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ABSTRACT ARTICLE HISTORY

A neural network-based model for interior longwave radiative heat transfer Received 10 May 2015
has been developed and implemented into a new computer code, BERHT Accepted 18 July 2015
(Building Energy with Radiative Heat Transfer). The model accounts for the

non-gray effect of absorbing species in a building environment and the

geometric effect of a three-dimensional building structure. Numerical studies

have been carried out on a rectangular single-story building. For nominal

concentration of CO,, H,O, and small particulates, results show that the effect

of radiative heat transfer is important. The surface emissivity of enclosure

walls and optical properties of the absorbing/emitting medium are

demonstrated to have significant effects on the distribution of heat transfer

between convection and radiation, as well as the transient behavior of the

indoor air temperature. Supplemental studies provide an insight that the

one-zone, well-mixed model used in building energy simulation generates a

“fictitious” non-local heat transfer behavior, leading to uncertainties in the

understanding of the radiative heat transfer effect.

Introduction

Improving energy efficiency in buildings has been identified as a key step by many nations, including
the U.S. and China, in achieving the goal of energy efficiency and the reduction of greenhouse gas
(CO,, CHy, NO,, etc.) emissions. In the U.S,, the building sector accounts for 40% of the total energy
consumption [1]. In China, this figure is about 23% and the number is observed to be increasing in
recent years [2]. These statistics indicate a vital need to improve building energy performance. A great
deal of effort has thus been reported in developing computational tools for effective simulation of
building energy transport [3, 4].

While many building energy simulation programs have been developed over the past decades
(BLAST, DeST, DOE-2, ECOTECT, IES <VE>, EnergyPlus, TAS, and TRNSYS) and many of them
have implemented highly sophisticated models for conductive and convective heat transfer [5, 6],
the modeling of radiative heat transfer has largely been treated in a highly simplified and ad hoc level
with uncertain accuracy. For example, in DeST [7], DOE-2.2 [8], ECOTECT [9], and TRNSYS 17 [10],
radiative heat flux is represented by a linearized effective heat transfer coefficient and the view factor is
evaluated approximately by an area ratio. In TAS [11] and IES <VE>[12], radiative heat transfer is
modeled by a mean radiant temperature model with a coupling coefficient. The exact view factor is used
while the effect of gray surfaces is accounted for by the Oppenheim surface resistance concept [13]. In
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Nomenclature
Symbols Qq = total radiative heat transfer to medium due
A; (i=1,6) =bounding areas of building structure to both surface and mixture emission
& = specific heat of air or air mixture Qu, i =radiative heat transfer on surface A; due to
Reonv = convective heat transfer coefficient surface emission only
Minf =mass flow rate due to infiltration of outside Qg =HVAC system output
air Qioad =sum of internal convective loads
Nioad = total number of internal convective loads SiS; = exchange factors
Naurf = total number of interior surfaces Ty = temperature of medium
Teond = conduction heat flux Ty = temperature of interior surface
Qhony = convective flux exchange T, = temperature of zone air
qrq =longwave radiative flux exchange IS = Stefan-Boltzmann constant
Qoo =absorbed direct and diffuse solar radiation & = emissivity of surface A;
heat flux (shortwave) Pair = density of air
Qource =sum of heat gains from lights, people, and  V: =volume of zone air in the building structure
equipment Subscripts
Qo,i = radiosity from surface A; ext = exterior surfaces of the building structure
Gogi =radiosity from surface A; due to mixture int = interior surfaces of the building structure
emission only Superscripts
Q; = total radiative heat transfer on surface A; due ~ wall = emission due to surface only
to both surface and mixture emission gas = emission due to mixture only

EnergyPlus v.8 [14], a net radiation method is implemented to account for the effect of diffuse gray sur-
faces. However, in all of these existing models, except for IES <VE>in which the emissivity of the
medium is simulated by an empirical correlation [12], the effect of the participating (absorbing and/
or emitting) medium is completely neglected due to mathematical complexity in modeling the non-gray
effect in a three-dimensional building structure [15-18] and assumption of low concentration in parti-
cipating components (CO,, H,O, and small particulates) and their short mean path-lengths [14, 19].

