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AIR MOVEMENT AND HEAT DISTRIBUTION
IN HEATED FACTORY SPACES
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1. Introduction

Traditionally in the UK factory spaces were not pgenerally heated
throughout, but rather, heating systems were used to provide an
'umbrella’ coverage of heat over a certain occupied area. The building
fabric was usvally poorly insulated and "leaky’ and so it did little to
contain the delivered heat within the space, nor did it contribute a
great deal to the thermal environment other than to provide basic
shelter from the elements. After heat had been delivered to the
prescribed area of coverage it was considered more or less lost, le. if
one vas outside this umbrella of heat cover one expected to be cold. In
this way the thermal environment was considered to be 'emitter
dominated’ with the heat emitter being either predominantly radiative or
convective in its delivery of heat to the space.

For modern low energy buildings in general the thermal environment is
not emitter dominated. Once the building has been ‘warmed wup’ the
heating system should play a secondary role to the fabric in maintaining
thermal comfort conditlons. Modern factories are now designed to be
better insulated, at least to the UK Building Regulations recommended
levels (1), and are often better sealed in terms of air {infiltration
rates (2). The fabric can nov contain the heat after it has been
delivered to the space. However Lhe method of heating system design has
not changed generally in concept fiom that of providing heat coverage,
or 'emitter dominated' ' areas. Many systems, both radiative and
convective are not designed to operate, within the comfort region, with
the necessary degree of modulation required in 'low energy’ factories.
Therefore although modern factory heating systems claim to be efficient
in converting fuel to heat, they often prove ineflicient in the ultimate
delivery of heat to the space. This can result in poor environmental
conditions and energy waste.

This paper describes the air movement and heat distribution measured in
low energy factories wvhich had installed a range of heating systems
currently popular in use in the UK, and discusses the results in terms
of thermal petformance and thermal comfort.

The factories were designed and constructed by the Welsh Development
Agency and the project was funded by the Joint Development Agencies of
the UK together with the Department of Energy (BRECSU), the Science and
Engineering Research Council and British Gas.
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2. Honitoring Heating System Performance

Over the past three years a number of low-energy [factories have heen
monitored in a Field measurement project the aim of which was to
demonstrate the energy saving benefits resulting from improved levels of
thermal insulation and lower air infiltration rates (2,3). The main aim
of the project was to assess the Ffabric performance, hovever, the
opportunity was taken to carry out additional experiments in order to
assess the heating system performance in relation to the *low-energy’
fabric design. The factories, which were predominantly  naturally
ventilated, and in the size range 180 to 1800 sq.m. floor area, had
heating systems vhich vere considered to be representative of current
‘state of the art’ design For the UK. They are presented in table 1. All
were fueled by gas.

Type of system Control Floor area (sq.m.)
Unit Warm Alr Heater on/off* 180
Radiant (Black) Tubes on/ofE 900
Radiant MPHY Panels modulating 1800
Radiant Plaques on/okf 180

* Later changed to modulating control

Table 1. Monitored heating systems.

For all the heating systems in table 1, measurements vere cartvied out of
temperature gradients with time, during the heating season. Additional
measurements were carried out on the unit warm alr heater and the
radiant tubes. These including gridded space alr velocity and
temperature measurements (using a Disa Multi-Channel Alr Flow Analyser
and smoke visualisation), and boundary condition measurements, which for
the unit air heater included delivery air temperatures and veloclities,
and for the radiant tubes, tube surface temperatures.

3. Heat Requirements of Modern Faclories

In modern factories in the UK the fabric heat loss has been reduced
considerably over the past decade. Typical seasonal energy ‘targels are
0.35 Gj/sqm/annum, and typical design fabric heat loss targets are 60
w/sqm (for a DT of 20 degC) (3). A typical daily space heating energy
demand profile is presented in figure 1 for a [actory heated by a warm
air heater with a modulating control (see also section 4.1). This ease
serves to illustrate the requirements placed on the design of industrial

4. G4
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heating systems for modern factories. Besides having the capacity to
warm the building up 'from cold’, a system should have adequate control
to deal with variations in demand on both a daily and seasonal basis.
In addition, it should deliver and distribute the heat in such a wvay as
to provide comfort in the occupied regions in an efficient manner.
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Fig.l Typical daily heat demand profile and process heat gain.

h. Case Suudies

The case studies for the various heating system options (table 1) are
presented in terms of the ability of each system to control the heat
supply to the space and also ol the way in which heat s dellvered and
distributed to where it is needed.

A.1 Unit Warm Air

The unit warm air heater option was [irst operated with an on/off
thermostat air temperature control situated on the wall just below the
heater unit, vhich was wall mounted. This mode of operation resulted fin
wide variations of temperature with time, wvith floor to ceiling
temperature gradients peaking as high as 20 degC, as shown in the First
four days of figure 2. The space vas effectively being heated 'from the
ceiling down’' and there vere complaints from occupants of low
temperatures at floor level in relation to the high temperatures at
upper levels.

‘In order to improve matters a modulating control was installed which

modulated the gas pressure (down to a minimum of 30X full load) based on
return air temperature. The improvement in air temperature profiles with
time can he seen In the last three days of f[igure 2. The ability to
modulate to mateh the wvariation in load conditions, eg. with the
occurrence of process heat gains, vas demonstrated on a daily basis in
figure 1, which presents typical daily energy profiles for a day after
the installation of the modulating control. The improved profiles vere
related to the teduction in buoyancy forces resulting from the reduced
heater leaving air temperatures. This was demonstrated in the air flov
vector measutementls presented in [igures 3 (a) to (c) for three heat
oulpul levels.
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Fig.3 Air flow vectors for three heater tem
perature settings, namely
(a) 25kV¥, (b) 20k¥ and (c) 15kW, and (c) for a reduced leaviné speed.
(maximum temperature gradients are included for the dotted region)

Because the heater operates for much of the time at reduced load the
bouyancy forces vere weaker and the temperature profiles wvere more
‘stable’. However it did mean that the air movement in the space was
often high relative to the air temperature on lovw ‘turn down’ and there
were complaints of draughts. The system vas designed on the concept of
supplying a particular area of heat coverage, and therefore, on this
basis required a jet velocity sufficient to reach the far side of the
factory. In fact the system was oversized in Lerms of its capacity, in
order to achieve the required jet ’throw’. Vhen the heater wvas modulated
on leaying.velaeity (reduced by about half) as well as temperature, as
shown in figure 3(d), the space temperatures were still found to be
satisfactory hut now the aiv velocities vere veduced. The space became
less dominated by the system, and polentially more comfortable.
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4.2 Radiant (Black) Tubes These were installed in the largest factory investigated, 1800 sqm floor
j rature control area. The radiant mphw panels option had a modulating control [i[t d

