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Energy performance of water strip modules for industrial heating in real
operation conditions: Steady-state and CFD analyses

Marco Noro?, Simone Mancin® and Michele Calati®

aDepartment of Management and Engineering, University of Padua, Vicenza, Italy

ABSTRACT

The objective of this study is the theoretical evaluation of the energy performance of a radiant strips
heating system fed with hot water by varying the operating conditions. First, the convective
coefficients and the heating power (both convective and radiant parts) of the heating system are
evaluated in steady-state conditions by simulating heat exchange similar to real operating conditions
(such as the presence of a ventilation system, the opening of doors, windows, or skylights, etc.), in
comparison with the nominal data. To carry out this preliminary assessment, different references in
the scientific literature are considered with respect to experimental measurements and numerical
simulations for similar applications. The steady-state analysis revealed that the increase in the overall
yield of the heating strips, compared to the data measured according to the EN 14,037 standard, is in
the order of 30%. Afterward, a CFD analysis is reported to dynamically study the effect of the above-
mentioned typical situations of real operation of the system in industrial sheds. The CFD analysis
confirms that the presence of constant air exchange leads to an improvement of more than 30% in
the performance of the water strip system. The main conclusion is that designing the water strip
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system following the EN 14,037 standard probably will oversize the industrial heating plant.

1 Introduction

Usually, Heating, Ventilation and Air Conditioning
(HVAC) systems are dimensioned based on static design
values and so they are oversized during most of the
operation time. For this reason,Vogt et al., (2022) com-
pared the performance of four main control schemes in
a battery production site. They found that even simple
control approaches, without any predictions, have a good
energy saving potential of up to 20.2% compared to the
initial state. Recently, an energy efficiency assessment tool
for industrial environment at the three main organiza-
tional levels (plant, process, and machine) was developed
based on a literature review (Richter et al., 2023). Both
micro and macro-scale impacts of implementing energy-
efficient HVAC systems were analyzed in (Shook et al.,
2023) by means of a useful integration of the industrial
building energy data with the macroeconomic regional
economic flow model.

Industrial facilities were studied in the case of energy
retrofit (Trianni et al., 2014), focusing both on the
thermal envelope (Katunska et al., 2014) and on techni-
cal building services, such as the heating (Chinese et al.,
2011) or ventilation (Caputo & Pelagagge, 2009) plant.
In (Noro et al., 2022a), an optimization of the main

parameters of a hybrid condensing radiant tubes system
coupled to a heat pump to heat a typical industrial
building was modeled in three climatic zones of Italy
using dynamic simulation software.

In an industrial building, there are specific character-
istics: generally there is some equipment on the walls or
on the ceiling such as tubes, bridge cranes, pipes, etc.;
there are large doors (often open), high heights (7 m or
more), scarce thermal insulation, and large floor sur-
faces with different types of occupation by workers
(Noro et al., 2022b). These are the main reasons for
which different climatization plants are used instead of
traditional ones: high and medium temperature radiant
heating systems are quite common. Water strips are
medium-temperature systems made up of iron tubes
welded to a plate. Water at medium temperature (typi-
cally 60-90 °C) crosses the tubes and exchanges heat
with the indoor environment both by radiation and
convection. Usually, the former account for the greatest
part of the heat transferred by the plate to the environ-
ment, but the latter can play an important role because
of the non-negligible contribution of the natural
convection.
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Usually, performance of water strips are provided by
the manufacturer at nominal condition fixed by the EN
14,037  standard  (European = Committee  for
Standardization, 2016). Such internal nominal condi-
tions do not usually correspond to the real operation
of an industrial building: a constant movement of air
can be expected, for example, by means of a ventilation
system. More generally, the presence of doors, windows,
or skylights and indoor air evacuation towers can
induce air flow, especially during winter when the tem-
perature difference between the inside and outside of
the shed is relevant. As the main novelty of this study,
a calculation procedure is developed to evaluate the
increase in the yield of the water strips heating system
in real operation conditions with respect to the standard
according to EN 14,037.

The authors refer to a commercially available water
strip model, which is assumed to be used varying some
boundary conditions, such as the convective heat trans-
fer coefficient between the heating water strips and the
internal air and the presence or absence of anticonvec-
tive flashing.