The lack of motivation in developing a more realistic radiative transfer model in building energy
simulation programs is driven by the general expectation that at low temperatures, the effect of
radiation is not significant compared with convection in a building structure [20]. However, there
has been no rigorous verification of this expectation, particularly in view of the uncertain accuracy
of the radiation model in the existing building energy simulation programs.

In a recent work [21], a computationally efficient approach is developed for the evaluation of the total
absorptivity of a one-dimensional slab of combustion mixture (CO,, H,O, and small particulates in which
the size of particles satisfies the Rayleigh small-particle absorption limit) using narrow-band absorption
data [22]. Specifically, numerical data for the total absorptivity, generated by a direct integration of the
spectral data, are correlated by a neural network, RAD-NETT, as a function of the relevant physical para-
meters such as source temperature, absorption gas temperature, partial pressures, and particulate volume
fraction. Based on RAD-NETT, the analysis of radiative heat transfer in a three-dimensional geometry
using the realistic spectral data is now possible. The relevant surface-surface and surface-volume
exchange factors for a specific geometry, generated by direct numerical integration, are further correlated
by additional neural networks [23, 24]. In the present work, based on zonal analysis, the neural network
based radiation model is developed and implemented into a newly developed computer code, BERHT
(Building Energy with Radiative Heat Transfer). Numerical results are generated and the effect of interior
longwave radiative heat transfer is assessed for a considered geometry in a building environment in
developing computational tools for effective simulation of building energy transport [3, 4].

Development of BERHT

BERHT is a thermal building simulation program and it is developed based on the existing whole-
building energy simulation software, EnergyPlus. BERHT and EnergyPlus use the same heat transfer
models and calculation algorithms, and the core of the simulation modeling is primarily based on the
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principle of heat balance. With the implementation of the neural network-based radiation model,
BERHT is capable of performing energy simulation in the presence of an absorbing/emitting non-
gray medium. Therefore, it can be used to study the effect of thermal processes, to simulate energy
flows, and to evaluate the heating and cooling energy consumption for a one-zone building structure
with the effect of participating media.

Mathematical formulation

Energy balance

To formulate the heat balance equations, a building structure is considered as an enclosure bounded by
a number of discrete surfaces, such as walls, floors, ceilings, and windows. Based on the one-zone
approximation described in reference [14], the indoor air is assumed to be well mixed. The thermal
properties and temperature of the indoor air and the surrounding surfaces are considered to be
uniform. At each boundary, heat flux entering the boundary must equal the heat flux leaving the
boundary. Thus, on any interior surfaces of an enclosure, heat flow into the surfaces due to conductive
heat flux is balanced by convection from the indoor air, net radiative flux exchange between the air and
the interior surfaces, and heat gain from transmitted solar radiation and other internal sources such as
lights, equipment, and occupants. Similarly, for exterior surfaces, absorbed solar radiation, net
longwave radiation flux from the surroundings, and convective flux from the outdoor air are balanced
by conductive flux entering the surface. In addition, a heat balance of the indoor air is required to
describe the energy imbalance due to heat added from convective flux exchange from the interior
surfaces, longwave radiation flux exchange from the interior surfaces and the indoor air, infiltration,
and interior heat sources.

For exterior surfaces in a zone, the heat balance equation is written as:

" " " " _
qext,sol + Gext,conv + qext,rad - qext,cond =0 (1)

and for interior surfaces:

" " 7 " " _
qint‘cond + qint,conv + qint,rad + Qint,sol + Isource — 0 (2)

where g7 . is the sum of the heat gains from lights, equipment, and people. The heat transfer models
used to evaluate the terms in Eqgs. (1) and (2) are identical to the EnergyPlus except that a new model
is developed for the evaluation of radiation exchange in the interior. The radiation model algorithm
for the new radiation model will be described in the next subsection and the detailed explanation for
the other heat transfer models can be found in reference [14].

