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Abstract. Three room-sized building chambers were constructed in Elhasa, Saudi Arabia during the summer 
of J 988. These test chambers were identical except for the manner in which they were insulated . One 
was unin sulawd (U), another had insulation on the exterior surface of the envelope (E) , and a third had 
insulation on the inside su rface (I) of the enve lope. Hypotheses were developed and tes ted based upon 
all eq u<ltion exp ressing the anticipatet.! rel ation ship of surface-weighted cal cu lated mean radiant 
tempera ture (CMRT) ant.! measured mean radiant temperature (MM RT). Floating temperatures were 
used in these calculations and measurements. 
Keywords : Mean radiant temperature, black globe temperature, ex ternal insulation. internal insulat ion. 

Introduction 

Since the 1973 energy crisis, the notion of covering external surfaces o f a bui Iding envelope 
with thermal insulation has gained the attention of building scientists and engineers. 

Combining a high thermal mass with building external insulation improves the thennal 
performance ot buildings in some climates [I]. Building materials with high thermal 
mass have the ability to store energy; and insulation has the ability to slow its transfer. A 
building envelope with mass on the insidc and insulation outside rcduccs the amplitude of 
the in s ide-air-temperature osci llation during the diurnal temperature cycle [2]. 
Consequently the ma ximum temperature and the peak energy load for cooling or heating 
are reduced. It also reduces energy consumption as the size of cooling or hcating equipment 
[3]. It improves thermal comfort by creating uniform room air and surface te mperature , 
and brings the mean radiant temperature as close as possible to the room air temperature 
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[4 J -~ onsequent l . thermal comfO!"1 wil _ re sult in im:reas ing productivity in the workspace 

[5,6] 

The pre~ent paper may give a first start to compare the measured and calculated mean 
I-acliant tcmperature ,,_ These values were field measured and compared with the real surface-­

based calculated mean radiant temperature, . Floating temperatures were used in these 
ca lculations _ 

Calculation of Mean Radiant Temperature 

M ean radiant temperature can be best cstimated by the empirical ex pression given by 
Oleson, plane radiant temperature for radiant hea~ now from plane surface to perpendicular 
surface or to paralic! plane surface are given by [7;_ 

wh re 

T,,, = plane radIan t temperature 

Til :::0 ahso lute temperature o f surface n in K, (K= 'e + 273) 

~_ " = an gle facto r hetween a small plane e leme nt and su rface 11 

IF~-n 0: I 

( 1\ 
- ) 

J r there is a small temperature difference between the surface of the room. i_ e o, ~ 10K, 
equat i n ( J can be simplified by the following linear expression: 

where 

tpr =(tt - Pr- I ) +(12 - Fp_2)+ -----+ (tIl - Pp_n ) 

II" = plane rad iant temperature in Ole 
t" :::; temperature of surface n in <Ie 

(2) 

All tem perature units arc in (Ie. The plane radiant temperature is calculated as the mean 
va lue or sur -ace tern eratu re w ighted according to the fraction of til angle factors of 
each surface. ' or an object in the center of an enclosure the mean rad ia nt temperature can 
be s impli fied further with fai rl y accurate resulls according to zokolay forms (3)_ 

where 

MRT = L(l oS) +~) 

MRT = mean radiant temperature 
t= temperature in "e 
s= surface area in mZ 

(3) 
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Hypothcses 

The: n U l ling with ~ tern . II ,lppl ied ins lal iun \'ii l l;xpericncl: the lllwe. t RT a' 
measured hy the ac ' g 0 c lem erature. 

, l ht: lidd ing \vilh tntern ally appJieu ins ula lilln wlll e ' P' f'I n " 'as m ,:ureu by 

the hl ac k globe temperalun: greater than the c 'Ieln :.t Iy Insulal ' d hui lding and Ics: than 
the uni nstllatcd nlll i lng. 

