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The Effect of Wall Emissivity on Radiator Heat Output
SBM Beck BSc PhD CEng MIMedeE, SG Blakey MEng and M C Chung MEng MSc

Department of Medhanical Engineering
The University of Sheffield
Mappin Streg S1 31D

Summary

The varnation in the hea output of panel radiators obtained by atering the emissvity of the
wall behind them has been examined. This work was condwcted through both expenments
and Computational Fluid Dynamics (CFD).

The resuts indicate that the presence of a high emissvity (blad, such as the uswal painted or
wall papered) surfaceto the wall increases the massflow rate and air velocity behind the heat
souce compardl to arefledive matenal. Thisis due to the radiation hed trander to the wall
creding an additional conveding suface behind the radiator. The resuts imply that the hea
trander rate can be increased by 20% through the use of a black ingead of arefledive wall.
The work concentrated on the air gap behind the radiator, sothese resuts will not be diredly
applicable to a normal radiator. An extrapolation indicaes that the output of single bank
(plate) radiator will be increased by 10% and a doulde by 5%. Wall suface temperature
resutsindicaethat arefledive wall doesindeed decrease the hea lossthrough the wall.

The trend shown in the data obtained from the CFD anaysis agreed well with the
experimental resuts. The flow and temperaure plots obtained from the CFD work help to
explain the hea exchange and fluid flow processes that take place between the radiator and
the wall. This understanding shoud lead the engineer to a better congderaion of radiator

placanent and design.
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Nomenclature

A Area m

c, Spedfic hea capacity JKgtK1
m Massflow rate kg st

Q Hea transfer rate W

T Temperdure °CorK

U Themal conductivity W m? K1
Subscripts

1 Inlet condtion

2 Outlet condtion

a Air (az isair inlet condtion, a; air outlet)
h Enthal py

rad Radiation

tot Total

w Water

wall wall

1 Introduction

Radiators are the mog popuar central heding emitters in the UK. Sted panel radiators,
uswally equipped with convedion fins to improve their hea output, are common in both
domestic and indugrial environments. Insuated aluminium foil is sametimes fixed to the
wall behind radiators to reduce heat lossto the outside to improve the overdl efficiency of
the heding system. If there can be an improvement in hea trander through altering the
emissvity of the wall behind radiators, this would lead to a reduction in production coss

since small erradiators could be used for the same hea output.
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Thefirst law of themmodynamics dates that in Seady Sate heat flow, al of the energy put into
a system mug come out again. As radiators do no work, the hea tranderred out must come
from the hot water pasgng through them. Those which aredescribed as more efficient canna
adually use lessenergy to provide the same amount of hea. The efficiency of radiators mus

be ascribed to a greater hea output from either the same areaor the same mass d matenial.

Varnoussdutionshave been implemented that reduce the large amount of wall areataken up
by panel radiators. The ducted air systems used in the recent past and skirting board radiators
reduce the space log to heding systems. Reducing the size of panel radiators would open up
better posshiliti es to the Buil ding Engineer and Archited as lesswall space would be log to
these devices. It mug nat be forgotten that both better insdation and the superior control of
ventilation have already reduced the requirements for heding in recent years.

This projed was stimulated by work carried out by one of the authors [1] who built an ultra-
high temperature hea exchanger with an inner ceramic tube. It was discoveread that the hea
which was tranderred to the processfluid was greaer than that predicted by convedion heat
trander alone. This added hea tranger occurred becaise of radiation hed transer which
heaed upthe meta linerwhich in turn conveded hed to the processfluid.

It was decided to examine the effed of different walls on the hea trander to the air in the gap
between the wall and the badk of the radiator. A quick cdculation using the standard
radiation equation [2] shows that about 400W m2 can be transfemed between a 70°C radiator
anda20°C wall. Thisisabou 20% of the heat output of a conventional single radiator.

2 Heat Transfer

The major medhanism which ac®urts for over 60% of the hea trander from radiators is
natura (or free) convedion. The steady flow energy equation for the air flow around a
radiator (Figure 1) states that the rate of hea transfer from the radiator to the control volume
is equal to the product of the flow rate of the air, the specific hea cgpacity of air and the
change in temperature of the air acrossthe radiator.