The radiant tube option had an on/off thermostal air temperature standard and, as the profiles of figure 5 show, th i e
and, as presented in figure 4, it shoved a similac air temperature were more stable with time compared to the previ . d? b e
profile over time as for the varm air system in the on/off control mode The radiant efficiency vas not Very: high Eith o?: ra :?t tube option.
of operation. In the case of the radiant tubes the floor to ridge air contributing about 40 ¥ of the total heat deli . ;a e
temperature gradient was about B degC, being steepet in the upper region Hovever the factory was able to contain the he;:EISncetoitthE dSDECE-
(betveen 3m and 6m). delivered and perhaps a high radiant efficiency is not necessaty? ThT:n

7”’!:1:?'“' ;“Es;heri::‘h ;helmodulat;ng control means that the system tends toward;

" (degt -em er dominant mode of operation, and 1

KA s enerall

o oy Pilze to be able to provide a comfortable thet;al enviroﬂ:ent.a ¥ ceonsidered
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Fig.4 Air temperature profiles Ffor the radiant tube heating 5 .———-::::%t:::=PP_—
system, for a 7 day period, with measurement points Tiasr T
at 0.3m, 1.5m, 3.0m and 6m (ie. ridge height)
This implies that there was a significant convective output Erom the 0

tubes. Measurements of the tube surface lemperature along its length
were carried out and from these measurements the radiant input to the
space was estimated to be 55 % of the total heat input, which is not as
high as usually assumed for this Llype of system.
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Measurements of air velocities and air temperatures vere carried out at i kg

pridded points throughout the space. Velocities were found to be -
generally less than 0.1 m/s, the pattern of air movement being generated
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Fig.6 Daily profiles for radiant plaques

by the relatively weak natural buoyancy forces. Floor to ridge
temperature gradients vere typically about B degC. Air movement in this
factory vas therefore considered not to be a source of discomfort. The
only source of possible discomfott were the rexcessive’ variations of
temperature with time resulting from the on/off control.

! 4.3 Radiant MPHW Panels
! R IE:r:aSé::td?}??:ﬁlthion wai chosen for the smaller factories for which
! T17 gy o sateh SF z 1 5 les at the time in obtalning heatlng systems to
| 37 i hiic r (low) heating requirements. Radiant plaques can be distributed
, 22 . } : 7 , Jf‘ mc5;|5. e t ‘llC qurn to provide a triaditional type of heat coverape
| g ) //2! !41\\ S /:?\k 2 F:'I . Eo;c?n ;ated around work positlons and in sufficient number to match the
| L AN AN Ui henk Tovs T plabos. saresomechice” ' oot i, e
4 g \ W b1} ¥ % t EIIOS'.HIS: However, dur‘lng occupancy they were ||Sl|’|"y controlled
5 manually, with ?peratiyes tutning individual plagues on or off as
g 22| ; . . ’ .  Payr tequired. A typical daily profile is presented in figure 6. What was of
o | ? 2 5 6 7 interest in the use of the plaques was that the operatives tended to
turn off the plaques over the work positions, and used the plaques avay

from the work positions to vide | i i

. ) iJos diant panel heating system. =08 provide heat to the space. This is contrar

Fig.5 Air tempetature profiles for  mphw radi P g sy to traditional concept of providing heater coverage and again Iavm-ri
the non-emitter dominant mode of operation. -
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5. DISCUSSION

From the above case studies a number of points arise for discussion
related to the heating of modern low energy factories and the
suitability of traditional heating system design.

5.1 Control

The least expensive control option is the on/off thermostat, and
therefore it is often specified for many system options. In fact a
number of currently available systems will only operate In an on/off
mode. This dictates a period of maximum heat input folloved by a period
of no heat. The temperature gradients during this cycling depend on the
nature of heat delivery in relation to the bouyancy forces. Because the
heat input to the space is always at the maximum level bouyancy forces
will be always at their highest vhich will result In high temperature
gradients. This has been shoun to be the case for radiant systems as
vell as For convective systems. In lov-energy factories vhere the
heating system is still sized on design heat loss although it operates
for the most time at part lead the adverse effects of on/off control
tend to be grealer, as a grealer component ol the heat requirements are
met by incidental heat gains, eg. from process heat.

the

The modulating control matches the heating system output closer to
more

(varying) heat requirements of the space and therefore provides a
stable and potentially more comfortable environment and tends to reduce

temperature gradients.

5.2 Distribution

The case studies have indicated that for modern low-energy factories the
divect distribution of heat by the heating system in terms of providing
an area of heat coverage is not as important as delivering the right
amount of heat to match the heating needs at a particular time. The
fabric of the building is able to-contribute to the thermal environment
and the heat contained by the building fabric will be distributed by
'natural’ forces. Radiant efficiency and jet throw are not considered
to be such important factors in heating system design in modern
factories, indeed, a non-emitter mode of heat delivery is considered to

be potentially more comfortable.

Although temperature gradients can be reduced by using a modulating
control they will still occur even with radiant systems. There are
destratification options available which claim to reduce and even to
eliminate temperature gradients, though they have not been tested during

these studies.

5.3 Thermal Comfort

Comfort is affected by heating system control (excessive variations of
temperatlures with time) and the method of heat delivery and distribution
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;IZt;erms of draughts from varm air systems or hot spots from radiant
ystems). Comfort conditions are potentially easier to achieve when the
environment is not dominated by the heating system.

6. CONCLUSIONS

The success of increased levels of i i
insulation in reducing spa i
égzuiie:e?ls for Tadern factories has resulted in low gl:f;:e D?ea;;:g
and being r p
insie g required from the heating system for much of the occupied

f:gu::;i::dls'thfrefore-preierred to on/off control, in order to match
! hea requirements and 1 avoi f
Sl B W d o avoid ’excessive temperature

::Ee;;;:d:tiongll;ules' concerning the provision of areas of heat

or bo wvarm air and radiant system

applicable for lov energy factorle I 4 g M W
r : 5. Mleat need not be divee

people, In an emltter dominant manneir. In fact, best comfort coné??iuz:

;eem to occur vhen the heat is delivered indirectly to the occupled :

n a non emitter dominant mode of operation. . sone

There are still ener Y
:4 fficie es due t lem
ine ncies (4] perature gradients for
both radiant and warm air systems, lhough thﬂ}" should be reduced b}"

In the short term, cur i
3 rent heating system options can b
t ¥ 5 €f e used in ]
en::gylfactor:es with reasonable success provided they have mcdu]atiiw
fﬁer;oiqa:dnthjy ire non-emitter dominant. However, in the longer terg
5 ee or new options which
requirements of modern factories. RS wolet 0l Gl
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MESURES IN SITU DU COEFFICIENT MOYEN
DES ECHANGES SUPERFICIELS INTERIEURS*

S. Martorana et C. Bianchi
Politecnico di Milano
Dipartimento di Energetica

I. lntroduction

Av cours des années 1984-1986, nous avons rcalisé un programme d'essais
sfr 6 bitiments situés dans 1"1talie do Nord (Alba, Parma, Schio, Torto-

na) el dans |'ltalie du Sud (Campobasso, Lucera).