~ Th~ mnsulatcd hu ddl ng wdl ' xpe rience th' high '~l 'IRT' s meCIsm d by he blac 
)! Io bc lemperClrure of the hulld ings, 

r h' .1Vt: r· gc Il l' It:Cl sun.:u 1l11;:.\1l radlUnl temperature (MMRT) \i III nllt d iller fr m the 

lveragc of lu \c ulateu me, n nUlan! te mperatUre (C1V1 T) for '111 cxperint 'IWI btu ll lOgs , 

5, <) Imi hlrlv, hypot heses I, ~, 11 < e 'e formulated fo r caktt latcu lR r" 

E, 'p 'rimental Facilities 

T'h re l.' te' [ L 1Clmhcrs \that II" Iti<.!l1lIca l '11 Sil e co lm ~h .lpe , (n d ( }f1
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The buildings were of the same size to eliminate the need for thermal scaling . In 
addition to the basic materials, 0.05 m thick rigid polyurethane insulation boards were 
installed on the external surfaces of one module and on the internal surfaces of another. 
The third building was left uninsulated as a control. A 2.02 m by 0.8 m door and a 0.7 m 
by 0.6 m window were installed in the north wall of each module. For the externally 
insulated building, the insulation started 0.18 m below the floor level which was 0.4 m 
above the ground level. For the internally insulated building, the insulation started at the 
floor level. All the thermal insulation boards used in this experiment had the same thermal 
resistance value as determined by the manufacturer. Other thermal and physical 
characteristics are listed in Table 2. Tape was applied at the door and window perimeters 
to control the effect of infiltration and exfiltration. Thelll1ocouple sensors were placed at 
the center of each wall and roof on the inside and outside surfaces. B lack globe temperature, 
were taken at the center of each chamber (Fig. I). 

1 

T empcrature Measurement Locations 

1. Ambieot 2. Mean Radiant 3. Roor OUI$idc wf. ce 
4. W>.I! OUl$ido Surf..., 5. Wall inside Surface 6. Roof laSlde Surface 

~· i g. l. The bas ic t"lit module showing the location or ~cnS/lrs. 
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Each chamber has a 3-speed ventilation fan situated in the south wallO. 15m below the 
ceiling. The rated air displacement volumes for the three speeds were 0.4, 0.51, and 0.69 
cubic meters/minute. For this experiment the fan apertures in each building were operated 
at lower speed and the rate of air change was calculated to be 1.2 air change/hour (ACH). 

Data Collection 

Data for this experiment were collected three times per hour from fi ve inside surface 
temperature sensors and one mean radiant (black globe) temperature sensor for each of 
the three chambers . The 8 days experiment consisted of 10,368 obscrvation s. The 
experiment was conducted on clear sky days. The errccl ot' solar radiation was reilected 
on the MRT readings. It should bc noted that windows were not protected from direct 
solar radiation and they were exposed 4.5 hours each day ea rly morning and late afternoon. 
The calculated MRTs are the surface weighted temperature of five inside surface 
temperature for each calculated MRT. The following relationship was used: 

where 

Tn = temperature of surface n, K 

An = area of surface n, m! 

(4) 

Analysis 

Houriy averages were computed for each sensor and plotted as a function of time (see 
Figs . 2, 3, and 4) . These graphs made it eas ier to visually compare the temperature regimcs 
among the three buildings. 

The overall average mean radiant temperature was computed for each building. The 
diffe rences among these av rages were tested for si onificance using Scheffe's metbod for 
multiple comparisons at a probability of 0.05 [8]. 

Mi nitab [9] was util iw d to organize the raw data and to calculate the basic descriptive 
statistics . A spreadsheet was uti l ized to calculate the weighted MRTs from the measured 
surfaces ' temperature of ceiling, north, soutb, east, and west walls . Since surface 
temperature of tbe floor is mainl y affected by soil temperature , it is believed to have 
ncu lml effect on the CM RT , thereforc; floor surface temperature was not measured. The 
same spreadsheet was uscd to average each hour's three readings for observed and 
calculated MRT. As u result, each variable, cases were reduced from 576 to 192 cases. 
AccLlrding to A I- Mofeez, measured black-globe temperatures are a reliable estimate in 
range and average val ues for MRTs in un-air-conditioned space [10). The black-globe 
temperature were used as the measured MRTs. 
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Table 3. Basic descriptive statistics of MMRT and CMRT 

MMRT (U) CMRT(U) MMRT(I) CMRT (I) MMRT (E) CMRT(E) 

