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ABSTRACT

This paper studies the heating load and thermal comfort distribution in a typical office with a mixed
radiant and convective heating system for two different locations of radiant heat sources. Accurately
estimating the heating load in a mixed heating space requires careful consideration of the energy balance
on each room surface and the comfort level in the space. A pure radiant heating system heats the room
surfaces first; then the warm surfaces heat room air. The higher surface temperatures will increase the
heat loss from the enclosure to the ambient environment for a fixed air temperature. On the other hand, a
radiant heating system creates a higher mean radiant temperature in the space. By keeping the same
operative temperature as used with a convective heating system, this system can have a lower room air
temperature, which usually reduces the energy to heat infiltrating air or ventilation air, and reduces the
convective heat transfer between the room air and enclosure surfaces during the heating season. The
reduced room air temperature has the potential to reduce the heat loss from the enclosure to ambient
environment. This paper compares the heating load and comfort level as measured by uniformity of
operative temperature for two different layouts of radiators in the same geometric space. It is found that
when radiators are close to the window, it may increase heating consumption up to 3.6% compared to
100% convective heating in an inadquately ventilated space. In a properly ventilated space, radiant
heating can save up to 7.7% of the heating consumption depending on location of the radiator(s) and the
outside air supply rate for the cases simulated. Comfort analysis shows that locating the radiator near the
window can improve the comfort level in a space.

INTRODUCTION

Radiant Heating

Radiant heating has the reputation of increasing the cofafatin a space and lowering energy bills.
A radiant heating system uses one or more temperature t¢emtiodloor surfaces on the floor, walls or
ceiling to heat the enclosure surfaces and objects first. Thm warfaces then heat the inside air by
convection. Because warm enclosure surfaces radiate more enexdyutoan body than cold surfaces,
people may feel comfortable even if the air temperature is sevegaedelower than with a forced air
heating system. A temperature controlled surface is called a trguhael where the temperature is
maintained by circulating water, air or electric current. Acegydd the ASHRAE Handbook (2001), the
panel surface temperature is normally lower than 300°F. Thentdteating system may be combined with
a central forced air system to supply the heating or apoégquired by the space. Such systems are called
a mixed radiant and convective heating system or a hybrid H&&@&m (ASHRAE Handbook 2004).

Floor heating is one of the oldest and most popular ratieating systems. Stove and flue gas ducts
underneath the building floor constitute the ancient heasiygiems which were used in East Asian
countries thousands of years ago. The advantages of floarghaet quiet operation and superior comfort.
Several investigations (Dale 1993, Olesen 1994, Gibbs) 1884 evaluated the energy consumption and
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comfort level for this type of heating. Radiant floor hegtpmoponents claim that fuel savings of 15% to
20% (DOE website 2005) over forced air systems are pessibl

For office buildings, the most practical application of radiheating is wall or ceiling mounted
heating panels combined with a forced air system. The HyHXAC system provides more flexible
control over the space operative temperature, air distribuéilmeity and humidity level.

Significant research has been done regarding the mean radigraraéume distribution and comfort
level of radiant systems. Steinman et al. (1989) propasechlculation method for mean radiant
temperature and noted that the temperature difference betwermimoand unheated internal surfaces may
not be small with a radiant heating system when an enclbsigra large window or a high percentage of
exterior walls. Tassou et al (2000) compared radiant acédaair heating systems in two churches. They
found that properly located heaters can create a more uniforneratuge distribution than an air heating
system in a large space. Chapman et al. (1997) visulized mdantregnperate (MRT) distribution in a
bedroom and a kitchen to analyze the thermal comfort conglitwdmere the heating panels are mounted on
the ceiling.

Several studies have examined energy consumption witmtawating systems and some compare
the consumption with radiant systems to that with airihgaystems. DeGreef and Chapman (1998) used
an improved methodology to analyze the energy consumptiar8fsquare foot bathroom with a radiator
mounted in the center of the ceiling. Degreef and Chapma) irtdicated the energy required by a 100%
radiant heating system is 25% less than that required 0% convective heating system to achieve the
same average MRT in the case analyzed. By keeping the operativeraamg constant, Chapman et al.
(2000) found that the energy consumption of 100% radti@ating is slightly less than (6%) that of a 100%
convective heating system in a 3 meter square enclosure witheimdow. Hanibuchi and Hokoi (2000)
compared a floor heating system with a convective heating sy8teynpointed out that when convective
heat exchange is dominant, heat loss through poorlyaitesliwindows is larger than when radiant heat
exchange is dominant. Their conclusion was based on keégiropérative temperature at the central point
of the tested room constant in the case of floor heating. Mdbese studies tend to conclude that radiant
heating can save energy compared with a forced air heating systmkeeping operative temperature or
MRT constant.