On a ulilisé 38 logements, pour un total de 150 locaux (1,2,3), et on a
mesuré: les hétérogénéités des températures superficielles des parois de
facade, 3 1'aide de 1la thermographie infrarouge; les Tésistances
thermiques des parois les plus significatives; les paramétres
microclimat iques des locaux (température, humidité relative et vitesse de
1'air; température rayonnante moyenne des parais); les facteurs de
fumiére du  jour des  locaux significatifs; 1'isolement acoustique
normalisé des parois et des éléments de fagade, 1"isolement normalisé des
planchers aux bruils aériens el aux bruits de chocs, |'isolement drs
bruits des équipements. les mesures acoustiques ont été effectuées par
1'Istituto di Fisica Tecnica della Facoltd di Ingegneria di Bologna.

Nous avons saisi |'occasion pour vérifier la Ffiabilité des valeurs des
coefficients d'échanges superficiels, ainsi que des méthodes pour les

calculer.

Cetle communication concerne le coefficient d'échanges superficiels

intérieurs.

* Convent ions de recherche Dipartimento di Energetica del Politecnico di
Milano/1spredil S.p.A. di Roma 03.02.1984 et 31.10.1984, financfes par
| 'Administration (Comitato Edilizia Residenziale (CER), art. 2, lettre F,
Loi A5T/78).
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2. Position du probléme

2.1 Les conditions aux limites de I'équation indéfinie de 1la
con i 3 i

; duftlﬂﬂ de la chaleur sont généralement linéarisées, ol coexistent
es %changes thermiques par convection et par rayonnemenl, avec des
relations telles que (4):

h-(t{ - 15) = - k-(a:!nu)q ()

— % . . . "
avec n normale & la surface, orientée vers |'intérieur du rorps, ot

ki =
h 'Ir + hr (2)
avec
" 1/4
= 0,56 (k /L) - (Gr-py) pounr (Gr-1) = ll.'J’I . |l.lrI (1.a)
h h
¢ |
= 0,13-(k/L)-(Gr-Pr) /3 pour (Gr-Pr) = mq + m” (3.b)

- ;
pour la conveclion naturelle et pour les surfares planes verticales
(5,6,7); ‘

h = gfle , ¢ , 5,8, F )-{T‘rl - T‘!I -
. & O BBy o - g) / (ir ls, (4)

s

avec cg, e, les émissivités des surfaces Sg et SP supposécs grises, F

le facteur de forme. .

22 i - i
La fonction f(es. ep, Ss, Sp. Fsp) est exprimable par:

f(es, ep. Ss. SP, Fsp) = |/ (f/e5 + (I/e|1 -1 Ss/Sp} (5)

od les surfaces soient supposées 3 température uniforme et le facteur de
forme Fgp est &gal 3 | pour la géometrie de la figure 1.

' 5
2.3. 11 s'ensuit que le flux thermique qui fraverse |a paroi suivant la
normale en régime stationnaire ainsi que la densité du flux Lhermique
sont donnés par:

tt-=h-(tr - ts)-ss (6)

ct
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i a i i de
Fig. 1 Schéma des [lux thermiques 3 la surface intérieure

la parois

(7

3. Mesures in s_i_tu

i ici ‘échanges
ée pour déterminer les coefficients d'échang

3.1. La (7) a &t& utilis situ de la densité de flux

ici ure directe in
superficiels par la mes

et des températures by et lg;

3 S & +
thermique Lo mime schéma a #Ué utilisé pour mesurer

est représenté par la [igure 2. :
la résistance thermique des parois.

— - tempArature air extérienr — — —
o — e me = Flux prESrviour. — — — — g
t empérature surface extérieure 1
1l
1l
pid
systéme

d'enrepistrement
des mesures

N

ity

i

o Jh

— temperalure ‘ni r 'Int.er!eur - | |
————— flux lulvno‘nr_’ S _—l
teppérature sarface intéricure — —

Fip. 7. Chaine de mesure

1e schéma du systéme de mesure
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3.2. La slationnarité du Flux thermique a &té vérifiée par des enregi-
strements de longue durée des températures de 1'air intérieure et
extérieure, des températures surfaciques intérieures et extérieures et du
flux thermique méme. Les mesures ont éLté effectuées au cours des
séquences froides les plus longue et au moins pour Lrois jours
consécutifs.

Les zones de mesure 3 flux unidirectionnel, qui ont &té choisies sur
parois exposées pour Jla plupart au nord, ont &Lé localisées avec la
thermographie infrarouge associde 3 des mesures ponctuclles des
températures surfaciques. La thermographie infrarouge a 61L& utilisée
encore, les fluxmétres installés, pour vérifier la conservat ion de la
unidirectionalité du flux thermique.

3.3, Le projet du systéme de mesure a &té optimisé par |'analyse des
erreurs; 1'approximation poursuivie pour la mesure de h a 616 de v /- 107,

L'expression de 1'erreur probable

- 5 : _
M= 1/ \{;u,,/‘,,) TR VI T n’ (#)

a suggéré, pour les mesures in silu, des approximations de +/-47 pour le
Flux thermique et des approximation de +/-82 pour la différence de
température entre 1'air et la parai.

L'excellent accord entre les résistances thermiques des parois, qui ont
€té mesurées simultanément au coefficient h, et les résistances
raleulées, représente une vérification indirecle du nivean de fiahilite

des mesures des susdils coefficients d'échange superficiels.

< 4. Résultats
Les résullats sont résumis dans les tableaux 1,2, et 4.

4.1. Le tableau | concerne les valeurs du cocfficient de convection h,.
calculées pour les températures mesurées: la hauleur de |a paroi est la

méme pour tous les bitiments: I, = 2,7 m.