The heat balance for the indoor air/zone air can be written as the change in energy stored in
indoor air equal to the sum of internal schedule convective loads, convection to interior surfaces,
infiltration, system output, and radiation to interior surfaces:

dT, Nioad Nourf )
paircpvzg = Z Qioad,i + Z hconv.iAi(Tw,i - Tz) + minfcp(Tair —T,) + Quys + Qg (3)
i=1 i=1

where Njy.q is the total number of internal convective loads, Ny,¢is the total number of interior surfaces,
and Q.4 is the new radiation term. Note that the modeling algorithms for the calculation of the internal
convective loads, convective heat transfer coefficient, mass flow rate of air due to infiltration, and
HVAC system output are explained in detail in the EnergyPlus engineering document [14].

Radiation model algorithm

In a one-zone model, even the temperature and radiative properties are assumed to be uniform in the
enclosure interior, and radiative heat transfer is three-dimensional. To incorporate the geometry
effect, various exchange factors must be evaluated for the considered enclosure. Specifically, the
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exchange factor between two surfaces is given by:

3Ty, Ty, PeL, Feo,  fiL)] cos 0; cos 0
ssf// sl Foo,, L) ] cos 1O dAdA; (4)

nL?

where L is the line-of-sight distance between the two integration area elements dA; and dAj; 6; and 6;
are the angles between the line-of-sight and the unit normal vector of the two dlfferentlal area
elements; T, is the temperature of the emitting wall, and A;, and T, the temperature of the absorbing
gas; f, is the particle volume fraction and Py is the total partial pressure of the absorbing gas. The
evaluation of the total absorptivity, a, using the neural network RAD-NETT and the formulation
of the exchange factors, S;S;, are presented in references [21] and [23, 24], respectively.

With the tabulated exchange factors, radiative heat exchange in the enclosure interior can be
determined. Since the exchange factors depend on both wall temperature (T,,) and medium/gas
mixture temperature (Tg), separate analyses are needed to determine the incident heat flux due to
the emission from the different surfaces and that due to the gas mixture (indoor air), which are
emitting at different temperatures. A superposition procedure is therefore needed to simulate the
radiative heat transfer. Specifically, a zonal analysis is carried out for one hot (emitting) surface
(A;), with emissivity ¢;, maintained at temperature T, ; while the remaining surfaces are assumed
to be non-emitting but reflecting (T,;=0, j # i), with an emissivity of ¢, The medium is assumed
to be absorbing and non-emitting maintained at temperature T, Assuming that all surfaces are
diffuse, the relevant equations generated from the zonal analysis [25] are:

(GT&,J — QO,i> A,’S,’

(1—¢g) = Aigo,i — Z SiSk(TwJa Tg)qoﬁk )
i k#i
—Yo.j AS
((lq;]),s-)] Aigoj — ZSSk thvT)qu (6)
'j k#j

Note that in Eqgs. (4) and (5), all the exchange factors are evaluated at a wall temperature of T,,;
and a medium (indoor air) temperature of T,. Thus, the heat transfer on different surfaces, A;, due to
emission from a hot surface, A;, is given by:

Qi (Twis Te) = D ST, Te) ok — Ajdojj = 1,6 (7)
K7

and the heat transfer to the absorbing and non-emitting medium due to emission from the hot
surface, A, is:

6

Qg;n Twza T Z Z Sisj(vai’ Tg) qo,i (8)
i=1 j#i

where §;S; is the exchange factor between two surfaces. Repeating the application of Eqgs. (6) and (7),
the heat transfer on different surfaces due to emission from all hot surfaces is:

6
1l i
Qxi = Z Qxiii,j(TWsj’ Tg) (9)
j=1
and the heat transfer to the absorbing and non-emitting medium is:

6

QM =" Qi (Twk, Tg) (10)

k=1
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To account for the mixture emission, a further analysis is carried out for an absorbing and emitting
medium with reflecting but non-emitting surfaces. The relevant equation is:

—qog,i ) Ai€i
% = Aiqog,i — Z SiSj(Tgv Tg)quJ - Z [AiFij - Sisj(Tg’ Tg)} GT; (11)
! 7 7

for all absorbing, non-emitting surfaces (i=1, 6). The heat transfer to the surface is now given by:

Q= SiSk(Ty, Tg) qogk — Aidogi + |Ai — > $i8;(Ty, Tg) | 0T (12)
ki i

and the heat transfer to the medium is:

6
Q= > A= 8S(T, Ty) [qog,i - GTQ} (13)
i=1 i
By superposition, the total heat transfer on each surface due to both surface and gas mixture
emission is:

I
Q= QUi + QUi = GineraaiAi (14)

and the total heat transfer to the medium is:

Q= Q" + Q& (15)

where gi;, .4, is the interior longwave radiative flux exchange on surface A,.