The rest of the heat transfer is due to themal radiation. This is based on the fourth power of
the absdute temperature, and the emissvity of the suface which isameasure of how closely

it approximates to a blackbody, which has an emissvity of 1.
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2.1 Radiators

Radiators, with their energy inpu in the form of either eledricity or hot water, are used to
hea mog homes and offices in the UK. Although they are cdl ed radiators, mog of their hea
output is by natural convedion.

For example a0.7 by 1.4 m single radiator has a hea output of 1800W and a suface area of
jus under 1 n? per side [3]. The radiation heat transfer into the room is abou 400 W.
Therebre jus under ¥4 of the hed trander is due to radiation. If accourt is taken of the side
fadng the wall, the propartion of hea tranger due to radiation rises to 45%. For a doulde

radiator, these propartions areroughly halved.

Cast iron radiators have been used for well over a century. However, they areexpendve and
cumbersame, and have been superseded by steel and aluminium radiators. Sted radiators are
fabricated from light gauge pressngs welded together. For the same heat output, they are
smaller and lighter and as their water content is generdly lower, they have a faster respong.
More recently, die-cast aluminium radiators, lighter and requiring less water than sted
radiators have been used in central heaing systems. Sted radiators are more suseptible to
corroson than cast iron or aluminium radiators, but this is uswally prevented by water

treament

The thermal performance of radiators is measured in acordance with EN 442-2 [4], which
spedfies a standard test room suljed to cettain test condtions.Part of the standard states that
the emisgvity of the paint used in the room is to be greater than 0.9. The adua output of an
emitter will however vary based on the ingallation and operating condtion [5]. Pead [6]
recoommendsthat comparisonbe made based on ‘speafic product heat’, the hea emitted per
unit massof material. However, a heat output per wall areamay adually be a better measure
for the cusomer.

Severd aspeds d radiator design affed their output.

a) The use of metalic paint finishes can reduce the radiant comporent of radiator heat
outputs by upto 10% [6].

b) The output of radiators can be dlightly increased by deaeasing their height above the

groundand by increasing their spadng from the wall [7].
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c) Deaeasing the water flow rate through aradiator can lower the hea output [8,9].
d) Theattachment of finsto panel radiators increases the convedion heat transfer.

e) Different connedion positionscan affect the performance The mos common ingall ation
being with both connedors at the baottom (BOE). However introducing the flow at the top
(TBOE) can improve the temperature distribution within the radiator and is used in the
standard.

f) Fadng the wall adjacent to the radiator with insulated reflector can lower the hed loss
through the wall by 70% [10].

3 Experimental Work

A simplified domestic hot water central heding system was condructed for this work. A
diagram of the experimental setup is shavn in Figure 1. The heda inpu device was a 3 KW
immersion heder. To keep the temperdure steady (to within 1/2°C per hour), a vanac was
fitted to the heater to match the energy inpu to the heaer with the output from the system.
The flow rate was measured udng a magneto-hydrodynamic flowmeter. The water was
circulated usng a standard central heating pump and controll ed through the use of a bypass
and valves.

After the pump two standard 600x 600mm single plate radiators were arranged in series
with ead other and suppated uang DEXION sted work. They were both postioned
150mm abowe the floor. The water temperature before and after ead of the radiators was
measured with a total of three K-type themmocouples attached to the surface of the 15mm
diameter copper piping, which was insuated with 10mm thick foam lagging. The piping was
assumed to be at the same temperaure as the water. The first themmocouge in the system was
attached to a PC based data aayuisition system so it was possble to monitor the temperature
history of the system. All of these thermocouples were chedked for acairacy with an
independent probe.

The radiators were insuated to a thickness of 50 mm on the side that faced away from the
wall using expanding foam insuation with a thermal conductivity of 0.04 W mt K. The
suface temperature of the insuation was measured, once again usng K-type themmocougdes.
The hea lossthrough the rearof aradiator of this sizeis approximately 029 W Kt or 14 W.
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Two walls were condructed from 8mm thick plastetboard (k = 0.4 W mt K1) badked by
18 mm of expanded padystyrene insuation (k = 0.04W m! K1), Five K-type thermocoupes
wereburied into ead of these to measure the sufacetemperature of the wall (seeFigure 2).
The average of these five temperatures is shovn in Table 1 as Twair. AS can be seen from
Figure 2, these wall thermocoupes allow a roughcdculation of the temperaure gradient up
the radiator and also an indicaion into the level of edge effects. The temperaure at the badk
of the wall was alsorecorded. It is shavn as Twaiz in Table 1. These walls were postioned
witha50mmair gap between them and the radiators.