Regarding the first point, various studies are present
in the literature whose references are considered in the
present study, but, to the best knowledge of the authors,
none of these specifically refers to water strips in indus-
trial buildings. Instead, they refer to heating or cooling
systems that are somewhat similar to these.

The first studies on the effects of the variation of
some parameters on the heat exchange of the surfaces
of indoor spaces date back to the 1950s. Schutrum and
Vouris (1954), for example, experimentally measured
the effect of the room size and the non-uniformity of
the temperature of the heating surfaces on the yield of
these surfaces. They obtained a marginal effect for the
former; instead, for the latter, they highlighted a yield of
the panels, both ceiling and on the floor, equal to that
which would have occurred with the entire surface
heated to a uniform temperature equal to the weighted
average with the heated and unheated surface areas.

In Min et al. (1956), some equations for the natural
convection coefficients have been provided in the case of
radiant ceiling panels. More recently, Awbi and Hatton
have carried out numerous measurement campaigns to
develop equations for the calculation of the heat transfer
coeflicients for both natural (Awbi & Hatton, 1999) and
mixed (natural+forced) (Awbi & Hatton, 2000) convec-
tion. However, in this case, the measurements were
performed in a very small room. In (Abdul-Jabbar,
2001), an extensive review on the determination of the
convective heat transfer coefficients of surfaces in two
and three dimensions was carried out. In this study, the
authors highlighted the wide variety of values that can

be determined as a function of the different heat trans-
mission configurations (width, position, temperature of
the heated surface, etc.). To the best knowledge of the
authors, none of the previous work has determined
some relationships to quantify the effects of air flow
near hot water strip systems that hang from the ceiling.
Two works have been carried out in this regard (Jeong &
Mumma, 2003; Novoselac et al., 2006), but they are
focused on ceiling panels for cooling. Hence, the reason
for this work is the purposes listed above.

The study has been conducted in two steps. In the
first part, the analysis is carried out under steady-state
conditions. In the second part of the paper, a numerical
analysis using computational fluid dynamics (CFD) is
reported to validate the thermal performance of the
water strips under real operating conditions determined
by the simplified method described in the first part. Due
to computational effort, the analysis is conducted using
a two-dimensional model of an industrial shed. The
effectiveness of the use of the water strips heating system
is demonstrated in operating conditions with air flow.

2 Methods

2.1 Building modelling

The industrial building (type of use E.8 by the Italian
decree DPR 412/93) (Italian Government, 2022) is
located in the province of Cuneo (North-West of Italy),
latitude 44°36° N, altitude 404 m above sea level, 2814
degree days (climatic zone E (Italian Government, 2022)).
The heating period is from 15th September till 30th April.
The thermal transmittances expressed in W m™> K" are:
0.389 for external wall, 0.128 for the floor facing ground,
4.086 for ceiling, 0.208 for ceiling shed, 5.0 for windows.

The building is divided into two thermal zones
(Figure 1) whose main characteristics are reported in
Table 1 (Lazzarin & Noro, 2020). In this study, we refer
only to thermal zone 1.

2.2 Steady-state calculus procedure

Here it is reported the calculus procedure to evaluate
the total heat power (convective + radiative)
exchanged by the water strips considering the real
operating conditions instead of the standard condi-
tions. Real operating conditions are simulated by vary-
ing the convective heat transfer coefficient between
indoor air and water strip (see section 2.2.6). Instead,
standard operating conditions are reported in EN
14,037 standard  (European  Committee for
Standardization, 2016), where the test method and
the test installation to determine the thermal output
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Volume 58669 m?
Heating power

924043 W

n 39x34m
waterstrip WP3-090

l@Zone 2

Figure 1. Factory shed used in the present study [20].

Table 1. Thermal zones of the building

Thermal zone 1 Thermal zone 2
Floor area (m?) 7119 716.5
Net height (m) 8.24 8.22
Indoor air temp. (°C) 18 18
Net volume (m?) 58669 5886

of pre-fabricated ceiling mounted radiant panels are
described. The standard conditions of the tests defined
in (European Committee for Standardization, 2016)
are here briefly reported:

1 Hollow painted shaped sheet metal (Lower part - Front)

2 Tubes
3 Reinforcement cross tube

4 Top insulating panel (Upper part- Back)
5 Flashing presence

6 Collector

7 Joining panel

e the booth for testing ceiling mounted radiant
panels has 4m X 4m x 3m inside dimensions,
and air infiltration has to be limited at all;

e all six surrounding surfaces have an emissivity
of minimum 0.9, and they are chilled to keep
the difference between them and the average
temperature of all six surfaces not higher than
0.5 K;

o the temperatures of air and all six surrounding
surfaces are fixed at 20 °C.