One of the important factors untouched by these studibmisthe position of radiators relative to
windows and the outside air supply rate have an impact ogyeaensumption and comfort distribution in
a space. The location of a radiator can greatly affect the enelegiface temperature nearby. If a radiator
is near windows, it increases the inside surface temperattine @findow and counteracts the down draft
to make the people near the window feel comfortable. Howéhvisrarrangement may increase the heating
load. If a radiator is away from windows, the surface temperatiuthe windows is lower, but the comfort
level near window may not be as good as the former layout.

Thermal comfort

The primary objective of HVAC design is to satisfy the theroomfort requirement of a conditioned
space. Any energy management measures must consider thissjoASHRAE Standard 55-2004 defines
thermal comfort as the “condition of mind which expressdisfaction with the thermal environment”. Six
primary factors affect the thermal comfort of an occupied spacebwiat rate, clothing insulation, air
temperature, radiant temperature, air speed and humidity.RAGHStandard 55 (2004) specifies the
comfort zones appropriate for spaces where 80% of sedentarfigbtlysactive persons find the
environment thermally acceptable when their clothing providdgsden 0.5 clo and 1.0 clo of thermal
insulation. Of the six factors noted above, air temperatatgant temperature, air speed and humidity can
be controlled by the HVAC system. Therefore, the comfortezmnexpressed as ranges of operative
temperature and humidity for environments where the air sp@edchot greater than 40 ft/min (0.20 m/s).

From the viewpoint of heat transfer, radiation, convectioneraporation control heat loss from the
human body. These three factors are determined by the mean tedipatature, air temperature, humidity
and air speed of a space. Humidity is normally controllethbyHVAC system for the entire area served
by one air handler. Air velocity is maintained by the Jatitin and air supply system in an individual
room at the level needed to provide relatively uniform teatpees and avoid drafts. Air temperature and
velocity determine the convection heat transfer rate between thanhibody and indoor air with heat loss
proportional to the temperature difference. Mean radiant texfyper(MRT) determines the radiation heat
exchange between the human body and surrounding surfacesydita room, the air temperature and
MRT are the only two variables the design engineer mayadalmer and Chapman 2000).



MRT is defined as “the uniform temperature of an imaginaglosare in which radiant heat transfer
from the human body equals the radiant heat transfer in th@l amnuniform enclosure” (ASHRAE
Handbook, 2001). MRT can be calculated from the surface tempeyatmd the corresponding angle
factors from the occupant and the surrounding surfacebéjyotlowing equation (ASHRAE Handbook,
2001):

E
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Tr is mean radiant temperature;; s the angle factor between person and surface; and Ti &ceurf
temperature. The mean radiant temperature can also be determirtb@ Hdiscrete ordinate method
(Degreef and Chapman 1997) using the following equation:
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lj is the intensity coming from a discrete direction; wijtli®e quadrature weighting factor for the
direction; A/ is the projected area in the given direction; and Aeff iseffective area of a person. When
the temperature differences among surfaces in an enclosure akettsanalis no significant difference in
the results of these two equations.

Both MRT and room air temperature have a strong influendaeymal comfort although they are not
the only conditions influencing human thermal comfort. Opezgemperature, which is a term combining
air temperature and mean radiant temperature, was suggested by @&&j@ras a measure of local
thermal comfort. Operative temperature is defined as “the unifemperature of an imaginary black
enclosure in which an occupant would exchange the same anfdwaatdy radiation plus convection as in
the actual nonuniform space”. According to ASHRAE Standar@(B}, operative temperature can be
calculated by the following equation:

Ty = AT, + - AT,

The value of A is a function of relative air speed Vr andlmafound from Table 1.
Table 1. Value of A in Equation (3)

Air Speed Vr | <40fpm | 40to 120 fpm | 120 to 200 fpm

(<0.2m/s) | (0.2to 0.6 m/s) | (0.6 to 1.0 m/s)

A 0.5 0.6 0.7
(Source: ANSI/ASHRAE Standard 55-2004)

When air speed is small (less than 0.2m/s) or the differbrtween mean radiant and air temperature
is small (less than°@ or 7F), the operative temperature can be approximated as the mezeraeair
temperature and MRT.