Le tableau 2 concerne les valcurs du eocfficient de rayonnement h,

calculées pour les températures Tr et Tg mesurées, pour les péomelries de

chaque Tocal ef sous les hypothiéses suivantes:

. T" = Ty saul pour e bitiment A oi Ia valem de 'lp Bt G mesur e v
il est chaulfé par rayonnement (1/3 au plafond, 2/3 au plancher);

v B Sieg = 0,9.
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Tableau |. Valeurs de hg calculées pour les températures mesurée
et pour L = 2,7 m

) Gr-Pr
me s l\r lq t Tm k-102 v'_106 Pr 1079 he

i | 26,7 23,1 1,6 297,101 2,628 15,50 0,702 3,037 :.3:2
2 29,0 27,5 1,5 301,4 2,662 15,91 0,701 2,660 z‘om

3 28,4 26,0 2,4 3004 2,657 15,85 0,701 4,303 z,ang

4 23,5 19,9 3,6 294,6 2,618 15,39 0,702 6,984 z, e

5 20,9 18,4 2,5 292,8 2,597 15,14 0,703 5,055 I,gﬂ

i 16,6 14,7 1,9 288,8 2,563 14,75 0,704 4,109 2.230

7 20,5 17,7 2,8 292,3 2,594 15,11 0,703 5.693 I.gﬁ]

A 19,4 17,5 1,9 291,6 2,585 15,001 0,703 3,924 |'an.3

F 9 21,9 20,4 1,5 294,13 2,605 15,24 0,703 2,‘;;80 |‘686

F 10 18,8 17,6 1,2 291,4 2,580 14,95 0,703 25 "
Tahleau 2. Valeurs de hg calenles pour les temp-étal.ur‘es mes:e-
rées Tp et Tg ainsi que pour les géomelries
chaque loral.
: ST 7 -__ ;5 »

hat me s T! l'g t'n op = os SF 4
T 298, 2902 0,9 0,200 9;:’;
B 2 02,2 00,7 02,2 0,9 0.':22 ;.ﬁ-”
i 3 01,6 299,2 01,6 0,9 o, ’ .—‘1,5
# i 296,17 293, 1 296,17 0,9 0,175 :.”:.,
1I} 5 294, 1 291,6 294 ,1 0,9 0,142 ;.ﬂ:;]
1] (] 289,8 2R7,9 789.8 n,9 0,142 -&,0;(
() 7 293,7 290,9 293,17 0,9 0,142 ?.%Zy
E 8 292,60 290,7 292,6 n,9 0.20: ;.m‘
l‘ 9 295,10 293,6 295,1 0,9 0,32' ;,gm

F 10 292,0 290,8 292,0 0,9 0,145 iy

é ici d'échan-
4.2 L,e tableau 3 concernc les valeurs calculées du coefficient L
o i & insi n pourcenta-
superficiels, les valeurs mesurées ainsi que les écarts en p
S,

ges

N i i our les mesu-
les écarls sont modesles, en moyennc moins du 7% envtr?n, p 5l
res I, 2, 4, B, 9 ils sont remarquables et (incompa

o
| "aypothése Tp = T¢ pour les mesures 3, 5, 6 el

effectude simultanément aux

stres microclimatiques, i ,
l.a mesure des parametres les batiments objet

i i ignalé pour
mesures de résistance thermique, avait sipgnalé p i R
) ; T ié =211 4 “ g x
jes mesures 5, 6 ¢t 7, des humidités relatives particulierem
thes & ¥
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el des Lempératures radiantes moyennes particuliérement basses par

rapport aux autres bdtiments; pour le batiment objet de la mesure 3, la
sus-dite mesure avait signalé une

température radiante moyenne
anomalement basse.

Pour ces batiments la chute des échanges thermiques par rayonncment

€tait, par conséquent, prévisible, ainsi que la surestimation des échan-
ges calculés suivant 1'hypothése Tp = Tg (tableau 2).

Pour les b3timents objet des mesures 5, 6 et 7 il nous a paru raisonnable
attribuer la diminution de 1a température T|._l i 1'évaporation des eaux de
construction el par conséquenl de supposer Tp égale d la tempéralure
humide de 1'air, évidemment pour les seules surfaces poreuses. Les
valeurs des coefficients d'échanges superficiels ainsi recalculés
confirment cette hypothése (tableau 4). Dans le cas des mesures 5 et 7
toutes les surfaces sont porcusecs saufl celle du plancher; dans le cas de
la mesure 6 seulement le plafond est poreux.

Tableau 3. Valeurs de h ecalculées, valeurs de h mesurées, dearls,

hat A B B C n n n E F F
mes I 2 1 4 5 6 7 f 9 K]
h I PLA4L 7,06 7,51 7,35 7,20 6,83 7,26 6,93 6,85 6,66
ca
h 10,35 7,76 5,02 6,87 3,63 4,92 3,86 6,27 6,79 6,44
Lt
h I—h

cal mes

. (7) 10,2 -7,7 50,4 9,9 98,7 38,8 B8R, 1 10,5 0,9 3,4
1

me s
Pour le Tocal objet de la,mesure 3, la hasse températare radiant e moyenne
est due & Ja contiguité de certaines parais avee les parties non
chauffées du bhAtiment. Evidemment  auveune hypothise pendralisable esi

possible sur cetle température.

= Cancly

5.1.  les valeurs calculées et celles mesurées du cocllicient d'échanges

superficiels intérieurs se recoupent de fagon satisfaisante pour des

hypothéses de caleul et dans e
cas des géométries les plus courantes des locaux des logements.

conditions d'essai cohérenles avee les

I.a moyenne des valeurs calculées, épale a 7,03 w/m2-K, cst en offcl en

hon accord avee celle des valeurs mesurces qui vaux 6,87 w/ml-K.
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Tableau 4. Calcul du coefficient h. supposant qu'une partie de

la surface Sp soit & la température humide de 1'air;

comparaison entre les valeurs calculées et les va-

leurs mesurées de h.

me s 5 6 ?
e 294,1  289,8 2937
T:hum 291,6 285,9 291,2
T 291,6  287,9  290,9
T’ 292,2  288,9  291,8
99 0,9 0,9 0,9
i 0,9 0,91 0,94
sP/s 0,142 0,142 0,142
e P 1,210 2,432 1,612
2 3,36 4,41 3,84
had 3,63 4,92 1,86
mes
h =h
_ffi L2 G S SO |13 -0,5

Ces valeurs sont toutefeis un peu moindre de celles les plus répen=

dues car les conditions d'essai sont différentes des conditions réelles

des logements habités.
par convection sont npettement mnins

52 Les fchanpes  thermiques

importants de relles par rayonnement; leurs wvariations avec leos

températures observécs pendant les essais, influencent peu la valeur du
coefficient d'échanges superficiels.