Figure 2. Main elements of the water strip (courtesy of Officine Termotecniche Fraccaro srl).



4 M. NORO ET AL.

In this study, heat flux is expressed in watts per
meter of linear length of the water strip, as it is
referred to a strip having a width of 09m
(Figure 2 reports the main elements of the water
strip).

2.2.1 Calculus of the average temperature of the hot
water flow

The average value of the temperature of the hot water
flow (Tfaye) is calculated based on the difference
between this temperature and that of indoor air T,
(AT,,) (with T,;=15°C) (AT,, is considered to vary in
the 30-90 °C range following the available perfor-

mance data of the water strip) (Officine
Termotecniche Fraccaro, 2017):
Tf,avg = ATy + T (1)

2.2.2 Calculus of the average temperature of the
lower side (front) water strip (plate)

The average temperature of the lower side (front) water
strip (plate) T front,avg is calculated based on the average
temperature of hot water Tf,,, on the basis of data in the
literature (Lazzarin & Crose, 2000) (Figure 3).

2.2.3 Calculus of the average temperature of the
upper side (back) water strip (plate)

The average temperature of the upper side (back)
strip  (plate) Ty packavy 1S calculated as
a function of the presence of thermal insulation and

water

100
90
80
70
60
50

40

T front,ave [°C]

30

20

10

40 50 60

based on literature reference data (Lazzarin & Crose,
2000):

Ty backavg = IF(THERMAL INSULATION
= YES; 0.37;0.52) - Ty front.avg )

2.2.4 Calculus of the mean radiant temperature of
thermal zone 1

The mean radiant temperature of thermal zone 1 (T,,,,) is
determined as the weighted average (where the weights are
the areas Ajy) of the internal surface temperatures Ty,
considering that all surfaces have the same emissivity (0.9):

Ar - Ty
Tpr :L (3)

Zk Ax
T,,, is calculated on the basis of the thermal trans-
mittance values U, and the outdoor design air tempera-
ture 60; suitable external and internal convective heat
transfer coefficients are established (a, =25 W m 2 K ™!
and «; (Spiga, 2018), respectively):

Aik (Tai - sk) =U, - (Tsk - 9) — Lk

e

_(xik‘Tai+U:'9 (4)
Uy + aix
where U; = 1 is the thermal transmittance taking

into account the‘external convective heat transfer coef-
ficient. Based on the data reported in Spiga (2018), the
results are as follows:

Tmr,zonel = 11-4OCTmr,zoneZ =10.6°C (5)

y =0.835714x + 5.785714

70 80 90 100

Tmf [nC]

Figure 3. Average temperature of the front plate (Tp,front,avg) as a function of the average temperature of the hot water temperature

(Tmf).



2.2.5 Calculus of the radiant heat flux exchanged by
the lower and upper parts of the plate

The radiant heat flux exchanged by the lower (g, fron:)
and the upper part (g, pacr) Of the plate are (L is the
length of the plate) are calculated as follow:

Gr front = 5.67-107%-0.95- L

’ <Tg-ﬂ0m7flvg - Tfnr,zonel) (W/m) (6)
dr.back = 5.67 - 10_8 -0.95-L
’ (Tg.back,avg - Tfnr,zonel) (W/m) (7)

2.2.6 Calculus of the convective heat transfer
coefficient between indoor air and water strip

The coefficient of convective heat transfer between
indoor air and the lower part (front) (&cony,frons) and
the upper part (back) (@cony,pack) Of the water strip is
calculated according to the references reported in
Table 2.

Case n. 1 and n. 4 represent the heat convection
between the water strip and the indoor air without
induced air flow (i.e. natural heat convection), case
n. I’ and 4’ represent the same equations considering
some induced air flow (that is, opening a door on
a lateral wall, opening a skylight, or activating an outlet
turret on the shed roof, activating the ventilation plant
with an air change rate of 0.5 vol h™). In the latter cases,
an increase of 30% of the convective coefficient & oy, front
is supposed, based on the reference (Min et al., 1956)
where an increase of 60% of the convective coeflicient is
fixed with an air change rate of 1 vol h™".