When a space has a large area of window as shown ineFlguhe temperature difference between
interior walls and the surface of the exterior window igdain winter. Convective heating systems
sometimes have difficulty counteracting the discomfort causedhe cold window surface. Radiant
heating is efficient in this situation to neutralize thisadehcy and minimize radiation losses by the human
body. This leads to the question of how the radidtoukl be located to achieve energy efficiency and
improve the thermal comfort in the space.

This paper analyzes the heating load and operative temperauifeution in two cases. In Case 1, the
radiators are located close to a large window. In Case 2adhetar is located in the center of the ceiling.
The heating energy consumption for these two cases is analgratifferent radiant and convective
heating ratios. The thermal comfort distributions in ¢héwo cases are also analyzed by numerical
methods.
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SIMULATION CASES

Some people may have experienced discomfort when sitting tosavindow or near sliding
glass doors in winter. To counteract this effect, panehtadi may be installed close to windows or on the
ceiling. Two different radiator positions are studiea itypical office geometry. The office has dimensions
of 15 feet long, 10 feet wide and 8 feet high. Radiant heatinthbined with a central forced-air system is
assumed as the heating system. The configuration of fide @& shown in Figures 1 and 2. The office is
assumed to be in a “middle” floor of an office building. Simplify the calculation, we assume the ceiling,
floor, back wall and sidewalls to be adiabatic. The engixterior wall is assumed to be a double glaze
window with an R value of 1.64 hAftF/Btu. This resistance value excludes the internal surfacectre
and radiative resistance, which will be evaluated seperately later.
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Figurel. Geometry of an office (Case 1)

In Case 1, two 2x8 foot radiators are positioned as smaxhto the window. In Case 2, one 4x8 foot
radiator is positioned in the center of the ceiling. Thaidattemperature is presumed to b&3p1.1°C)
and the operative temperature is set to B& 732.8C). This paper studies the impact of radiator position
on heating consumption and thermal comfort for differembsaif radiant and convective heating in these
two cases at outside air supply rates of 10 cfm, 20 cfm @rdd. The occupant sensible load is 75W for

one person. The lighting and equipment load is 160W.
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Figure2. Geometry of an office (Case 2)

HEAT TRANSFER AND ENERGY MODEL

The heat transfer at an internal surface in the enclosure shdviguires 1 and 2 consists of irradiation
from other surfaces, emission to other surfaces, convectiomedetthe surface and inside air, and
conduction loss to outside. For all adiabatic surfaces, thauctiod term vanishes. The window is the only
component where heat can be conducted outside. Heat is suppiedréaliator by hot water and can be
seen as a generation term, with units of Btu/ft

The heat balance on the occupants includes irradiation fromegsion to each surface in the
enclosure, convection loss to inside air, and heat generationtfie human body. The heat balance can be
illustrated as shown in Figure 3. The energy equation fmmtrol surface can be written as

e (KIT) +hy (T, =T+ +q, = g0, o @
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Figure 3. Energy Balance on Occupant
In Equation (4),hc is the surface convection coefficient which is a temperature deperdriable.

Each surface has a differdmt. This will be discussed lateg, can be written as follows:
qr = _Z Fs—i EJ(TSA _Ti4) (5)

F__, is the view factor from surface s to surface i. At steaalesEquation (4) can be simplified as

(6)

T TG+ SR e T =0

In the simulated cases, all walls are adiabatic except the windmxefére the energy balance for the
entire space can be written as

. oL . . T -T, 7
qradiator + qair + qgain - mfacp (Ta _To) - fT\,eme (Ta _Tvem) _T =0 ( )

The term Again is the internal heat gain, which includes heat gain fraoupancy, lighting and
equipment load. The termmc (T, - T,) is the heat needed to increase the temperature of infiltration air

from outside temperaturd_ to inside air temperatureT. T, IS Ventilation air temperature and is
considered to b, . For the remainder of this paper, we will assume thatratiibn air is included in the
ventilation airm, . Therefore, the relevant form for the energy balance equiaticomes

T - T, (7a)

Qradlalor + qalr +QQaII’| = rn/entcp (Ta _To) + ] °
If we assume all interior walls are adiabatic and the temperatwacbfsurface is uniform, the energy
balance equation for each surface can be expressed as followsplifysig Equation (6).