702 de te coefficient. Par conséquent la

Le rayonnement vaux presque
sensiblement & limiter les

réduction de ces échanges peul contribuer
déperditions thermiques des parois. Le mécanisme consiste dans la ré-

flection de la chaleur radiante & la surface des parois, avant d'en

réduire 1a conduction aver des isolants thermiques.

f.l. Nomenclature

A bitiment de Alba

] hitiment de Campobasso
C bhitiment de lLucera

m M Mmoo

sp
cr = (L3 g AY/(T, v2)

g = 9,80665

h

k

L=2,70

Pr (ucp}/k

-3
i

= (T, + Tg)/2

At = Lg - Lg

6.2. Leltres gréques

0 = 5,66961 1078

6.3. lndices

LR I~

fi.fi. Abhroipis

bat
cal
him
nes

(J/kg K)

=)

(-
{ =)
(m/s?)
(W/m2 k)
(W/m K)
(m)
€ = 3
( m2)
(k)
( K)
£ ey
(g

(N s/m2)
(m2/s)
(w/m? k4)
(W)
(W/m?)

239

chaleur spocifique i
constante

bitiment de Parma

bt iment de Schio
Emissivilé

hitiment de Tortona
facteur de forme

numéro de Grashofl
accelération de gravité

pression

eoclficient d'échanpes superficiels

conductivité thermique

hauteur de la parois

numéro de PrandtL]

superficie

température absolue

température moyenne de 1'air
surface

température Celsius

a la

différence de température air-surface

différence

viscasilé

viscosité cinématique
constante de Stelan-RolLzman
Mux thermique

densité de flux thermigque

converl ion

Muide

parois intérieures
rayonnement

surfare intérieure de a

extérieure

bitiment
caleulé
Timi de

mmeroe de Lo mesure ) mesore

paroi
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AN APPLICATION OF KALMAN FILTERING TO ENERGY MONITORING OF BUILDINGS

STIG MAMMARSTEN and URBAN NORLEN
Swedish Institute for Building Research
Box 785, 5-801 29 GAVLE, Sweden

1. Introduction

Analysis of monitoring data from buildings using simple physical models,
e.q., energy signatures (ES), is a wellknown method. For 3 given energy
balance model, the ES denotes a set of parameters describing the energy
performance of a building. The values ol the parameters are estimated from
a statistical analysis of the building's performance. In most cases the
method of least squares is used. The number of parameters depends on Lhe
energy balance model used and may vary from one to eight or more. The
models can be either static (1), or dynamic (2).

A basic assumption in most ES models is that a building's performance can
be described as a constant-parameter linear system. Consequently. the
models are normally identified off-line with a method giving equal weight
to data from each point of time, i.e., a complete set of data is analyzed,
assuming that the parameters have the same values over the whole measure-
ment period.

The assumption of constant parameters may be violated because of variation
in climate variables. not included in the analysis, e.g., a strong gale
may cause increased air infiltration and thus increase the energy loss
factor. Changes in user habits or malfunctions in heating and ventilalion
systems may also resull in changes of parameter values. It would be useful
to detect such changes in energy monitoring of buildings. An inspection of
detected changes in parameter values may give 3 warning that some action
should be taken. H

Recursive on-line algorithms (3) with a forgetting factor or a rectangular
window included, may be used for estimation of the ES of buildings. This
makes it possible to continously track changes in the values of ES-para-
meters.

2. Theoretical model

The building is modelled by a number of nodal points connected by thermal
resistances and capacitances, giving a lumped parameter model. Two simple,
but for the present purposes sufficient, models are given in Figure 1.
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Fig. 1. Thermal networks of a 4-parameter and a 7-parameter model for
a2 building.

The ventilalion losses are modelled Logether wilh the total conduction
losses in one thermal resistance in the 4-parameter model and with two in
the 7-parameter model. The thermal capacitance C, is transferring its
energy to the interpal air node through a resistsnce R.. In the 7-para-
meter model, the thermal capacitance C, transfers its énergy to the inter-
nal air and outdoor air nodes. The solgr aperture A is equal to an effec-
tive aperture area without any losses. These models and variants of them
have been discussed by several researchers (2, 4, 5, 6, 7).

We will here discuss the 4-parameter model. Analysis with the 7-parameter
model may be carried out in an analogous way (7). The governing differen-
tial equations for the 4-parameter model is

21 b
RNIES SRR SRR (0
do
) T .
Crat = r, ‘98 12)

in the five variables

Indoor temperature (measured) [°Cl

B, =

B; = Temperature of the capacitance (Hnmeasuredl [°£1

8 = Dutdoor temperature (measured) [ C)

0 = Heat from auxiliary heating (measured) [W¥) 2
I = Solar radiation on the south wall (measured) (W/m"]

2
and in Lhe four parameters R (v, R, %cv, ¢ (kWh/%Cy and A ).
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3. at formu i

A state space model consists of a measurement equation
Yp = Zpo togy t=12...T (4)
and a transition equation

a, = It“t—i t 2 L2, ..T (5)
where a is a m*l state vector containing the model parameters and the
latent (unmeasured) variables, z, is a m*] vector containing the measured
variables and lagged latent varishles. T, is a matrix of order m*m, e, i

a normally and indepedently distributed &isturhance term with variancé o .

Consider the equation system (1)-(2) above. With a time index on the
variables, and using a first order difference approximation, we have

1 F =1 )
2 0t - R (0,78, * 0, + AL, (6)
al__
Yie Pt e Y ey’ th
il
where
) . | 1
R R 4 R (113
i 1
Inserting equation (7) into equation {6) gives
1 v T | ) a4 i}
LT R Byt % ¥ OiporVpey? £ O VAL A9}

which may be used as the measurement equation (4), where Yy 15 the indoor-

outdoor temperature difference sit - aot‘ and where

z ) -9 e TR R/R,
z;: a%:" S e?: " lolth  |n alrrc)
= _ = ALY = = o JRREE = il
2 =|22Y- ot s6 %ttt v la (10)

3t 311

24t Iy |=qe! |RA

7 0 O, . ]
51 O5¢ I

If we assume that the parameters have constant values, the matrix T _ of
the transition equation (5) becomes equal to the identity matrix eerpL at
the fifth row and second column, where the element takes the value

¢ /%p-1

4. A Kalman (ilter

The Kalman filter works sequentially. It consists of a sequence of predic-
Lions of the state vector. Ihese prediclions are up-daled as additional
measurements arrivé. The prediction equations of Lhe ordinary Kalman
filter may be written as
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i Fylipey (1

o W

t = Tt P T (12)
where a. is the predictor of the state vector with covariance matrix uz?
of the ﬁrediction errors, and uheﬁe 241 is the estimator of the state a
time t-1 with covariance matrix o Pt-l'

When measurements at time t are available the predictions (11) and (12}
are updated using

T Pt z, (yt - T atl ! fl (13)
L ~ -~ e -~
Pt =% I'Pt Pt 7, 7y Ptl 1 ft (14)
where lt =2y Pt L A (15)

and where » is a forgetting factor. I this factor is put equal to 1, all
measurements will have the same weight. A A-value less than one gives an
exponential damping of older measurements.