Case n. 5 represents the heat convection between the
water strip and the indoor air with induced air flow as

forced heat convection with an air velocity of 1 m s~

2.2.7 Determination of the convective thermal power
exchanged by the water strip

The convective thermal power exchanged by the lower
(Gconv,front) and the upper (geony,pack) part of the water

SUSTAINABLE ENVIRONMENT (&) 5

strip, with and without flashing presence (flashing is
supposed to reduce convective heat transfer by 25%
(Lazzarin & Crose, 2000)) is calculated as follows:

Geonv front = IF(FLASHING PRESENCE = YES;0.75;1)
" Keonv.front * L- (Tp.ﬂont,avg - Tui) (W/m)
(8)

Geonvback = IF(FLASHING PRESENCE = YES; 0.75; 1)
* Xconv,back L- (Tp,hack,avg - Tai) (W/m>
)

2.2.8 Calculus of the radiant, convective and total
thermal power exchanged by the water strip

The radiant (g, ), convective (Gcony,t0r) and total (gor)
thermal power exchanged by the water strip are calcu-
lated as follows:

qr.tot = erront + qr.back (W/m) (10)
Yconv,tot = YGconv front + Geonv,back (W/m) (11)
qtot = qr,tot + anv,tot(w/m) (12)

2.3 Unsteady state numerical analysis

In this section, the thermofluid dynamic analysis for the
water strips heating system developed in Ansys Fluent®
(rel. 18.2) is reported. The conditions investigated, the
geometric model, the calculation grid generated, and the
boundary conditions are analyzed. In section 3.2 the
results are presented and discussed.

As the study is under transient conditions
(‘unsteady’), a sensitivity analysis was preliminarily
performed to identify the optimal time step to be
set. Since the operating conditions feature convective
air flow due to density gradients (temperature) and
radiative heat exchange, it was necessary to set the
time step on the order of a hundredth of a second.

Table 2. Equations for the calculation of the convective heat transfer coefficient

Case nr. Type of convection Equation Reference
1 Natur. Conv. (Front) Aoy front = 0.59-(T rontavg - Taid/De)*> (Lazzarin & Crose, 2000) (p. 344)
(Lazzarin, 2002) (p. 240)

2 Natur. Conv. (Front) Acony,front = 0.71-((Ty, front.avg - Ta)/De)°* (Brunello et al., 1993) (p. 23)

3 Natur. Conv. (Front) Aeonvfront = 0.87-((Ty srontavg - Ta)*>) (ASHRAE HANDBOOK, 2020) (Eq.
*4.91/D,)°* (10))

4 Natur. Conv. (Front) Aeonvfront = 1.736-(Ty rongavg - Tad™ /D>>>  (Lazzarin & Noro, 2020)

5 Forced Conv. (Front) Qcony,front = (0.0296-(w-0.3/1.644e-5)°9). (Bonacina et al., 1992) (p. 279)
0.0266/0.3

1"—2"—3"— Natur. Conv. Coefficient increase due to outdoor air A conv,front = 13 Acony, front (Awbi & Hatton, 1999)

4 exchange rate (based on the increase of 60% @ 1 vol/h,

- Natur. Conv. (Back)

0 °F)
aconv,back = ]~32'((Tp,front,avg B Tai)/De)Q25

(Lazzarin & Crose, 2000) (p. 344)
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Five values were tested: 0.1, 0.05, 0.025, 0.01, 0.005
s. With time steps of 0.1 and 0.05 s, the solution
diverged. Therefore, the value of 0.01 s was finally
fixed as the best trade-off between computational
effort and the accuracy of the solution. The ‘unsteady’
simulation lasted when the curve of the specific
power (in watt per meter) exchanged by the plates
as a function of time reached an asymptotic value
(see section 3.2).

Radiation was considered by implementing the
‘Surface-to-Surface, S2S radiation” model (ANSYS
FLUENT, 2022). Two cases were simulated: for case 1
(negligible air flow, natural convection), air flow was
simulated by setting the ‘laminar’ model. For case 2
(constant air flow, forced convection), activation of the
k-¢ turbulence model was considered (Launder &
Spalding, 1972).

e
b
\—'—’
0.9m

o

N—————60m —/8

e — 8.0m —
N“———— 95m

a) 2D-geometric model of half shed

ROOF
wall
Ug=3.51Wm2K?
T=-5"%C

SIDE_WALL
wall
Ug=0.38 W m2 K
Ti=-5°C

BASEMENT
wall
Ug=0.14 W m2 K1
Te=13°C

¢) External boundary conditions

Figure 4. The model of the shed building for case 1.