For radiator surface temperatije

heo(Ta=T,) +4 + X F, e0(T* ~T;) =0 ®

For window surface temperatufg, , :

T (T, ~T)# B 0T ~T,) =0 ©

2 The heat needed may be less than the amount calculated byrthiktes infiltration air (Claridge et al
1990) follows anything other than direct penetration ¢finvuhe envelope such as a crack around a door.



Equations for side wall temperatdig, back wall temperatuik,,, floor temperaturg, ., and ceiling
temperaturel , can be generalized as follows (all four equations have the &am).

Ny (T, =T + X R0 (T =T5) =0 (10)

Because of symmetry, the two side walls can be assumed tdHwasame temperature. Therefore, a
total of six equations can be obtained. If the insideeanperaturel, and radiation heating valug" is
given, theoretically, the six surface temperatures can be séleadbver, these equations are nonlinear and
convection coeﬁ‘icienhC also depends on the temperature difference between the surfacer@nair. To
simplify these equations, the radiation term can be appaigd as (Mills, 1999)

qv = Z sti‘ga'(-r\4 _TSA) = z sti hn (T\ _Ts) (11)
h, = 4e0T} 21
T, =0T (13)

m 2
Mills (1999) has shown that when the temperature differendess than 100K, the error of this
approximation is less than 2%. When the temperature diffeieness than 10K, the error is less than
0.03%. Equations (8), (9) and (10) can be simplifiesixdinear equations as

he (T, =T,)+d4 + Y F h, (T -T,) =0 (14)
@4- hc—win (Ta _Twin)+ZFwin—i hrwin(Ti _Twin) =0 (15)
R\Nin i
hc—wj (T, _ij)+Zij—ihrwj(Ti _ij):O (16)
j

Convection heat transfer coefficierinc is not easy to establish. In most of the previous related

research, a constant coefficient is used for all vertical walkés over-simplified method may give
inaccurate results. The convection intensity between a cold wipdoe and inside air is quite different
from the convection between warm interior walls and insideNaitural convection at the interior walls and
windows is in the range of turbulent flow according te taminar flow criterion, *aT <63 (US units)
(2002). Min et al. (1956) studied the natural convectioa panel heated room. The equations determined
by Min and proposed by ASHRAE (2001) are (US units):

For a heated or cooled wall:

h, = 026(T, - T,)** 17
For a partially heated ceiling:
h, = 013T, -T,)% (18)
For a heated floor or cooled ceiling:
h, = 03T, -T,)** (19)
For a heated ceiling:
h, = 002(T, -T,) %% (20)

Based on Egs. 17-20, the convection coefficient needed)by(E4), (15), and (16) can be determined.
In the computation program, initial guessed values arengte all h.and h, . Then the matrix of six

equations is solved. The surface temperatures obtained areutivaitted into the coefficient calculation
and the matrix is re-solved until the results converge.



SIMULATION RESULTS

The objective of simulation is to obtain the surface temperstand analyze the heating load at
different radiator positions. Once the surface temperataf the enclosure are known, the heating load of
the entire space can be easily found by Equation (7a). Hdaidgnust be compared on the basis of the
same comfort level for the two cases. Operative temperatureets as an indicator of comfort. In
simulation processes, the operative temperature in the spaeteas a constant value. The mean radiant
temperature in the center of the space can be calculated by Equatibloykver, the value obtained by
this equation only reflects the MRT at a certain point. Theghted surface temperature may better
represent the average MRT inside an enclosure. The followingtieq is used to calculate the mean
radiant temperature in the space.

2 1)
' Ama]

Ty is the individual surface temperature. The air temperatureusnassuniform and determined from

Equation (3), assuming the air speed is less than 4@8dph*0.5, resulting in the following equation:
T, =2T, -T f22
a op r

Based on the heat transfer model described above, a simupatigram has been written and the
calculation flow chart is illustrated in Figure 4.
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Figure4. Calculation Flow Chart

By setting outside temperature equal tdF3@-1.1°C), operative temperature equal to°F,3and
ventilation rate equal to 20CFM, the simulation resultsshosvn in Figures 5 and 6.