No. of cases 192 192 192 192 192 192 

Minimum 35.31 34.67 34.95 36.01 34.95 34,52 

Maximum 49.22 49.18 44.53 42,26 39.95 41,02 

Range 13.22 13.51 9.58 6.25 5.00 651 

Mean 41.46 41.75 38.47 38.87 37.62 37.78 

Standard deviation 3.58 2.79 2.49 1.52 0.85 1.27 

Std. error 0.15 0.12 0.10 0.06 0.04 0,06 

Skewness (GI) 0.18 -0.01 0.54 0,22 0 ,00 o 15 

Kur tosis (G2) -1.06 -0,72 -\. II -102 -0.24 -0,59 

Sum 34.121 34,29 32.4 32.63 31.91 32,00 

c.y. 0.06 0,05 0.04 0.03 0.02 0,02 

Medi an 41.11 41.68 37.38 38.78 37,62 37.60 

Uncertainty of sensors ± 0[4 ± 0.45* ± 0.14 ± 0.33* ±0.25 ± 0.48* 

*Flased on the means of uncertainty of individl1al sensors. 

Standard deviation (SID DEV) 
Based on 192 cases (readings) of the internal surfaces of the three bui ldings which are 

the basis of the surface weighted M RT, excep t noor surface's , the observed values of 

MMRT (STD DEV) were very close to the CMRTs. 

The uninsulated building indicated (3.58) "c for observed MMRT and (2.79) "c for 

CMRT. The results were expected because the standard deviation of CMRT resulted from 

five sur face temperatures. The internally insulated building showed similar results. The 

ex ternally insulated building showed unexpected results; this may be attributed to the 

effect of floor surface temperature. The standard deviation of the CMRT is higher than 

MMRT (1.2 vs. 0.85) "c (see Table 3). 

Standard error of the means 
The means showed low uncertai nly, (standard errors). They were betwee n (± 0.15) 

.. c for means of meas ured MRT for unins ulatct.l buildi ng to (± 0.04) "c for the meas ured 

means or the externally insulated bui lding . In contrast , the uncertainly (s tandard 

errors) of individual sensors were higher in most readings, They were between (± 0.48) 

" . highest and (± 0.14) "c for black globe temperature of internally insulated building 

(see Table 3). 
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Ranges 
Ranges of calculated and measured MRT were different among buildings. The expected 

trend among building was observed . The highest range was observed in the case of the 

uninsulated building and the lowest was observed in the case of Ihe externally insulated 

building (see Table 3). 

Inferences 
Mean difference in MMRTs 

The analysi s of variance table shows that building envelop design had a significant 
effect on (MMRT). The Scheff's pairwise comparison indicated significant difference at 
0.05 level between MMRT (U) and MMRT (1) with (2 .99) "e. It also indicated significant 
difference at 0.05 level between MMRT (U) and MMRT (E), with (3.84) "C. MMRT (I) and 
MMRT(E) had a (0.84) "c difference which was significant at 0.05 level. In other words, 
hypotheses 1,2.3 are accepted at the specified level of significance (see Tables 4 and 5). 

Table 4. MMRT and CMRT analysis of variance 

Sou rce DF SS MS (i P 

MMRT 

BuilJing 2 4860 .3473 24 30 . 1736 359. IJ8 0 0 .0000 I 

Er ro r 1725 11 673 . 181 0 6. 767 1 

Total 1727 165 33 .5 28 3 

CMRT 

BuilJ ing 2 46 821 46 8 234 1 0734 28 9.400 9 0. 0000 1 

Error 172 5 13 954. 17 92 8 .089 4 

l o [Ui il2 1 60 88 i <i 5 265 

Table S. e"ummary of least square m eans 

LS means SE N L S means SE N 

MMRT (U) 41 .460 3 0. 11 8 5 576 MHT (U) 4 1.7 5 25 () 108 4 57 6 

MMRT ( I) 38.4 672 O. 11 85 576 CM RT (I ) 38 .8659 O. 1084 57 6 

MlvlRT (E) 37. 6241 0. \1 8 5 576 C'M RT (E) 37. 77 8 0. 108 4 57 6 

Mean difference in CMRTs 
The analysis of variance table shows that build ing envelope had a significan t effect 

on CMRT. The Scheff's pairwise com parison indicated significant di fference at 0.05 level 
between CMRT (U) and CMRT (l) wi th (2 .89) "e. It a lsu indicated si gnificant difference at 
0.05 le vel between CMRT (U) and MRT (E) with (3 .9S) "C. CMRT (I) and CMRf (E) had 
( 1.09) "c difference which was \i),!n i[iean t a t 0.05 le vel. In other wo rds . hypothesi s 5 
(similar to hypotheses J, 2, anJ 3) wne HC e pted atlhc speci fied level of signifi cance (see 
Tables 6 and 7). 
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I'uble iI. 