It should be noted that the zonal analysis using the concept of radiosity for gray surfaces is an
approximation (since the radiosity is generally non-uniform across the surface) for a gray medium
and finite surfaces. For a non-gray medium, the current zonal analysis introduces another layer of
approximation since the reflection from a surface does not have the same spectral dependence of the
original blackbody source at temperature T,,. For engineering applications such as the current one-zone
approximation, this approach is expected to be sufficiently accurate to demonstrate the parametric
behavior of the various enclosure parameters. Direct assessment of the accuracy of the method (by
taking smaller discrete areas and breaking up the wavelength spectrum into multiple bands with con-
stant absorption coefficient) is current under consideration and will be presented in future applications.

Figure 1. Geometry of building enclosure.
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Table 1. Construction of building envelopes.

Name North surface East surface South surface West surface Floor surface Roof surface
Layer 1 WS —1 WS —1 WS —1 WS —1 HF —C5 Roof deck
Layer 2 FQ—-1 FQ—-1 FQ—-1 FQ—-1 na FQ-2
Layer 3 PB—1 PB—1 PB—1 PB—1 na PB—2
Note that WS, FQ, and PB denote wood sliding, fiberglass quilt, and plasterboard, respectively.
Table 2. Material properties.
Units Object 1 Object 2 Object 3  Object 4 Object 5 Object 6 Object 7
Name PB—1 FQ—-1 WS —1 PB—2 FQ—-2 Roof deck HF —C5
Roughness - Medium Smooth ~ Rough Rough Rough Rough Rough Medium rough
Thickness m 0.012 0.066 0.009 0.01 0.1119 0.019 0.1015
Conductivity W/m-K 0.16 0.04 0.14 0.16 0.04 0.14 1.7296
Density kg/m3 950 840 530 950 12 530 2,243
Specific heat J/kg-K 840 840 900 840 840 900 837
Thermal absorptance - 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Solar absorptance - 0.6 0.6 0.6 0.6 0.6 0.6 0.65

Numerical study

Numerical studies are conducted on a test building, as shown in Figure 1, which is a rectangular
single-zone building with dimensions of 4m x 5m x 3m. The building is constructed with six
surfaces and is simulated as located in Chicago, IL on a typical summer day (July 21). All exterior
surfaces, except the floor surface, are exposed to varying temperature from outdoor air, solar
radiation from the sun, forced convection due to wind, and thermal radiation exchange with the
surroundings. These outdoor conditions are obtained analytically using the algorithms described in
reference [14] with the weather profile. The floor surface is maintained at a constant temperature
of 22.3°C. For interior surfaces, each surface is exposed to natural convective heat exchange with
the zone (indoor) air and longwave radiative heat exchange between the other interior surfaces

Zone Air Temperature
3

- ©&— Zone air (BERHT)
= =¥~ - Zone air (EnergyPlus)

32~

Temperature (°C)

M U I T SRR S T

20 I |

0 4 8 12 16 20 24
Time (Hour)

Figure 2. Comparison of zone air temperature for a case without a participating medium (BERHT and EnergyPlus).
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Heat Transfer Between Surfaces and Zone Air Heat Transfer Between Surfaces and Zone Air
(Transparent, Emissivty = 0.1) (Transparent, Emissivty = 0.9)
A [ e e e e 30 v . . : :
20
= = 10
2 2
8 8
o
T o
2 &
£ 2
B e
= =
- -
§
= - -
i ot et :
=30 |- — Convection = —— Comvection
------ Radiation =-===- Radiation
Total Heat Transfer Total Heat Transfer H
4o [ ] i PSS ISPTSIRO | 1 30 o e —— ———— PSP S [
1] 4 8 12 16 20 24 o 4 8 12 16 20 24
Time (Hour) Time (Hour)

Figure 3. Heat transfer (radiation, convection, and total) between surfaces and room air with a transparent medium for 2 different
emissivity cases.

and the zone air. In this numerical study, the zone air is considered to be an absorbing/emitting
medium consisted of up to three species (H,O, CO,, and small particulates).