Case 1: Two 16 ft?> Radiators Next to Window

By increasing the radiant heating ratio and keeping operaimpdrature constant at°F3(22.78C),
surface temperature, air temperature and mean radiant temperatuseatestiown in Figure 5. From left
to right, radiant heating ratio increases from 0 to 1. §&naously, the convective heating ratio decreases
from 1 to 0. At 100% convective heating at the left hadd,sivindow surface temperature is about §1.0
(16.1°C). This temperature gradually increases to %2(¥7.1°C), when radiant heating increases to 100%.
From Figure 5, it can be seen that the slope of windofasaitemperature is larger than that of the back
wall temperature. Because the radiators are much closer to themtinaio the back wall, radiator surface
temperatures have a greater influence on window surface temperaihe increased window surface
temperature increases the comfort level for an occupant wheated near the window. However, the
increased surface temperature also raises the temperature diffeetween the inside surface and the
outside environment. The higher temperature difference eslilt in higher heat loss through the window
which may cause the overall heating consumption of the spaise to

As shown in Figure 5, when the heating system switchm® ft00% convective to 100% radiant
heating (from left to right), the room air temperature banreduced from 766 (24.8C) to 72.8°F
(22.6C), a 4.0F (2.2C) difference. The lower room air temperature reduces the eoseglyto heat up the



ventilation air. This is one of the advantages of radiaatihg. The mean radiant temperature increases
from 69.4F (20.7°C) to 73.2F(22.9°C), when the enclosure is heated by 100% radiant heating.
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Figure5. Temperature Trends at Different Radiant Heating Ratios for Case 1

Case 2: One 32 ft* Radiator Located in the Center of the Ceiling

Figure 6 shows the temperature trends when the radidtwated in the center of the ceiling and the
radiant heating ratio increases from 0% to 100%. Comparttd Rigure 5, mean radiant and room air
temperatures have the same trend. Room air temperature is refduced5.6F (24.2C) to 71.4F
(21.8C), 4.2F (2.3C) reduction, as the radiant heating increases to 100%. heifférence between
Figure 5 and Figure 6 is the slope of window surface ésatpre. The slope of window surface
temperature is flatter in Figure 6. The increase of windafase temperature is less thdif,1when the
space switches from 100% convective heating to 100% radiatindiedhe lower window surface
temperature reduces the heat loss from the window, compditedCase 1. However, it may reduce the
comfort level near the window. The room air temperature reduiitarger in case 2 than in case 1, which
saves more energy.
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Figure6. Temperature Trends at Different Radiant Heating Ratios for Case 2
The above observation is based on an outside air flow ofr2. When the outside air flow is changed,
the temperature trends of window surface, MRT and room aipdeatures are almost the same. The
starting and ending points of the trend lines are ®igtifferent.

HEATING LOAD COMPARISON

For the two cases analyzed above, two factors affect heatingrémad:air temperature and window
surface temperature. When radiant heating increases, the redunedirdemperature helps to decrease
heating load. On the other hand, the increased window sudageerature adds to energy use. Figure 7
shows the total heating load for these two cases. In Cdlse ieating load increases about 2.5% for 100%



radiant heating compared with 100% convective heating. In Z#se heating load decreases about 1.8%.
It shows the position of the radiator(s) in a typicalaafhas some impact on heating heating load, but the
impact is small. This observation is based on outside pplygwf 10 CFM, which is equivalent to 0.5 ACH
of infiltration rate. This is the night time operation ddion, in which the mechanical ventilation stops and
natural infiltration is the only source of outside air.

As the amount of outside air increases, the energy used tthheatntilation air also increases (see
Equation (7a)). This increases the relative importance ofgelsam room air temperature relative to
changes in window surface temperature. We illustrate this bsidemmg two higher ventilation rates for
one and two occupants in the daytime.

Figure 8 shows the heating load of the two cases when ewsidupply rate equals 20 cfm, which is
the fresh air requirement for one occupant in this office, atwprid ASHRAE Standard 62-2001. For
Case 1, the heating load by 100% radiant heating is cldbattavith 100% convective heating. When the
ratio of radiant heating goes up, the heating load first gpeben goes down. This occurs since the term,
c.T  Tuin from Equation (7a) first increases in size, then decreasdbeasadiant heating ratio

ent“p'a Rw.

n

increases. This causes the total heating consumption to ineréittkeand then go down. For Case 2, it
can be seen the ventilation heating always decreases fastehehamdtlow heating increases, and 100%
radiant heating can reduce heating by about 3.7%.

