (%)

24 x0.2 1.6 0.1

5 Incorporation of the multi-node model into ESP-r

The multi-node model of an FES-slab was included in the
simulation of an office, which was intended to be similar to
the Building Research Establishment’s FEs-slab test cell. The
office had dimensions of 4.8 X 4 X 2 m and was covered by
four 1.2 X 4 X 0.27 m slabs which, in turn, were covered by a
3.5 cm screed, as shown in Figure 9. The two central slabs
were simulated to be active, while the outer slabs were pas-
sive. A window of dimensions 1.8 X 1.0 m was positioned in
the centre of the exterior wall which, unless otherwise stated,
faced south.

Table 2 describes the construction elements used in the
model. Interior layers are listed first.

5.1 Boundary conditions

Heat transfer was calculated according to ESP-r defaults,
except for the exchange within the slab which, as descri})ed
above, was calculated on the basis of intrinsic storage efficien-
cy.

The office’s interior walls were defined with cyclic bound-
aries to simulate the presence of identical rooms on three
sides. The top and bottom of the model were both defined as
adiabatic, preventing vertical heat flow. This mimicked the
thermal barrier likely to be presented by a raised floor.

Airflow was simulated with a mass-flow network, as shown i1
Figure 10. This provided enhanced model definition since 1t
allowed a separate control algorithm to be defined for the fan
operation.

Air flow was simulated at a rate of 20 1 s! per active slab, cor-
responding to an air-change rate of 3.75 ac h! in the office.
The fans were simulated to be operational from 0800 t0
1800 h during the week, while at all other times they Wer¢
thermostatically controlled to operate whenever the room
temperature was above 19°C.
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Figure 7  Slab bulk temperatures
during the validation of the multi-
node model

05-Sep-92
07-Sep-92
08-Sep-92
09-Sep-92
10-Sep-92
11-Sep-92

12-Sep-92

Time (days)

Unless otherwise stated, heat loads due to occupancy, lighting
and information technology equipment were simulated as
30 W m from 0800 to 1800 h during the week. The loads
were defined to be purely sensible, with a 70:30 split between
convective and radiative heat.

Passive Slab Active Slabs Passive Slab
P y
/ &

Exterior Wall

Figure 9 Form of the ESP-r model
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13-Sep-92

Figure 8 Outlet temperatures
during the validation of the multi-
node model (gaps represent periods
when fans were inoperational)

17-Sep-92

16-Sep-92

The simulations were performed with the default ESP-r
weather year; ‘CLM67’, which is ‘indicative of the climate of
southern England’.

6 Simulations with ESP-r

The simulations investigated the office’s overheating risk
with respect to variation of its orientation, heat loads, flow
rates and the number of active slabs. They included a two-day
‘start-up’ period, as suggested by ESP-r, before modelling the
office’s performance through the three hottest months of the
year (June, July and August).

6.1 Results

To permit easy comparison, results are presented in the same
format as those produced from the BSRIA’s study®; a series
of graphs showing the number of hours that the room tem-
perature was above a given value.

A short analysis showed that reducing the time step of the
model produced a negligible effect upon its results. All of the
following analyses were therefore calculated with the default
1 h time interval.

Figure 11 shows that varying the office’s orientation had a
considerable effect on the peak temperatures experienced

21
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Table2 Multi-layered building elements within the model

Element Layer 1 Layer 2 Layer 3 Layer 4 U-value (W m2K-!)

Exterior wall 2 cm light plaster 12 cm inner brick 10 cm glass fibre 12 cm outer brick 0.32

Interior walls 2 cm light plaster 12 cm inner brick 2 cm light plaster 1.61

FES-slab bottom 2 cm light plaster o derme 2.89

concrete

FES-slab top fd o deuge 3.5 cm screed 3.19
concrete

FEsslabend | T Precast 56
concrete
1 cm Wilton

Carpet ¢ 2.90

FES-slab end e 56
concrete

X 6 mm double-
Window glazed clear glass 2.8

Noda 2
N R A D RS e A IR R e D
v
Room
i Z
L] ~ L ] by
Node 4 Node 3

Figure 10 Mass-flow network used to simulate air flow

within the space. This was to be borne out by experimental
monitoring of a real building, described in a following paper.
The figure also shows that two active slabs were not really suf-
ficient to cool this office.

Figure 12 shows that each 10 W m of heat load within the
space raised peak internal temperatures by about 2°C.

100 W
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Pl
§
- 50 +
é 40 -+
P i
3 30 -
b o
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10 -
| “~
0 +—— ! +- t t— —%
24 25 26 27 28 29
Temperature (°C)
22

Figure 13 shows the diminishing benefit of increasing the air-
flow rate. In a real building this would be compounded by the
sharp increase in fan power at higher ventilation rates.

Figure 14 shows that using all four ceiling slabs reduced peak
summer temperatures by at least 2°C. The models investigat-
ed the effect of using all four slabs while maintaining the air-
change rate in the office (halving the flow through each slab)
and while maintaining the flow through each slab (doubling
the air-change rate in the office).

Finally, Figure 15 shows that the slab’s stable radiant temper-
ature kept peak dry resultant temperatures approximately
0.5°C below the peak dry-bulb temperatures.

7 Discussion and recommendations

7.1 Theoretical analysis

It has been shown theoretically that, if an FES-slab building is
to be specified with multi-speed fans as recommended in an
earlier paper®, their maximum and minimum flow rates
should be specified to correspond with transit times of 10 s
and 35s.

E h X

o

\ﬂ—ﬂ":—\—:—ﬂ—\\-— - —a

i o W Figure 11 Effect of varying orien-

tation
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The theoretical investigation has also shown that, at realistic
slab lengths, the storage efficiencies of both the FES-slab and
the generic slab are likely to be near to 100%, indicating that
the difference in the systems’ effectiveness is likely to be more
dependent on their effective volume (thermal capacity) than
storage efficiency.

7.2 Multi-node model

A multi-node model has been constructed and shown to be
capable of reproducing the slab’s behaviour accurately; how-
ever it has the following shortcoming.

Energy exchange is simulated to occur evenly across the
internal surfaces, rather than being concentrated in the active
central region. The model will therefore be less accurate when
simulating advanced FES systems in which the ventilation
only interacts with a small portion of the slab, such as a FES-
slab using switchflow.

7.3 ESP-r modelling

The incorporation of the multi-node model into ESP-r repre-
sents the first opportunity to accurately simulate an advanced
FES-slab of any length, with any flow rate in a full building
model.

Although the ESP-r model was only used to investigate sum-
mer time overheating, there is no reason why it could not be
modified to simulate winter operation. This investigation was
not performed as, bearing in mind that the FES-slab originates
from Sweden, there is little doubt that, with appropriately
sized heaters, it should be able to cope with British winters.

The ESP-r modelling has highlighted the importance of
appropriately distributing heat loads within a building.
Consideration of Figure 11 in conjunction with Figure 12

24

30 3 32

Figure 15  Comparison of peak
resultant and dry-bulb tempera-
tures

shows that a north-facing office can be expected to sustain
about 10 W m of extra heat load for the same overheating
risk as an equivalent south-facing office.

The results presented in Figures 13 and 14 also imply that, in
dealing with high heat loads, it is more effective to increase
the amount of active thermal mass than to increase the air-
flow rate. This supports an earlier study® which showed that
the performance of an individual slab was enhanced when its
effective volume was maximised. It suggests design implica-
tions for offices where the required air-flow rate could be met
with only a proportion of the available slabs.
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