For the tests described here the wall behind radiator A, which was the first in line, was
covered in a shiny aluminium foil sufaceof low emissvity. It was deaded to put this one
first in order to ensue that any clams abou the change in heding effects would be
congervative as its water inlet temperaure would be dlightly higher. The wall behind the

seondradiator, B, was left asa dul plasterboard suface of high emissvity.

The water flow rate was set to 1.0l min to ensure that the temperature drop o 2to 3°C
acrossead radiator was large enough to give meaningful data onthe hea lossfrom the

suface.

Test werecarried ou to calculate the overall heat trander to the air, and sufficient datawas
aqquired to enable the energy balancefor the whole system to be determined, The air
temperaure and velocity profil es at the midd e of the top o bath radiators weremeasured
using athermistor type anemometer, which had an error of + 0.15m s? as sgedfied by the
manufacturers. Ths devicewas alsocgpable of providing temperature readings. The probe
was shelded from radiation, which prevented the adual ingrument from being placed within
2.5mm of thewall. Thislimited its us in the narrow channels, particularly in the wall area,

which would have been of particularinterest for boundhry layer investigation.

From Figure 3, it is clearthat the hea log by the radiator mug either be conducted through
the wall, refleded bad into the radiator or conveded into the air in the channel. A small
amourt will also be radiated into the room, but this is ignored for the analysis. Thusit is
possble indiredly to measue the hea output of the radiator to the air usng equation 1,

showvn below.
Qa = Qaw_Qacond 1
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Equetion 1 can be expressed in terms of temperaures, spedfic heds, thermal resistances and

flow rates asin equation 2.

Qa = rnw pr (Twl - TWZ) - AU (Twalll - Twall 2) 2

This cdculation of Qa involves the propagation of uncettainty in the region of approximately

+10%. The principal saurceof this error is uncertainty in the thetmocougde readings, which is
close to 0.15°C and the difference between Tw1 and Twz in the cdculation is of the order of 2
to 3C.

Experimental Results

The cdculated heat output to air for a 600mm x 600mm radiator is presented in the last
column of Table 1. After correction for the hed lossat the front of the radiator, the total hea
output of the radiator is 198 W with a high emisivity wall and 157W with alow emisivity
wall. Thisindicaesthat the shny wall reduces the hea output by 21%. However, the
increae in hea lossthough the wall adually meansthat the hea tranderred to theair is 181
and 149W respedively, adeaease of 18% with a shiny wall. These figures for the hea
output of the radiator are comparéable with the performance data puli shed by a radiator
manufacturer [3]. It will be noted that the radiator with the dul wall is at a dightly lower
temperaure than the other ore. This meansthat improvementsin hea output shavn above

can betreaed as samewhat consvative.

Figure 4 shavs the temperaure resuts measured at the top d theradiator. It will be seen that
the temperaure close to the radiator is ailmog independent of the wall emissvity. Thisis nd
surprising, asthiswill depend onthe radiator temperaure. On the wall Sde however the
temperaure increases from 30°C with a shiny surfaceto amog 50°C with adul ore. The
velocity plots are shavn in Figure 6. It will be seen that nearthe radiator, the resuts are
similarfor bath wall finishes, bu the dul suface increases the velocity in the midde of the
gap by abou 30%. At the wall, the measured velocity appearsto be very smilar, bu the
coarseness d the velocity readings may lose same of the velocity information rearthe
boundry layer. Problemsin measuring temperaures andin particular the low velocities
encourtered in this gudy areinherent in the nature of freeconvedion. It is difficult to
measure the vel ociti es accuratel y without affecting the flow itself by theinsertion d the

measuring device.
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Threewall temperaures werererded halfway aong the radiator, and these areshown in
Figure 6. It will be seen that the maximum temperaures accur in the midd e of the radiator.
Thisis kecaise the top and bdtom thermocoudes areable to seethe room as well asthe
radiator. It will be seen that a shiny wall lowers the average sufacetemperature to 32°C from
the 47°C seen with adul one, which has major implicaionsfor the hea loss from rooms.
This effect has been described by previousworkers [10] and the resuts heresuppat the
pubished view that a shiny wall more than halves the hed trander from aroom.