If the simulated space (1506)fis occupied by two employees, the outside air requiremeunld be 40
cfm according to ASHRAE Standard 62-2001. The heating i®athown in Figure 9, when the heating
system is switched from convective to radiant heating. Itb@aseen that the heating load declines about
3.6% for Case 1 and 7.6% for Case 2. Figures 7, 8 aiflds&ate that outside air supply rate has an
important effect on the energy savings of radiant healinthe real situation, the outside air normally may
be preheated to about 55°F before it is supplied to thditammed space. Infiltration air may be heated very
little, or may be heated to essentially room temperature beafibeeireg the room, depending on the nature
of the openings through which it enters. If it is hedtedear room temperature, the assumption of zero
infiltration heat exchange is not valid, and the size ofvihilation term will decrease significantly. The
maximum radiant heating ratio in the real case is less tharpé@@nt because of the preheating of
ventilation air, providing correspondingly smaller heasagings.
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Figure 7. Heating load at Different Radiant Heating Ratios (OA=10cfm)
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Figure 8. Heating load at Different Radiant Heating Ratios (OA=20cfm)
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Figure9. Heating load at Different Radiant Heating Ratios (OA=40cfm)

The above observation is based on keeping the operative tem@erahstant in order to keep a
constant comfort level. In the real radiant heating appiisathe heating load of radiantly heated space
also depends on the type and location of thermostate [bfierative temperature thermostat is used, the
energy saving can be expected. If the dry bulb temerature thitn®used and the setting point is kept as
same as air heating, the energy saving may not be achievede Eigy shows the heating load trends at
different radiant heating ratio, if the room air tempemisrkept constant. Figure 10 indicates the heating
load even increase when radiant heating ratio increases. For ca4@QFM ventilation rate, the heating
load increases about 11.5% when the space switchs from 108%tioa heating to 100% radiant heating.
For case 2 at 40CFM ventilation rate , the heating load iresestsout 7.7%. The above observation is
based on keeping room air temperature at a constantfef 73
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Figure 10. Heating load at Different Radiant Heating Ratios (OA=40cfm, Tair=73"F)

THERMAL COMFORT DISTRIBUTION

In the theoretical analysis section of this paper, area vegightrface temperature is considered as the
average room radiant temperature. The operative temperaturptistka constant value. However, the
mean radiant temperature actually varies with location withirticéosure. When the occupant is close to
the radiator, he/she may feel warmer. When the occupant fiofarthe radiator, he/she may feel cooler.
The thermal comfort in the two cases is not uniform. A nicabmethod was used to calculate the mean
radiant temperature, room air temperature, and operative teonmgeiratthe three dimensional space with
100% radiant heating. The results at 4 ft (1.22 m) abiwwéoor are shown in Figures 11 and 12.
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Figure 11. Temperature Distribution (K) of MRT, T, and T, for 100% Radiant Heating, Case
1, 4ftlevel (Window is at the left side of the space)
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Figure 12. Temperature Distribution (K) of MRT, T, and T, for 100% Radiant Heating,
Case2, 4 ft level
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The heat fluxes obtained from the theoretical calculation weré aseahe boundary conditions for
radiators in the numerical analysis. Floor, ceiling, andssate simulated as adiabatic surfaces with an
emissivity of 0.9. The window was simulated as an opaguce with an emissivity of 0.9. The discrete
ordinate model was selected for radiation intensity calculafibis. model has been evaluated by Truelove
(1987), and by Chapman and Zhang (1995) and shownotddpr quite accurate results. The Grashof
numbers for window and walls are in the range of 1.3el14.23e15 which means all surfaces have a
turbulent boundary layer. Therefore, the — £ turbulence model was selected for the natural convection
calculation. Nielson (1998) compared four turbulence modelgriediction of room airflow and showed

that the K — & model was quite accurate for general application.

In Figure 11, room air temperature is 0.5K higher clog@eaadiator. In the remaining area, the room
air temperature is almost uniform. There is a very thierlajose to the window where air temperature is
near 60F (288.5K). The effect of cold window and hot radiatorfaces can be seen clearly in the mean
radiant temperature distribution. Close to the radiatbesradiant temperature gradient is much higher, and
MRT becomes higher. On the other hand, MRT becomes lowdethamegative mean radiant temperature
gradient becomes larger when close to the window in Caskeloperative temperature is aroundF73
(296K) except for small areas near the radiators and windbe.natural convection is created by the
temperature difference between air and window inside surf2oen draft is normally caused by this
natural convection in a radiantly heated space. This arrangeimastthe benefit in reducing down draft
effects near the window. When the radiators are close to tigowj they heat up the nearby air and the air
flows up in an inverse direction of the down draft air. Efieme, downdraft is greatly reduced in window
area.