Since our goal is to investigate the potential maximum radiative heat transfer effect in the
participating medium, the studies are conducted with a fixed partial pressure of 5kPa for both H,O
and CO, and a fixed volume fraction (0 or 107°%) for the small particulates. For simplicity, the
effects of infiltration, ventilation, and HVAC systems are not included in the current simulation. These
simulation conditions are identical to a case study by EnergyPlus, for which the details of the location
and the weather at the site can be found in [14]. BERHT can thus be benchmarked against EnergyPlus
by running this case without the presence of participating medium. Note that the gas mixture partial
pressures and the particulate volume fraction are higher than the typically expected values in an indoor
environment.

Heat Transfer Between Surfaces and Zone Air Heat Transfer Between Surfaces and Zone Air
(P =10kPa, f = 0, Emissivty = 0.1) (P =10 kPa, f =0, Emissivty = 0.9)
40 T ey Loy T e 30 —r—y 2 ! . - —
30
L 20
of
H [ =
8 10 | 8
-] + -]
8 a2
g0 H
E T 5T NN RN N L 23
£ £
| 3
- - ¥ T
E i 7, N - ]
30 = = Convection - — Convection
b | === Radiation ==-——= Radiation
Total Heat Transfer H " | = Total Heat Transfer | :
40 L o ; n Y i {E i s 30 L= ¥y [ Loy i
0 4 8 12 16 20 24 o 4 8 12 16 20 24
Time, Hour Time, Hour

Figure 4. Heat transfer (radiation, convection, and total) between surfaces and room air with an absorbing/emitting gas-only
mixture for two different emissivity cases.
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Heat Transfer Between Surfaces and Zone Air Heat Transfer Between Surfaces and Zone Air
(P_=10 kPa, f =1e-6, Emissivty = 0.1) (P_=10 kPa, f =1e-6, Emissivty = 0.9)
40 0 T 2 T ! ) ! 30 T 2 T T 1 ]
H =
W 3
] .1
-] -]
8 a8
2 2
1] @
£ 1
£ £
8- 3
x =
20 |- J i
= =—— Convection
==-==- Radiation  §:  : A f 1 7| = Radiation
—— Total Heat Transfer | | — Total Heat Transfer : i
577 ] B s w0 B0 L e e e
o 4 8 12 16 20 24 0 4 8 12 16 20 24
Time, Hour Time, Hour

Figure 5. Heat transfer (radiation, convection, and total) between surfaces and interior air with an absorbing/emitting
gas/particulates mixture for two different emissivity cases.

Construction of each surface and the thermal properties of material associated to each construction
component are shown in Tables 1 and 2, respectively. For benchmarking purposes, Figure 2 shows
the zone air temperature profile for the case with no participating medium. And as seen, excellent
agreement is achieved between the EnergyPlus and BERHT.

Results and discussion

A series of numerical experiments were conducted to examine the importance of interior longwave
radiative heat transfer and its effect on the overall heat transfer to zone air. Numerical data for the
heat transfer to the medium in three cases (transparent, absorbing/emitting gas-only mixture, and
absorbing/emitting gas/particulate mixture) are presented in Figures 3-5, respectively. The total con-
vective heat transfer, total radiative heat transfer, and the overall heat transfer (the total convective

Heat Transfer Between Surfaces and Zone Air Heat Transfer Between Surfaces and Zone Air
‘Pf 10kPa, fv= 1e-6, Emissivil = 0.9, Emissivi =0.1) ‘Pw= 10kPa, f'= 0, Emi = (.9, Emissivity =01)

Y ity, Y
200 : I‘\Ioer E —other 300 |:w, ¥ !.,.,H

200 200

8

g

N

=]

o

Heat transfer to gas, W
(=]