Another way to discount old data is to put A equal to 1 but let current
estimates be based on a fixed number of the most recent measurements. When
updating at time t, the impact of the measurements at time t-n are dis-
regarded. Updating at time t is thus based on recursions starting at time
t-n+1. Such an algorithm is known as a rectangular window.

¥e can not use the above algorithm exactly since our model is nonlinear in
Lhe parameters. The transilion matrix T has elements which are functions
of the a:s. To overcome this nonlinearity we lirst linearize the product
fla) * a in (5) around a. This linear system is then used to obtain 2
covariance matrix of a_ replacing (12). An algorithm of this type is known
as an extended Kalman *ilter. This reasoning holds when the forgetting
factor A is put equal to 1. With A-values less than 1, the sampling prop-
erties of the parameter estimates a is difficult to evaluate.

In order to improve the estimates for the first measurements, calculated
thermal parameters have been used to obtain starting values ag-

5. Application to solar test cell data

A generally applicable method for on-line testing of passive solar com-
ponents 15 currently being developed at the Joint Research Center of the
European Community in Ispra, Italy. The solar aperture of different win-
dows installed in standardized test cells has been evaluated with the

Kalman filtering technique (7).

We consider different configurations of the south wa!l component of one of
Lthe cells. The glazed area of the component is 4.8 m“. Global radiation on
Lthe south wall, auxiliary heating, indoor and outdoor temperatures were
measured and mean values stored for each 15 minutes. The selected measure-
ment period starts at December 4th and ends at December 30th 1985. During
this peried the following exper imental set-ups were used:
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Set-up 1. Partly unshielded window. Aluminiu
- m sheets ar h
bottom part of the window. § attached 10:4he

Set-up 2. Unshielded window. On December th ini
Yoamieioen e 11th the aluminium sheets

Set-up 3. Partly insulated window. On Decemb
/ ! ; er the 16th the lower part of
the window was insulated by 30 centimeter polyurethane. . ’

Hg estimate the parameters in the 7-parameter model shown i i

First, separate estimations were carried out fgr eacz gx:e;?nzgigzes;f—up
The solar aperture increases from 1.8 to 2.4 m“ when the,aluminium sheets‘
were removeﬁ, The solar aperture then decreased to 1.6 m° when part of the
window was insulated. These results are consistent with the calculated
values. The solar aperture appears however to be somewhat underestimated.

Second!y. we use the data for a study of the technigue described for
QEtectlon of time varying parameters. Suppose we do not know the changes
in the solar aperture resulting from the changes in the window area. To
see whether tﬁese changes may be detected we use the Kalman filter with a
rectangular window of four days (384 data points). For comparison we also
apply the Kalman filter without a rectangular window.

The results are shown in Figure 2. The rectangular window makes the

:h:?gss more prongunced. The Figure also shows that the Kalman filter with
ndow gives es imates which are closer to those obtaine

experimental set-ups separately. R

A [m?]

—— With rectongular
window

== Withoul rectongulor
ndow

Urshielded
|~ window

Parily shielded
" window
_Porily insuloled
window

Time

Fig. 2. Recursivg estiua;es of the solar aperture. The horizontal
dashed lines indicate the final estimates in the three cases.
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6. 1 ion k1 analysis in i u

Nine single-family houses situated in different parts of Sweden are cur-
rently being monitored by The Swedish Building Research Institute in
Gaevle. The objective is to develop methods for peak-load predictions,
based on short-term monitoring of houses. Energy for heating and domestic
electricity, indoor and outdoor temperatures are measured and mean values
stored for each 30 minutes. Pyranometers have not yet been installed so we
must here resort to a 3-parameter model without a solar aperture para-
meter. This is not a serious shortcoming, since the analyzed data are
collected during midwinter when the solar gains are very small.

1
n
me

™1
b L]
Ti

——r—r T T T T T YT T T
5 L] o 12 e 16 L] 0 22 n b 8

W71
2 L
Dec 86

Fig. 3. Heat loss factor estimated with 3 Kaliman filter using
different forgetting factors,

Kalman Tiltering has been applied with Lhe purpose of studying model
performance with different forgelling factors (A = 0.98, 0.99, 0.995 and
1.00). The total energy loss factor (1/R ) is shown in Figure 4 for one of
the houses *ILH data from December 1986. The house is situated in northern
Sweden (lat 65°) and the ouldoor temperalure varied considerably during

the measurement period.

Christmas is an extraordinary event in Sweden with a Jot of extra cooking
and cleaning i1n Lhe houses. This i5 also true for the house considered.

Figure 3 shows Lhal Lhe eslimated heat loss factor is noticeably higher on
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the days preceding Christmas. If the forgetting factor is put equal to 1,
the increase in U-value before Christmas will not be detectable in the
results. Between the Bth and 10th of December the weather was stormy,
explaining the increased losses during this period.

Also for the other eight houses similar effects of the influence of users
on building performance were obtained. For one house, the estimator be-
comes unstable with a forgetting factor of 0.99. This household use much
domestic electricity and hot water which is difficult to model.

7. Conclusions

An on-line identification method for energy monitoring of buildings has
been described in this report. The method gives recursive estimates of
thermal parameters describing a building's performance.

The algorithm has been used to study time varying parameters by discount-
ing old measurements as new measurements arrive. The two applications
presented, one using a rectangular window and the other using a forgetting
factor, indicate that this is a feasible way to detect changes in building

performance.

The price we pay for the possibility to track time varying parameters is a
loss of accuracy in the parameter estimates. Under time invariant condi-
tions, a rectangular window or a forgetting factor yields estimates having
the property that the accuracy of parameter estimates never increases with
time whatever the length of the measurement period.

Of course, one can employ two recursive identifications in parallell: One
identification with and the other wilhout a reclangular window or a for-
getting factor. The former identificalion may be used for conlrol purposes
while estimaltes from Lhe lalter identification are Lhe ones used Lo de-
scribe the building's performance.