2.3.1 Case 1: Radiation and natural convection

As shown in Figure 4, a two-dimensional section of the
industrial shed of reference (Lazzarin & Noro, 2020)
was modeled. The shed was approximated with
a double trapezoid, each with a smaller base, a higher
base and height of 8.0m, 9.5m and 6 m, respectively.
The water strips of 0.9 m width and 0.1 m height were
placed with a pitch of 3 m as shown in Figure 4a. As
a consequence, a 12 m wide shed has 3 plates.

The mesh obtained by the geometric model features
cells in a square or rectangular shape, with a maximum size
of 0.05 m. Near the water strip plates, the calculation grid
was thickened by means of a refinement procedure. The
mesh sensitivity analysis demonstrated that the optimal
mesh configuration shows the best compromise between
the accuracy of the solution and the computational effort,
and it is made up of about 22,000 elements (Figure 4b).

b) Calculation grid

\~
TEMP_COST
wall
T=70°C

SYMMETRY
symmetry

d) Internal boundary conditions



Figure 4c shows the boundary conditions applied to
the external edges of the geometric model in terms of
global transmittance of the walls (U,,,;). They already
take into account the conductive resistance through the
walls and the convective resistance on the external side.
By defining T, as the internal temperature of each
edge, L as its length, and Tj as the temperature of the
external fluid, the software takes into account the spe-
cific average power per linear meter ¢, for each side,
using the following equation:

\qua| = |UwanL (Twan — T) | (13)

To keep the outline of any symmetries, it is necessary
to identify the axis of symmetry and assign the suitable
condition (Figure 4d).

Three sides of the strip (lower base and the two
heights) were kept at a constant temperature of 70 °C
(average operating temperature). On the contrary, the
adiabatic condition was assigned to the upper side, thus
simulating a thermal insulated water strip.

2.3.2 Case 2: Radiation and forced convection
Figure 5a shows the geometry used for the system per-
formance analysis in the case of a constant air flow
inside the building. There is an opening of 0.6 m height
on the bottom left, from which external air enters the
shed. On the top right, an opening of 0.3 m width is
placed (i.e. half of the radius of a 0.6 m diameter suction
tower placed on the roof). Forced convection is simu-
lated by imposing a constant mass flow (or air speed) at
the outlet (‘Outlet’ in Figure 5¢).

With regard to the generation of the mesh, the same
considerations and hypotheses as previously described
can be considered. In addition to the boundary condi-
tions already shown in Figure 4, the insertion of
a pressure inlet (for the ‘Inlet’ section) and a negative
velocity inlet (for the ‘Outlet’ section) is considered

8.0m
9.4m

g

\\L -
|
S

6.0m 4

a) 2D-geometric model of half shed

Figure 5. The model of the shed building for case 2.

b) Calculation grid

SUSTAINABLE ENVIRONMENT (&) 7

(Figure 5¢). The renewal air temperature is set at 13
°C, taking into account the enthalpy contribution of any
heat recovery unit (a typical situation in industrial
environments).

3 Results and discussion
3.1 Steady-state analysis results

The results are reported in Figure 6 in terms of thermal
power expressed in watt per meter of linear length
exchanged by the water strip (section 2.2.8) for the
different cases described in the previous section
(Table 2). The performance stated by the manufacturer
of the water strips is also reported (last graph in
Figure 6). The main results that can be deduced by
comparing the graphs in Figure 6 are:

e in all the cases, the greatest part is the radiant heat
flux exchanged by the lower part of the plate (say
from 50% to 85%). Nevertheless, the second largest
contribution is due to the convective heat flux by
the lower part, that can weight from 10% till 40%.
The convective contribution increases with the
increase of AT, (i.e. feeding the water strips with
higher average temperature of the hot water flow)
and when passing from Case 1 (natural convection)
to Case 5 (forced convection);

e the equation that approximates in the best way the
real performance of the water strip is that of case 2’
((xconv,fmnt = 0-71-((ijrant,avg - T,i)/D,)-0.25 (Brunello
et al,, 1993)) with a multiplying coefficient of 30%. In
fact, by comparing the ‘power’ equations reported on
the graphs, it can be deduced that the one related to
case 2’ allows the best approximation of that of the
EN 14,037 standard to evaluate thermal performance
as a function of AT,,;:

OUTLET
velocity-inlet
v=-06mlst

INLET
pressure-inlet
Tin= 13 °C

L.