Heat transfer to gas, W
=

g

200 200 |- o na i . ‘Q.‘
(| = — Convection
'| ==---- Radiation ====== Radiation
Total Heat Transfer Total Heat Transfer
300 — i i i 300 y ——— I 1 ]
0 4 B 12 16 20 24 o 4 B 12 16 20 24
Time, Hour Time, Hour

Figure 6. Heat transfer (radiation, convection, and total) between surfaces and room air in a mixed emissivity case (€qoor = 0.9 and
Eother = 0.1) with two different absorbing/emitting mixture medium.
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Comparison of the temperature at the different surfaces and the zone air temperature for cases with different emissivity
(transparent versus absorbing/emitting gas/particulates mixture medium).
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Radiative Heat Transfer Between Surface and Zone Air
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Figure 8. Comparison of the convective and radiative heat transfer from the different surfaces to the zone air for cases with
different emissivity with an absorbing/emitting gas/particulates mixture.
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heat transfer together with the total radiative heat transfer) between the surfaces and the zone air are
shown to illustrate the effect of radiative heat transfer. Numerical data are also generated separately
for two different interior surface configurations (emissivity = 0.9 and = 0.1, which are assumed to be
identical for all interior surfaces). It is interesting to note that the presence of a participating medium
(Figures 4 and 5) has no significant impact on the overall heat transfer to the zone air. Both with and
without particulates, the increase in radiative heat transfer appears to be compensated by a reduction
in convective heat transfer, while maintaining the same magnitude of the overall heat transfer.

To further investigate the effect of surface emissivity on the influence of the effect of radiative heat
transfer and to illustrate how radiation heat transfer will impact the individual distribution between
radiative and convective heat transfer, simulations were conducted with the floor surface emissivity
parameterized to 0.9 and the emissivity of remaining surfaces maintained at 0.1 (mixed emissivity
case). This case is selected to maximize the radiative heat loss from the medium and the floor (with
the high absorptivity of the floor) and the heat absorption by the medium from the hot wall (with the
high reflectivity from the wall). As expected, in terms of the individual convective and radiative heat
transfer, significant differences are found in Figure 6. The high absorptivity of the floor results in a
large heat radiative heat loss to the lower wall. The reduced zone air temperature, on the other hand,
results in a large convective heat transfer from the surrounding hot walls.

The overall heat transfer between the surfaces and the zone air and the temperature profile for three
different media are shown in Figure 7. The added effect of radiative heat transfer appears to have
impact on the overall heat transfer and the zone air temperature distribution. Comparing the case with
a transparent medium to that of a sooty gas/mixture medium, a maximum difference of 30% in overall
heat transfer is observed and this results in a corresponding 2.5°C difference in temperature distri-
bution. The transient temperature and corresponding heat transfer along the six walls for the two cases
shown in Figures 3-6 are presented in Figures 8 and 9. In Figure 8, it is apparent that the surface emiss-
ivity has a strong effect on the temperature distribution of the different walls. Except for the floor
which is an effective heat sink, lower emissivity leads to a higher wall temperature. The reduction
in emissivity leads to a reduction in radiative heat flux as shown in Figure 9, but the increased wall
temperature leads to a corresponding increase in the convective heat flux. Radiative heat transfer
appears to be dominated by the surface-to-surface exchange and the effect of the participating medium
is relatively small.
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The apparent lack of impact of radiative heat transfer on the overall heat transfer profile and the
zone air temperature distribution can be attributed to two fundamental factors:

1. The well-mixed approximation of the one-zone model overpredicts the effect of convective
heat transfer during the transient. The effect of radiation is thus erroneously included in
codes such as EnergyPlus and BERHT, even in the transparent case. This phenomenon is
demonstrated in Appendix A, in which the results generated by BERHT are compared to those
generated without the well-mixed approximation obtained from Fluent.

2. In a one-zone model, the zone temperature represents the energy content of the zone air,
which is controlled largely by external heat transfer and boundary conditions such as solar
radiation, wind speed, and outside temperature. The specification of the exact heat transfer
mechanism for convective and radiative heat transfer will only affect the distribution of heat
transfer between the two mechanisms and the transient behavior. This effect is demonstrated
in Appendix B.