The proposed identification method or similar methods can easily be incor-
porated into existing energy management systems, lhe ability Lo track
changing parameter values makes the meLhod a powerful monitoring tool.
Current research at the Joint Research Centre (Ispra, Italy) and at the
Swedish Building Research Institute (Gaevle, Sweden) aim al developing
further on-line identification techniques in the context of energy moni-
toring.
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ETUDE DES PERFORMANCES DES COMPTEURS DE CALORIES UTILISES
SUR DES SYSTEMES THERMIQUES FONCTIONNANT FN REGIME VARIABLE

M. GSCHWIND

ECOLE NATIONALE SUPERIEURE DES MINES DE PARIS
Cenlre d'Fnergétique
Rue €. Daunesse, SOPHIA ANTIPOLIS
F. 06565 VALBONNE CEDEX

1. Introduction

Dans de nombreuses applications, Vulilisation du compleur de
calories pour l'enregistremenl des consommations énergéliques sur
de longues périodes esl une solution fiable, précise el peu
coillousn. Néanmoins, ces nppareils sonl géndralemonl congus, Leslés
el élnlonnéa pour des régimes de fonclionnemenl quasi permanents.
Dans le cadre de ces Lravaux, que nous menons en collnboration aver
I'AFME, nous avons enlrepris de Llestor  différents  complours de
calories afin de micux comprendre leur fonclionnement el de mioux
connaitre leurs performances en régime variable. Ces ecssais, dontl
les résulltals sonl briévemenl rappelés ci-aprés, nous onl permis
par la  suile de simuler un grand nombre de situalions
expérimontalement puis numériquoment, asfin de dégnger un cerlnin
nombre de  recommondalions  d’installntion et d'ulilisalion de ces
apparails,

2. Genernlilés

2.1. Principe de foncltionnement

Le compleur d’énergie Lhermigque esl un  inslrumenl permeltant de
mesurer la quantité de chaleur cédée ou absorbée par le fluide
caloporleur enlre deux poinls d'un circuit de chaleur. Quand le
[luide est un liguide, l'influence de la pression esl négligeable.

On définit alors le coefficienl calorifique :

hiTy) - h{T2)
k = () S | IO ———
e( Ty - T2

o (T2) esl In wmasse veolumique du Muide a4 In lempérature Tz &
lnquelle eat mesuré le débil volumique du liquide caloporteur Q.
L'indice 2 représente donc la partic "freide” de Vinstallation.

On définit CE la quanlilé d'énergie mesurée par le compteur de
calories enlre deux instanls Ty el T2
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3. Essais réalisés

Au cours de cette étude, nous avons réalisé l'essai de trois
appareila du commerce. Les résultals traduils ici concernent
essentiellement les capleurs de mesure (sondes de Lempéralure el
débitmatre) sinsi que le compteur de calories complel.

3.1. Résullats des esenis sur les compleurs de calories

Nous avons simulé sur banc le fonctionnement d'une installation
fournissant de 1’'eau chaude sanilaire el celui d'une installation

de chauffage classique. Les résullats des mesures oblenues avec les
compteurs ont élé comparée & un compleur de référence préalablement
étalonné.

3.1.1. Résullala des mesures effsctudes sur l'eau chaude sanilaire

Les essais onl porté sur une installation simulant un chauffe-eau &
gaz instanlané et sur une inelallation comporlant un cumulus de
150l.Les résultats obtenus sont repris dans les tableaux suivanis !

Tableau 1
. Simulation chauffe-eau gaz
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3.1.2. Essais réalisés sur des installations de chauffage
Nous avons simulé 3 cas de figure :

® Cas 1 : chaudidre & faible inertie fonclionnant sane vanne trois
voies (débil constanl dana 1l’'installation),

B Cas 2 : chaudidre & faible inertie munie d’une vanne trois voies
en sorlie,

® Cas 3 ! chaudidre avec slock el vanne Lrois voies en sortie.

Les résultats obtenus sont repris dans les lableaux 3 A 5.

Cas 1. Chaudidres & faiblo inerlic sans vanne 3 voies

Tableau 3
Type de Energie en kWh| Ecart X Ecert X Ecarti
compteur |compt. réelle énergie volume ER - ES
2 12 12,69 +5,44 -2.45 Vi=251 +2,90
1 11,6 11,606| +0,05 -0,5 vi=11 0,05%
3 11 10,76 -2,25 -2,44 Vi=2,51+41,53

Cas 2. Chaudidres mvec vanne 3 voies sans sltockage

Tableau 4
Type de Energie en kWh|Ecart X|Ecart % Ecart
compteur |compt.] réelle |énergie|volume ER - ES
2 12 11,792 -1,76 ~5,;58 vIi=251 12,0
1 12 12,423 +3,40 -0,35 vi=1l1l -0,28
3 12 12,82 +6,42 -2,15 vi=2,51 0,86

Cas 3. Chaudiéres avec vanne 3 voies el slockage

Type de Energie Energie Ecart Ecart
compteur compteur réelle énergie volume
kWh kWh X %
1 16,5 17,38 +5,04 +1,02
2 33 o -9,08 -0,80
3 25 23,79 -5,09 -1,70
Tableau 2
. Simulalion ballon "cumulus”
Type de Energie Energie Ecart Ecart
compteur compteur réelle énergie volume
kWh kWh X X
1 2,9 10,759 +7,98 +2,77
2 18 19,66 48,486 +2,35
i} 21 23,167 0,72 0,16

Tableau 5

Type de Fnergie en kWh|Ecarl X |Ecarl % Eecnrt
compteur |compli.] réelle |énergie |volume ER - ES

2 10 10,90 +8,27 -0,26 vi=251 415

1 10 10,762 17,08 10,80 vi=11 0,24

3 12 13,26 +9,5 ~3;53 Vi=2,51 40,4}
Homnrque @ Lo comptour 2 n 6Lé tesld nvee un dmeltour d'impulsion
2,561 nu liou de 25 1 dea fagon & raccourcir In durde dos

manipulations.
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3.1.3. Conclusion sur les essais réalisés

Dans la plupart des cas les compleurs de calories onl lendance &
sous estimer la valeur de l'énergie réellement mesurée.

En ce qui concerne l'eau chaude sanilaire I’erreur enregisirée peul

atleindre + 10% et +6% pour les réseaux de chauffage. L'influence

de l'inertie du systdme semble Lrés importante en regard du mode
d'ulilisation. Ce point a été & nouveau vérifié lors des

simulations informaliques que nous avons mendes.

4. Simulations

résullals oblenus expérimentalement nous
avons entrepria de simuler le comportement d'un compleur de
calories inslallé sur un capleur solaire el sur un ballon d’eau

chaude sanilaire, Nous avons utilisd un modale dynamique & deux

températures @ /1/

Afin de compléler les

Bu m Au hL

— %] - = |2 — (v - u)

Bt M Bx M.Cp

sv he K.A hE K.A

— T —— .u * _f - + .V
6t M'.C'p M'.C'p M'.C'p M'.C'p

4.1. Simulation d’une installation équipée de capleurs solaires

Troia paramétres onl éLé étudiés :
- I’épaisseur des canalisations et donc I'inerlie deas tubes
- la longueur de ces canalisations

- la taille du champ de capleurs.
En ce qui concerne 'épaisseur des conalisations, 1'erreur augmente

lorsque l'inertie propre du lube diminue. Ceci s’explique par la

présence de fronts
des peries Lhermiques.

Les tableaux 6 el 7 reprennent les résullals obtenus loreque l'on
augmente la longueur des tubes nt la laille du champ de capteurs.