The edge effeds d the radiators werea soinvestigated during the testing. Themocoupes
placal in the plasterboard wall indicate that the surface temperature close to the edge of the
suface directly opposte the radiator to around 10C lower than the central temperaure for a
dull wall. Thisreductionin sufacetemperature resutsin lower flow rates and lower air
temperaures at the exit to the channel. The effect of the edge onflow field and hence the
overdl hea trander beacomes more significant for the higher wall temperatures present when

thewall emisgvity is hgh.
4 CFD Modédling

To fully understand the effect of radiation on radiators, computer modelli ng was undertaken
usng the commercially available CFD padkage Fluent version 4.52[11]. Two models were
produced as a comparison with the experiments described above. Due to time and space
condraints, both of these models were two-dimensional. 202 cdls long by 178 high, amog
36000nodes. The grid was nortlinear, with a higher mesh concentration behind the radiator.
The domain was 4 m long by 3 m high, to follow as far as possble EN422-2. The heda souce
was 60 cm high, 5 cm from wall 5 and 15 cm from the floor to refled the experiment. The
model is shovn by the schematic diagram in Fig 7. A shat convergence study was
undertaken, which shaved that the meshis suficient for a grid independent sdution.

In this model the hea source 7, was a condant temperaure souce set to 70°C. This was
representative of the typical average suface temperdure of domestic radiators and
reproduced the experiment as far as possble. Wall zones 2 and 3 wereset as wall s of themal
conductivity 0.04 W m?! °C? to smulate the walls, celing and floor of a room. The
suroundng wall zone 1 was set to a 20°C isahemal wall that would simulate the wall
temperaure of the European standard. Zones 4 and 5, the right hand edge of the radiator and
the wall behind were set to an insdating, adiabatic wall. Wall zone 6 was defined as a
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conductor of 1800W mt °C* and emissvity 0.95. All other wall s weregiven emissviti es of
0.6. For the rest of the modelling only wall 5 was altered, its emissvity being set either to
0.05(reflector) or 0.95(blad).

The problem involved all three modes of hea trander and from a modelling point was an
unusw@ one as neither pressue nor flow boundries were spedfied. The entire circulation
was buoyancy driven, up behind the radiator, and down at the far wall. Flow in al of the
models was assumed to be turbulent and the RNG k-€ two equation turbulence model [12]
was used with the default turbulence parameters. The near wall treatment used the two-layer
zonal modd with buoyancy terms. As radiation was a vital factor in the problem, the discrete
trander radiation model was implemented. It was difficult to get the model to converge, but it
was foundthat starting with a laminar model until the residuals wereall below 102 and then
turning on the turbulence meant that the models converged in between 25 and 30,0
iterdions. Decreasing the underrelaxation helped to stabili se the convergence and ultimately,

all of the residuals werebrought below 3x10%,
CFD Results

The heat trangerred to the air from the radiator is shavn in Table 2. The first column shows
the hea transferred to the air, which was cdculated from the difference in enthal py times the
mass flow rate between the entry and exit of the air behind the radiator. This shaws that a
change from arefledive to a bladk sufaceincreases the hed trangerred to the air from 98 to
136 W. This indicaes that the shiny wall reduces the hea output by 27%. When looking at
the hed trandemed from the radiator Qot, the results areabou the same as from the enthal py
cdculations. The breakdown between radiation Qrad and convedion Qeonv IS shavn in
Table 2. The conveded hea is not atered by the wall covering, but the radiated output is
reduced by three quarters, from 55to 13 W . This is due to the fac that the high emissvity
walls hea up by radiation and sub®quently elevate the air temperaure due to natural

convedion heat trander.