In summary, radiative heat transfer effect is important even in a low-temperature environment typi-
cally encountered in building energy analysis. The surface emissivity of the enclosure walls and the
optical properties of the absorbing/emitting medium have important effects on the distribution of heat
transfer between convection and radiation, as well as the transient behavior of the temperature.

Conclusion

This study demonstrates the use of a neural network for the evaluation of thermal radiative heat trans-
fer in a rectangular-shaped building structure in the presence of an isotropic homogenous absorbing/
emitting medium. The neural network is shown to be an efficient tool to facilitate the realistic absorp-
tion/emission effect of a medium incorporated accurately and efficiently in heat transfer calculation for
a three-dimensional building structure. With the implementation of the neural network exchange
factors, a neural network-based one-zone net radiative exchange model is developed. Together
with the new radiation model, a computer code BERHT is developed to simulate and understand
the thermal radiative heat transfer effect in a low-temperature building structure environment.

Studies have been carried out for two different interior emissivity surfaces. Results show that the
presence of participating medium has a significant effect on the distribution of total heat transfer
between convection and radiation. The effect of radiation is important and is of the same order of
magnitude as convection. However, the overall energy balance is influenced strongly by external
conditions such as surrounding temperatures, exterior convective heat transfer, and shortwave and
longwave radiation. Supplemental studies provide an insight that the convection models used in
a building energy simulation program with the one-zone approximation overpredict the effect of
convective heat transfer.
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Appendix A: The effect of one-zone approximation on prediction of indoor air
temperature: comparison between zonal model and CFD

A numerical analysis is carried out to investigate the influence of one-zone, well-mixed approximation
on the simulation accuracy of interior convective heat transfer and resulting indoor air temperature.
Simulations are conducted with BERHT (zonal model) and a commercially available CFD package
(Fluent [26]) for an enclosure similar to that shown in Figure 1. The enclosure is considered to be
a passive closed system, so infiltration, ventilation, and/or HVAC systems will not be included. To
facilitate the comparison with CFD results, the medium is considered to be transparent to thermal
radiation. Without external sources (i.e., pumps, fans, etc.), natural convection is thus the primary heat
transfer mechanism between the surfaces and the indoor air. In BERHT, the convective heat transfer
between a surface and the zone air is governed by the Newton’s cooling law:

q" =h(T, — T,) (A1)

where q” is the convective heat flux, T is the averaged temperature for the surface, and T, is the aver-
aged temperature of indoor air (zone air). The convective heat transfer coefficient, /4, can be modeled
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Table A1. Correlations for natural convection used in BERHT [14].

Surface Correlation Remarks

Vertical h=1310|T,— T5|”3 - '

Horizontal h— 9.482T,—T,[' Enhanced convection
T 7.283—cos(2)] .

Horizontal 1.8107,-7,'/? Reduced convection
T 1.382+(cos(Z)|

Notes: X is the tilted angle of the surface. (For floor surface, X is at 180° and for roof surface, X is at 0°).

by either a SIMPLE [27], TARP [27], or adaptive convection algorithm [6]. Previous studies [28]
demonstrated that all three algorithms generate similar heat transfer coefficients for interior surfaces.
Thus, the default convection algorithm used in EnergyPlus, TARP, is utilized in this numerical
analysis. The correlations are summarized in Table Al and are in the function of surface orientation
and the difference between surface and indoor air temperature.

In Fluent, simulation is conducted to obtain detailed information of air in the enclosure. Standard
energy and k-epsilon models are used to solve the energy and mass balance for air in the enclosure. The
heat capacity, thermal conductivity, and dynamic viscosity of air are assumed to be constant and are
evaluated at 296.15°K. The air density is determined using the incompressible idea gas relation. The
enclosure interior is discretized using structured hexahedral grids with a fine grid of 562,800 cells.
For solution methods, a second-order upwind scheme is used for the discretization of the convective
terms in transport equations in order to reduce numerical diffusion. The body force weighted scheme
is used for discretization of pressure and the PISO algorithm is used for the pressure-velocity coupling.

In both models, fixed boundary conditions are imposed on all surfaces. Each surface is assumed to be
maintained at a constant temperature of 325°K with the remaining surfaces kept at 300°K. Initially, the
indoor air is maintained at 296.15°K in 1 atm. Both simulations are run for 24 h with a time step of 180s.

