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Intermittent heating is one of the methods leading to savings in energy consumption. The intermittent
heating system can work with reduced power or it can be completely cut off when the rooms are not
occupied. At the beginning of the cut-off mode, the radiator remains warm for a specific period of time, due
to its thermal capacity. This capacity is not negligible and should be considered for buildings with light or
very light structures. This paper outlines a mathematical model of unsteady heat exchange in rooms with
light wall structure with intermittent heating. The air heat balance of a given room takes into account the
room air capacity, hot water radiator capacity, heat transfer through walls, ceiling, floor and windows
as well as air infiltration. Reasonable accuracy between calculation and measurement results has been
achieved. With known air and radiant temperatures, air humidity and velocity, thermal comfort indices
predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD) were evaluated in order to
verify how thermal comfort changes during radiator cut-off mode. The satisfactory convergence between
measured and calculated internal air temperatures has been achieved.

© 2014 Elsevier B.V. All rights reserved.

Keywords:

Intermittent heating
Transient heat exchange
Control volume method

1. Introduction The paper is organised as follows. The model of unsteady state

heat exchange in buildings is introduced in Section 2. The calcula-

Reducing energy consumption in buildings is an important envi-
ronmental and economic issue. One of the methods leading to such
savings is intermittent heating in which the central heating system
can work in continuous heating mode at a constant set-point tem-
perature as well as in switch-off mode with a night time and/or
weekend reduced set-point temperature [1-5]. During continuous
heating mode, thermal comfort indices PMV and PPD [6] are set at
a constant level and no energy is saved. During switch-off heating
mode, a building’s energy consumption is lowered, although inside
thermal comfort is also decreased.

Not all buildings are constructed similarly. They can have differ-
ent structures, i.e. with different thermal heat capacities: very light,
light, medium, heavy and very heavy elements [ 1]. In this paper the
attention is focused on modelling the heat dynamics of the indoor
air temperature in a light building heated by a low surface temper-
ature hot-water radiator in a moderate climate during the heating
season. In the building with a very light or light structure, radiator
capacity should be taken into account.
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tion data and test room is described in Section 3. The measurement
and calculation results are presented in Section 4, and finally, con-
clusions with discussion are given in Section 5.

2. Mathematical model

An energy balance of room internal air can be written as [7-9]:

6
dT, . . . .
VapaCaT:=@+an_ZQ9—Qmin (1)
j=1
where:
dTq _ Taz — T
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In Eq. (3) Hjyr is constant value accounting for an external air
infiltration, dependent on several factors, including building height,
window air infiltration rate, and total length of gaps around the
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Nomenclature

a solar radiation absorptivity

A area, m?

c specific heat capacity, J/(kg K)

C radiator constant

1 global solar irradiance, W/m?

m mass, kg

n radiator constant exponent

N number of measurements or calculated values

Q heat flow rate, W

t time, s

T temperature, K

U overall heat transfer coefficient, W/(m?2 K)

v volume, m3

Greek letters

a heat transfer coefficient, W/(m?2 K)

AQ;; infrared radiation due to difference between the
external air temperature and the sky temperature,
W/m?

0 density, kg/m3

Abbreviations

MAPE mean absolute percentage error
PMV predicted mean vote

PPD predicted percentage od dissatisfied

RMSE  root mean square error, K
Subscripts

a internal air

c ceiling

calc calculated value

e external

ew external wall

f floor

gn internal heat gains

h end of heating season conditions
in inlet, supply water

iw internal wall

meas measured value

n number of time steps

o design conditions

r radiator

s structure, room opaque elements
sol sol-air

w water

win window

o heat convection

A heat conduction

0 initial

1 beginning of time step
2 end of time step

window. External air temperature Ty, in Eq. (3), referred to as
the sol-air temperature, takes into account solar radiation and is
calculated as [10,11]:

al — AQ;,

Teo1 =T,
sol e+ oo

(5)

Eq. (4) describes the heat conduction and convection from a
boundary (room external and internal walls, floor and ceiling) to
the room air.

In Eq. (1) an is a heat flow rate from internal heat gains from:
occupants, equipment and lighting. The internal heat gains distri-
bution is put in the model as known values [12-14].

Assuming that the room heating system consists of the low-
surface-temperature horizontal hot-water radiator the supplied
heat flux can be expressed as:

UrA
— i (Tim —Ta2) (6)

1+ 2mycw

Q

where the overall radiator heat transfer coefficient is defined by:

T; T —Te AT, n
= nf’linl _ _‘al™ e Z°ro
Ur=Cla (Tm Tat —To 2Tar 1) )

In Egs. (6) and (7) radiator supply water temperature is calcu-
lated from:

Tin,h - Tin,o

T: 1= T: +
m mn-o TeJ‘l _ T370

(Te — Teo) (8)

Once the supply water temperature and overall radiator heat
transfer coefficient based on the previous time step data are calcu-
lated, both values are inserted into Eq. (6). Inserting Eqgs. (2) = (6)
into (1), the room air heat balance equation for radiator in the
on-mode is given as:

6 6

D+E+F+ZG,- To — ZGstjz =DTa1 + F Tooy + E Tiny + Qen
j=1 j=1

9
where:
D= VapaCa (10)
-t
 UrAr
- —ma (11)
2mwCw
F= UwinAwin + Hinf (12)
Agj
G=5—2l (13)
J Rksj +Rotsj

Eq. (9) for inside air during radiator on-mode with energy bal-
ance equations comprise a set of equations solved at each time
step.

During radiator off-mode, water temperature is continuously
decreasing. Its energy balance equation can be expressed as:

dT,
(Viw pwCw + MyCr) dtW = —at;Ar (Tw — Tg) (14)

The solution of Eq. (14), taking into account that both water and
inside air temperatures are time-dependent, is given by:

n-1
Ty1 = exp(Ktz) |Two — KBTg — KCTgp — 1<Z (Bi Tar,i + i Taz,1)
i=1
(15)

where:

—arAr

K=————
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