The temperaure profiles produced from the CFD at the top of the radiator are shown in
Figure 4, dong with the experimental resuts. It will be seen that the results, while nat the
same as the experiment, shav the same trends, with the radiator wall temperaure at abou
70°C, the dull wall at about 50°C and the shiny one at around 32°C. Plots of the assaiated

velocity profiles at the top of the radiator arefoundin Figure 5. It can be seen that close to
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the radiator wall, the velocity profile is not affeded by the emissvity of the wall. However,
from abou halfway along the gap, the buoyancy provided by the hatter, dull wall, increaes
the velocity and hence massflow rate relative to the shiny wall. Perhaps of equal importance,
thereis an increase of 14% in the total mass flow rate due to free convection at the bad of
the radiator. This is evidently due to the buoyancy on both sides of the air gap causng more

air flow in the midde of the gap.

Figures 8a and 8b. shav velocity profiles at various points on the radiator. It will be seen that
a the bottom wherethe air enters via aright angle, the flow is concentrated towardsthe wall.
On the radiator side, the hot boundary layer can be seen developing as the flow ascends.Near
the dull wall, the boundxry layer can also be seen to develop until, at the top of the radiator,
thereis a clear boundary layer at each side of the gap. Conversely, with a shiny wall, the
velocity nearthe wall decreases and amod all of the convedive hea transfer is seen to take

placefrom the radiator.

Figure 6 shavs the temperaures d bath the dul and shny wall s facing the radiator. It will be
seen that the shiny wall has an average temperaure of abou 28°C, whereas that of the dull

wall is abou 20°C hatter. An important feaure of the temperaure profile for the dull wall is
the step change 5cm from the end of the radiator. Thisis because from this pant, thewall can
view the rest of the room (which is at 20°C) and its temperaure is therefore depressed. It will

be seen that these temperatures agreevery well with the experimental ones. Indeed the CFD
resuts show that the top and bottom thermmocoupes have been postioned in places wherethe
temperaures have been lowereal as the wall is not entirely covered from all angles by the hot
radiator.

5 Discussion and Conclusions

The trendsshown in the velocity resuts from the CFD areseen to agreequite well with those
from the experiment (Figure 5). Near the radiator, in both the expermental and CFD cases,
the velocity contours are similar for both shiny and dull sufaces. Closer to the wall, the
resuts for the dull and shiny velocities diverge, with the dull, hotter suface imparting a
higher velocity to the flow than the coder, shiny suface In the case of the experimenta
work, this additional velocity is shown as a rise in the centre of the gap, whereas the CFD
sees the production of a high velocity bourdary layer next to the wall. These differences arise
due to the difficulties involved in modelling this sat of problem. The exad postion of the
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laminar to turbulent breakdown point in free corvedion is very difficult to ascettain, and the
CFD model has evidently produced this point much higher up the gap than occursin the red

situation.

There is greater agreement for the temperature difference (Figure 4). The temperaures near
the wall is seen to agree well, showing the effect of radiation on wall temperaure. Once
again, for the ressonsenumeraed abowve, the CFD shows a stegoer temperature gradient nea
the radiator than the experiment. However, there is no question that the emissvity of the back
wall isaggnificant factor in the hea transfer from the rearsurface of aradiator.

The experimental resuts in Table 1 indicate that thereis a 20% increase in the hea output
from the badk of the radiator when the wall behind it has a higher emissvity. A linea
extrapalation of this results indicates that the output of single bank (plate) radiator will be
increased by 10% and a doulde by 5%. A low emissvity suface resuts in lesshea being
removed from the radiator as the radiant energy is reflected straight back into the radiator.
The greater increase in hea output seen in the CFD model can be put down patrtly to the

difficulty of thisform of modelli ng, and alsothe lad of athird dmenson.

The process of hed transfer in the channel behind the radiator and its dependence on wall
emissvity is now better understood. The CFD model indicaes that the reason for the
increased hea transfer is that the radiation from the hea source to the black wall causesit to
be heaed. This causes its sufacetemperature to rise abowve that of the incoming air, sohea is
tranderred by convection from the wall to the air. The hotter the wall sufaceis, the better the
free conveadion kecomes. These effecs accourt both for the increase in heat transerred to the

air andasotheincreased air velocity seen bah computationally and expernmentally.