O,O OO!) 

M'IT( ) -2,99 ~ 0 , (1 0 00 

M fRT (E) -3 .8362 - Ui4 J (1 000 

Tabll! 7. SummarY!lr S( lIeff~" 

CMRT /II) CMRT II ) 

MMRT (U) 

MRT (I ,OO()009 

M IRT (E).OOOOOI) 

I aOOo 

I f)O() 00 CM RT ( I) 

0000 13 1,00011 0 

CMKT 

L IRT \ U) o ()OQIl 

CMRT J) 2. 8~6 (, 

.000009 

.UOOU09 

Mea uredand ulated MRlS (MMRT vS. CMRT) 

C tRT (I) CMRT (E) 

0 ,0 11 00 

- 1,\)1I !l 1 

O(}OUOI 

n .()() OO 

CMJn (E) 

I U()()()O 

111 m 'as ( 'eo ilml I,;a culated RT' - for uninsu la ~d d extern: II ' insulated huilding~ 
;nJic: te 1 no signi !l nllL Iffer ces In means at 0.05 iev I. The internd Iy j ulalcJ builJ ing 
revc rseclthe lreml Jno muic ted sIgnifican t iffercnccs elwce I RT (I) and MMRT (I) 
ar ( .05 Ie el. How 'ver, I e apr , 'en! lr 1 U \-vas lhat in all bui ld ing cns s he RT is less 
Ih;mCMRTwilha l , gnitu eof (O 29) "C ror lh<: bUJld in", wIth noi nsu talloll .(OA) C for he 
m(~rnally In ulal'd building. :mJ (0.16) " fur he external illsul :lI 'd hu IUlIlg. 'The res It 
ind icilt d th:lt lRT IS very close { lYl:MRT i ll the Cil c of til l a~ lJ ildmg, In nli cr 
w\lrds. lRT was cry good eslInlate ot MMRT. Th..: no r ~UI f. c empcr:1turc i the 
inll: llally insulateJ hu'kl ing fl:dueeu [ lRT values One nay cor d llu ' tl 01 11C (he rm. t 
( npacilY of an Inl rIl<ll I yer of ~ \Val may ,liT (.; 1 sur tace temper, lure me ,- surenwn t~ ( 'ce 
r: blc ii). 

Tah le II. '>u ro m 

Cll n Sid E T= P Df' 95 % Ci d ill. 

de" mean 'If means~ 

Mtvl T (L1) <;7 " 4.1.4. (' 1 7 I n, J ~ (-f) ,70 

v, - 139 () J ) 114 1 
RT (U) 57, ~ 1.i5 3 .40 U il. () 121 

, r. RT ( I) .- 7h ~II 47 :1.06 l i t t (- 0. 66 
v,; -300 (). O2 13 "en 
CMRT (I) )7 6 1M .k7 I. 76 0,07 3 -011 

M IRT E) 571 .n .62 l.84 0,07 (- U 99 

... " -1 2:\ () 22 108:1 
CMRT IE) 576 778 2H 0 .0 'I 0 .lI9 I ') 

" 'h% ~on fiden ~c ilHerval ( I) of d iffe re nce b~l 

" gnl ltc:ln t d i fferen " bcl w e n (he menns 
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one usions 

The bui lding experiment sugge.ted that CMRT was a very good cstimate 01 MMRT in 
value " ranges. and mcans. 1l1c ca cuiated M 'me. ns arc constantly l1Jgher than measured MRT 
means in al l chambers, this may be due Lo the omission of the fl oor surface temperature. 'The 
:,t..1.llsocal analysis found no significant difference among MlvlRTs and CMRTs ofthe uninsulated 
an externaUy insulated buildings at O.05 levcJ with T- 1.39, p=O.1 band T=-! .23, p=O.L2 respectivd y. 

The -;tatistic I ana.lys is indicated significant difference in MMRT's among the buildings. 
The :aIne concl usio n can be drawn in using MRT's among the buildings . The temperature 
means di ffe rences between the insulated buildings and the un in:u latcd building were 
pred icted due to the presence of high resistan cL: PU insubtion boards. lure n vesligation 
i~ need to inelu e he measurement of fl oor surface temperature in the calcula ted MRT. 

.1ac Ilowledgemellt. This r ape' wa:' based n uata collected by tlata acquisition system 
(J) ') from lest chambers both funded by King Faisal University (KF T). 
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