In Figure 12, room air temperature is very even, but the mashant temperature has a larger gradient.
MRT increases from 6& (291K, 18C) close to the window to 8% (300K, 27C) close to the center of the
radiator, then decreases to 77°F (298K(Jmt the back wall. Radiant temperature in one half of the room
is clearly higher than the other half. The operative temperahowssthermal comfort is distributed
unevenly. One third of the room is lower thart&96K, 23C). Further more, the down draft effect may
be obvious because there are no measurements to control treahetumvetion near the window. Figure
11 shows that thermal comfort is more uniform in Caséah tin Case 2. This demonstrates that the
radiators near the window prevent cold penetration insidesplace and enhance comfort, although this
layout uses slightly more energy.

CONCLUSIONS

The position of the radiation source(s) in a radiantly heaffigzk with a double-glazed window for the
exterior wall has been shown to impact heating load and theromaflort distribution inside the room.
When radiators are close to the window (Case 1), the incréasedow surface temperature is higher than
when the radiator is located in the center of the ceiling (as€he layout of Case 1 increases heating
heating load at an outside temperature of 30°F by 2.5% insaffficiently ventilated space. When the
radiator is located in the center of ceiling, the window surfeogerature increase is very small. This
layout uses 1.8% to 7.6% less heating energy than convdwiting for the three ventilation rates
analyzed as shown in Table 2. The energy savings relative tmtivective system depend on the outside
air supply rate. When the outside air supply rate is latgan 20 cfm, both layouts can save energy
compared with the air heating system. The heating load analyis paper does not include fan power
savings offered by the radiant heating system.

Table 2. Energy Savings of Radiant Heating vs. Convective Heating

OA Casel Case 2
10 CFM -2.5% 1.8%
20 CFM -0.5% 3.7%
40 CFM 3.6% 7.6%

The operation pattern also affect the energy saving of radianindpeatstm. If the dry boulb
thermostat is used in a radiantly heated space and temperaeataisame point of air heating, the radiant
heating can increase the heating load. At the 20cfm of vémniledte, the heating loads of layout 1 and
layout 2 may increase about 11.5% and 7.7% of heating ésaectively when the office temperature is set
constant as same as in air heating.
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On the basis of thermal comfort, radiators located closgrtdow can reduce down draft, prevent cold
penetration inside a room and make the operative temperaturbuistrimuch more uniform than when
the radiator is located in the center of the ceiling. This mesdiators close to the window improve the
thermal comfort level inside a room although they will cethseheating load to increase a few percent.

NOMENCLATURE
= Specific heat of air

e

Fpo-i = View factor between occupant and room surfaces.

Fs.i = View factor from surface s to surface i.

Fu-i = View factor from wall j to surface i.

h = Coefficient of convective heat transfer

he = Convective heat transfer coefficient of ceiling.

he-p = Convective heat transfer coefficient of radiator surface(s).
h.win = Convective heat transfer coefficient of window pane insitifase.
Ne-wj = Convective heat transfer coefficient of wall inside surface.

hyi = Radiant heat transfer coefficient between two surfaces.

hrp = Radiant heat transfer coefficient between Surface i amaticadpanels.
h = Radiant heat transfer coefficient between Surface i andiowin

rwin

= Radiant heat transfer coefficient between Surface i and awédice.

=)
=

K = Coefficient of thermal conductivity

m,, = Infiltration mass flow rate

m,, = Ventilation mass flow rate

R = Thermal resistance of surfaces

Ruin = Thermal resistance of window

o} = Heat generation per unit area per unit Time
Ui = Net heat input by air heating

Qgin = Internal heat gain

C|r = Net radiant heat transfer per unit area per unit time
O,a0iat0r = Net heat input by radiator

Ta = Room air temperature

Ti, Ts = Surface temperature

T = Average temperature of two surfaces

To = Qutside air temperature

Top = Operative temperature

Tp = Radiator surface temperature

T, = Mean radiant temperature

Twin = Inside surface temperature of window Pane
Tuj = Surface temperature of wall j

Tvent = Ventilation air temperature

& = Emissivity

) = Stefan-Boltzmann constant
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