The wall temperature readings indicate that if the reflector is the same size as the radiator,
then this will reduce the hea lossthrough the wall adequately. However, if for aesthetic
reasonsthe shed is required to be smaler, it can (for a 50mm gap) be reduced by 60mm on
eadh side and still adequately proted the wall from the pe& temperatures. The values for the
hea transfer trough the wall, are likely to be different in domestic situations, as although the
wall is thicker, and its themmal conductivity less the outside temperaure will be lower than
20°C.

The fact that wall temperatures were measured all ows the hea lossthrough the wall to be

ascettained. This additional hea trander to outside the room from wall mourted emitters is
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known as the back loss andis easily calculated [13]. The resuts described above may all ow
a corredion to this as the equation shown in [13] uses the radiator temperaure, which is
correct for emitters mourted diredly onto awall, but too high for ones with an air gap where
the wall temperaure should be used.

It is appreaated that the quantity of hea output from radiators is not the sde design
parameter. Two other important consgderdions are the themmal comfort that a radiator
provides and also the time the emitter takes to warm up. The first of these was naot examined
in this study, but it is clearthat a small, very hot areain a room is an undesirable effect.
However, the increased velocity from aradiator that takes advantage of radiation will tend to
distribute its hea better. Wamm up time is important espedally due to the fact that central
heaing systems uswally cycle on and off as part of their control sequence. Domestic systems
are uswely turned off during the day and commeraal ones at night. Smaller radiators that
propetly utili se radiation will decreae the warm up time by producing the same output from
a smaller radiator, meaning that less water needs to be raised to the operating temperature.
The fact that the radiation only redly starts to be a mgor factor at higher temperature
differences means that the output will be lessthan optimal unlessthe radiator is up to full
operding temperature. This might make it seem like the system has more themal inettia

when it is at its maximum temperaure and lesswhen it is heaing up; a desirable eventuality.

The finsindde modem doulde radiators could perhaps be replaced with a single blak shed
of condwcting material midway between the panels. This would in effect turn the doulde
radiator into a triple plate radiator without increasing its size, saving on manufacturing cogs.
Currently in adoulde radiator, the finstypicdly cover haf the radiator, meaning that same of
the radiationis trangmitted to the opposng bank.

Current thinking is to place a thin shed between the wall and the radiator that is refledive on
the wall side and absabent on the radiator side. This work provides a strong indication that
thisisagoodapproad.

In concluson, this work shows that putting a reflective shed behind your radiator will reduce
the running codgs, but it will also reduce the hea output! It will certainly deaease the hed

lossthough the wall .
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Emissivity Tw1 (OC) Tw2 (OC) Twal 11(0C) T wall2 (OC) Qrad_tot (W) Qcondwall (W) Qtot (W) Qa (W)
0.95(dull) 70.8 67.7 47.2 25.0 59 17 198 181
0.05(shiny) | 73.3 70.8 32.4 22.3 5 8 157 149
% deaease 92 53 21 18

Table 1 Expenimental Resuts Effect of changes in emissvity on Qo (after lossfrom front), the hea output of a radiator and Qa, the heat
tranderred to the air.

Emissvity | Qu(W) | m (kgs?) | Qeonv (W) | Qraa(W) | Quot(W)
0.95(dull) 136 0.0191 77 55 132
0.05(shiny) 98 0.0163 78 12 91
% deaease 27.%% 15% -1.4% 7% 31%

Table 2 CFD resuts: Effed of changesin emisgvity on the output of aradiator, Qn (Based on enthalpy), m (massflow rate) and Qconv , the hea
conveded to the air,. Qad (the hed radiated) and Qot ( the hea output from the radiator).
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Figure 1 schematic of apparaus
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Wall behind radiator

Radiator

_»NZ

Position of wall thermocouples on

walls behind radiators

z
Thermocouple | x (mm) |y (mm) /

1 300 50

2 300 300

3 300 550 /

4 300 | 800 /

5 550 | 550 /

6 >0 550 Detail of thermocoupe

placement in wall

Fig 2 Themocougde placements
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Fig 3 Hea balance for radiator
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Fig 8a v-velocity (m/s) profiles from CFD
Analysis (dull suface)

Fig 8bv-velocity (m/s) profiles from CFD
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