¢) Boundary conditions
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qtot = K(ATm)n (14)

As a matter of fact, this corresponds to the increase of the
convective heat transfer coefficient when the water strip
operates under real conditions with respect to the EN
14,037 test conditions. Furthermore, the effectiveness of
the case 2 equation is confirmed by using the equation in
EN 14,037 test conditions (Figure 7): the blue curve (g;,r),
and so the relative ‘power’ equation, can approximate quite
well that of the water strip producer (last graph in
Figure 6);

o the flashing presence on the lower part and thermal

insulation presence on the upper part of the water
strip reduce the thermal power. This is due to

032 70727476

1400 1400

1300 1300

1200 1200

1100 1100

1000 1000

900 900 tigeonv,back
F 800 y = 3.6479x1-2017 800 qeonv,front
E 700 £Sqr,back
= 600

. 700
\ 600  mmar,front
§ 500 —qtot
400
300
200
100
0

Case 1 — Nat. Conv. - Qeonvfront = 0.59-((Tpfronavg - Tui)/ D)’

R i i
300
200
= illl
0

AT, [°C]

303234 727476
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1200 1200
1100 1100
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y = 3.7635x12008
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700
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§ N
§ 400
N 300
8
200
I I I o
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&Sgr,back
mmgr front
—qtot

Case 2 — Nat. Conv. - Geomvgiont = 0.71-((Tpfronavg - Tai)/De)**

727476
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1200 1200
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y= 432821159
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< 800 geony,front
E 700 700 Sqr,back
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100 ""I 100

0 0

727476
AT, [°C]

Case 3 — Nat. Conv. - Geonv,siont = 0.87-((Tp pronsavg - Tar)*>*)*(4.91/Dc)*?

a decrease in the convective heat transfer on both
sides of the plate for the flashing, and of the con-
vective and radiation heat transfer on the upper
side for the thermal insulation.

3.2 Unsteady-state analysis results

Referring to section 2.3, the results of case 1 are first
reported. As shown in Figure 8, the simulation was
stopped when the curve that interpolates the values of
the specific heat flow exchanged over time by the single
plate reached an almost constant value. The latter is equal
to about 400 W m™": at 800 s a value of 399 W m™" is
returned, at 1200 s 397 W m ™, that is, a deviation of 0.5%.

70727476
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Figure 6. Thermal power exchanged by the water strip without flashing and with thermal insulation for the cases considered in
Table 2. Heat flux is expressed in watts per meter of linear length of the water strip, as it is referred to a strip having a width of 0.9 m.
The last graph reports the performance of the water strip according to the EN 14,037 standard but without thermal insulation in the
collectors (HLK test center, 2020) and the performance determined using the formula of case 2’ in the operating conditions of EN

14,037.
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Figure 6. (Continued).
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Figure 7. Thermal power exchanged by the water strip (expressed in watts per meter of linear length of the water strip, as is referred
to a strip of 0.9 m width) with no flashing presence and with thermal insulation for the operating conditions of the EN 14,037 standard.

The air temperature and velocity fields for case 1 were  industrial shed due to natural convection: the air closest
also investigated. The analysis was carried out assumingan  to the work area reaches a temperature around 15.50-
initial temperature (t=0 s, inactive plate) of 15 °  17.50 °C, while the air closest to the radiant plates is around
C (Figure 9a). After activation of the water strip system, 24-26 °C (Figure 9b). At the same time, natural convection
a stratification of temperature is created inside the  induces a continuous local mixing of air that is more
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Figure 8. Case 1, specific thermal power exchanged by the water strip.

Temperature
Contour 1

[€]

a)

Figure 9. Case 1, contour indoor air temperature: a) 0 s; b) 1000 s.

intense near the hottest surfaces (Figure 10). In the strati-
fied zone at higher temperature, a speed of 0.33m s™" can
be reached.