Transient and steady-state indoor air temperature profiles are generated and are shown in Figures Al
and A2, respectively. In Figure Al, the air temperature obtained from BERHT and localized (at
centroid) air temperature and mass averaged air temperature obtained from Fluent are presented. In
Figure A2, the steady-state zone/indoor air temperature distributions for three different directions
are presented. The indoor air temperature distributions along the x-, y-, and z-axes are obtained at
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Figure A1. Transient temperature profile of indoor air obtained from BERHT and Fluent.



Downloaded by [University of California Santa Barbara] at 18:44 16 July 2016

708 W. C. TAM ET AL.

Steady State Temperature Distributions
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Figure A2. Steady-state temperature distributions of indoor air obtained from BERHT and Fluent.

the center of planes YZ, XZ, and XY, respectively. Results show that the air temperature distribution
across the simulation domain are not uniform. The assumption of a uniform temperature within the
enclosure is thus not valid. As shown, the rate of temperature increase at the beginning of simulation
in BERHT data is about twofold that observed from the Fluent results. The air temperature takes about
0.4 and 0.8 h to reach steady-state condition for BERHT and Fluent, respectively. This suggests that it
would take twice as long for the heat from the surrounding surfaces to be completely dispersed to the air
when detailed fluid transport is considered. Physically, this thermal penetration effect will occur only
with radiative heat transfer in an absorbing/emitting medium. But due to the well-mixed approxi-
mation, the one-zone model introduces this effect in its temperature prediction erroneously. The effect
of the radiative absorption effect, which is of the same order of magnitude as the convective effect, is
thus difficult to visualize in a one-zone approximation. Nevertheless, the radiative effect is physically
important and some correction must be made to the one-zone approximation to demonstrate more
effectively the relative importance of the convective and radiative heat transfer effect. Such a task is
current under consideration and will be reported in future publications.

Appendix B: A numerical analysis on the influence of the effect of the external heat
transfer and boundary conditions on the profile of overall heat transfer and zone air
temperature distribution

The lack of impact of radiative heat transfer on the profile of the overall heat transfer and the zone air
temperature under current consideration can also be understood by noting that these parameters are
not only controlled by the internal heat transfer mechanisms, they are also influenced by external heat
transfer and boundary conditions such as solar irradiation, wind speed, and surrounding temperatures.
To illustrate this interaction systematically, a series of simulations were conducted for a transparent
medium with the internal convective heat transfer being modified by a multiplicative factor. Results
for total heat transfer to the zone air and the corresponding zone air temperature for different multi-
plicative factors (0.1 and 0.01 for reduction in convection, and 2 and 10 for increase in convection) are
shown in Figures B1 and B2. It is interesting to note that over a wide range of changes in the convective
heat transfer effect (factor of 1/10, 2, and 10), heat transfer to the zone air and the corresponding air
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Figure B1. Total heat transfer to the zone air for different levels of internal convection heat transfer in different interior surface
configurations.

temperature do not vary significantly. The effect of reduced convection is significant only when the
multiplicative factor is 1/100.

Results from Figures B1 and B2 are important from the perspective of assessing the effect of radiative
heat transfer, because the order of magnitude of the radiative heat transfer effect can be estimated by an
equivalent radiative heat transfer coefficient, 46T>. For T,, ~ 300K, the equivalent heat transfer coef-
ficient is approximately 6 W/m?*-K, which is of the same order as the convective heat transfer coefficient
used in EnergyPlus and BERHT as given by Table Al. The radiative heat transfer effect is therefore in
the order of increasing the convective heat transfer by a factor between 2 to 5. As shown in Figures Bl
and B2, this enhancement is insufficient to cause significant changes on the profile of total heat transfer
and the resulting zone air temperature. As demonstrated in the main text, the effect of radiation is
thus not apparent from the behavior of the zone temperature. The impact is significant only on the
distribution between radiative heat transfer and convective heat transfer of the individual boundary.
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Figure B2. Temperature of the zone air for different levels of internal convective heat transfer in different interior surface
configurations.
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