Dane ce dernier cas, nous
conslant. Les erreurs conalalées augmeontent
sens que Ia laille des composante. Ceci est lié & la présenco de

déphasages importants entro les
pris en comple par les compteurs de calories acluels.

On nota :

Energie Réelle - Affichage compteur

100 x Energie Réelle

thermiques plus raides el par une sugmentation

avons maintenu un rapporl Mf.C / K.ACA
toutes dans le mBme

fronta Lhermiques qui ne sont pas
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Tableau 6 Tableau 7
LT = 5m ; ACA = 2Zm2? LT = 10m ; =
< gt e P s m ; MF.C / K.ACA = Cte
ACA DCONS E
LT E m? 105 m2?
o) < m? /s X
4 5,55 0,37
10 7.1 8 11:11 1,21
15 9,2 16 22,22 1,46
20 23,2 32 44,44 2,81
64 88,88 5,88

VI = 251 ; te = 308 ; T1 = 358 ;

Influence du lemps de réponso des sondes el du volume V
ACA = 2m? ; LT = 1Om ; DCONS = 2,77.10"% m¥/s

Tablenu 8
0 tl E (%) E (%)
8 8 Vi = 251 VI = 2,51
30 35 7,10 0,36 %
10 15 12,09 0,17 %
5 7 14,01 0,5 %

On voit ici clairemenl que le temps de réponse des capleurs de
l.e.mpér.nl.ure n'a que peu d'influence. Par conlre, le volume V1 qui
délermine la fréguence & Ilaquelle le compleur effeclue le produil
Vix.T a une influence trés importante.

4.2. Simulalion d’une inslallalion sur l'enu chaude sanilaire

[..'e compleur de calories est placé aux exlrémités d'une installalion
d eau chaude sanilaire. La sonde froide esl monlée sur le réseau
frou:.l avanl le ballon de stockagn, In sonde chaudo est installée on
sorlie du ballon sur Je résesu ulilisaleur. Un profil de soulirage
type a éLé élabli d'aprds des données recusillies en /3/.

1.2.1. Influence du profil de soutirnge

Do mimulations ont été effecltudes A pnartir d’un profil normal,
d’'un profil pour lequel In durde dos impulsions n &l réduile de
50%, et doa profila comporitant une succession do  aculiragos A
l.’!?l/h ol 450 1/h d'une duréde varianl entre 20 ot 120 a. L'énergic
ulilo esl calculée en sorlie du roseou ulilisalour. '
Le tabloau n* 9 reprend ces résullats.
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4.3. Influence de la position des sondes

Les sondes sont repérées par une distance en m, 0 étant l'entrée du
réseau froid d’une longueur totale de 10 m ou du réseau chaud d'une
longueur de 30 m. Le Tableau 10 reprend les résultats oblenus.

Tableau 9 Tableau 10
Profil E mes EMR EMU
kWh . X —— X — Position E mes
normal 30,332 |-3,18}+ 1 sondes m en EMU
fr. ch. kWh X
réduit 24,705 |-1,85|+ 3
0 0 33,866 +12,8
4501/h
(1208) 77,970 |-1,96}+ 0,17 10 0 33,724 +12,3
(548) 33,179 |-1,97|+ 2,9
(298) 16,849 |-2,8 |+ 6,2 1] 30 30,176 +0,52
1331/h 10 30 30,021 0
(608) 8,131 |-2,7 +13,9
(20s) 1,218 |-3,5 |+54,6 5 15 32,004 +6,6

EMR : Ecarl énergie mesurée / énergie réelle
EMU : Ecarl énergie mesurée / énergie ulile

4.4. Influence du nombre d'impulsions/lilre délivré par le compteur

d’ean

On peul conslater que I'influence de ce paramétre pour un compleur
réol esl trés faible dans les circonstances de celle simulalion. Par
contre, il esl & noler que ln durée de la simulation doil glre plus
grande dans le cas ot VI = 101 que dens le cas ou VI = 11, ceci afin
de limiter le bruil généré par Vincrémentation discrdte de

I'énergie mesurée. (cf Tableau 11).

VI E mes E réelle E utile Ecart % Ecart %
kWh kWh kWh mes/réelle mes/utile

1 52,037 52,299 50,009 + 0,5 - 4,1

10 33,724 33,723 30,021 + 0,81 - 3,7

Influence du volume d’impulsions sur un compleur réel

Tableau 11 :
Séquence de 5 jours

4.5. Influence de l'inerlie des sondes de mesure

Le complteur d'eau étanl considéré aans erreur, le tablenu roprend
les résullala oblenus pour plusieurs lemps de réponse des sondes de
meaure. On conslale que 1'écarl enrogistré passe de 1 & 4% loraque
le temps de réponse A In montée de In sonde passo de 10 & 60s, lo
temps do réponse A In descantn élant pratiquement sans influence
comme eoln dlnit prévisible pour ce lype d'ulilisntion.
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ot ﬂZ:Ee riead o i ol s ol (sl ey
(s) (s) kWh k¥h utié: ré:l]e utile
10 10 31,160 | 31,389 | 30,021 + 0,7 - 3,8
60 60 30,017 | 31,389 | 30,021 + 4,3 0
60 10 30,133 | 31,389 | 30,021 + 4,0 - 0,37
10 60 31,043 | 31,389 | 30,021 + 1,1 - 3,4
Capteur réel | 51,442 | 52,299 | 50,009 +1,64 | - 2,86

Tableau 12 : Influence de l'inerlie des sondes
(Débitmatre parfait)

sl:un avons vu 'précédemmenl que l'on pouvail caraclériser l'erreur
3 :noh:uro c.ommme’- par |-Jn compleur d’eau par deux coefficienis a et
[ le nombre d’impulsions par litre d'eau écoulé.

€=aM+ b (%)

Dane c iti i
st d:ab. condilions, nous avonse lLenlé de délerminer l'influence de

E mes |E réelle |E réelle| Ecart %

Ecart X
a b kWh kWh utile mes/ mes/
Eréelle] Eutile

2 0 31,527 { 31,389 30,021 - 0,44 - 5,02
8 0 31,778 31,389 30,021 - 1,24 - 5,85
8 4 32,937 31,389 30,021 - 4,93 - 9,71
Capt.
réel |VI=101}52,789 52,299 50,009 - 0,94 - 5,6

Tableau 13 : Influence de l'erreur du mesureur de volume
(Sondes parfaites)

L'errmir dynamique esl liée & a el l'erreur stalique a b. Il
apparail que !'influence de b esl noltement prép«mdérnnte' n
rapporl & B, une bonne précision du compleur en régime perman pl.r L
gurtout & faible débit reste indispensable mé gy
fonctionnement. T s Gy es B