In the case of forced convection (case 2), Figure 11
shows the flow field with the activation of the water strip
plates. After 700 s, it can be said that the flow is completely
stabilized. The air exiting at a constant speed from the
outlet causes external air to be sucked into the building.
Air flow tends to increase in the symmetrical section of the
shed due to suction of the tower on the roof. The obstacle

Temperature
Contour 1
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26.51
25.41
2431
23.21
2211
21.01
19.91
18.81
17.11
16.61
15.50
14.40
13.30
12.20
11.10
10.00
€]

due to the presence of radiating plates forces the air to
divert its trajectory (Figure 11b,c).

In Figure 12a, the speed vectors oriented towards the
right near the inlet, indicating the entry of fresh air, and
vectors oriented upward near the outlet, indicating the
air outlet, are reported. Due to continuous air exchange,
the temperature within the plant tends to uniform
around a value of 15-16 °C (Figure 12b).

It is worth observing that, in terms of the specific
power exchanged by the water strips in conditions of

b)
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Figure 10. Case 1, contour indoor air velocity: a) 0 s; b) 1000 s.
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Figure 12. Case 2: a) Velocity vectors: t = 700 s; b) Contours indoor temperature: t = 700 s.
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Figure 13. Case 2, specific thermal power exchanged by the water strip.

constant air flow, a value of just over 530 W m™" is

reached (Figure 13). This value is approximately 33%
higher than that estimated for case 1 (Figure 8).

4 Conclusions

The analysis carried out in the first part of this study,
based on the reference literature, allows to give some
remarks:

¢ the estimation of the increase of the convective
heat transfer coefficient of the water strip heating
system in normal operating conditions (i.e. the
presence of induced air flow near the radiant
panels due, for example, to the opening of a door
on a side wall, or to the opening of a skylight on the
roof, or to the operation of the ventilation system
with air change flow of 0.5 vol h™") is in the order of
30%-40% compared to the operating conditions of
the EN 14,037 standard;

e considering that convective heat transfer weighs
for a percentage variable between 35% and 45% of
the total thermal output of the water strip (depend-
ing on the model and the AT,,), an increase of the
overall yield in the order of at least 10%-20%
compared to the data stated according to the EN
14,037 standard is surely achievable;

o furthermore, in real operating conditions, the water
strips ‘see’ internal surface temperatures that prob-
ably are not uniform and lower than the internal air
temperature, which commonly is around 20 °C (i.e.
the test conditions according to EN 14,037);

¢ in the case of non-insulated water strips, there is
a further exchange of thermal power with the

environment, as can be seen from the data mea-
sured in the test room according to the EN 14,037
standard (blue curve in the last graph of Figure 6;
HLK test center, 2020).

It can be concluded that the increase in the overall yield
of the heating strips, compared to the data measured
according to the EN 14,037 standard, can be at least of
the order of 30%. This result has been verified by means
of CFD simulations. Two case studies were modeled and
simulated. The main remarks are:

e numerical results for the configuration studied
confirm that the presence of constant air exchange
leads to an improvement of more than 30% in the
performance of the water strip system;

e it is reasonable to think that other situations of real
operation of the system in industrial sheds (such as
the opening of doors, windows, or skylights, the
presence of hoods or ventilation towers for internal
air, and the temperatures of the internal surfaces
that are not uniform and certainly lower than that
of the internal air) can lead to a similar or even
greater increase, in the order of 30%—40%, of the
yield of the water strips.

Based on these first results, as a further development of
this work, a dynamic simulation model of the system
will be developed, with the scope of optimizing the size
and the operational parameters (such as the feed water
temperature) of the water strip heating system. An eco-
nomic analysis will be useful to assess the economic
viability of the proposed energy system and its profit-
ability compared to conventional technologies.



Nomenclature
Symbol Meaning Unit
A Area m?
D Diameter m
L Length m
q Thermal power Wm™'
T Temperature °C
U Thermal transmittance Wm2K'
w Velocity ms™
Greek symbol
a convective heat transfer coefficient Wm2K'
0 outdoor design air temperature °C
Subscript
ai air indoor
avg average
back back
conv convection
e external
f flow
fs external fluid
front front
i internal
k counter
m medium
mr mean radiant
p plate
rad radiation
s surface
wall wall
zone zone
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