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CONVERSION FACTORS: U.S. CUSTOMARY TO METR IC (SI )
UNITS OF MEASUREMENT

These conversion factors include all the significant digits given in
the conversion tables in the ASTM Metric Practice Guide (E 380),
which has been approved for use by the Department of Defense.
Converted values should be rounded to have the same precision as
the original (see E 380).

Multip ly By To obtain

inch 25.4* millimeter

foot 2 0.09290304* meter 2

pound.mass 0.4535924 kilogram

pound-mass/foot 2 4.882428 kilogram/meter 2

Btu/ft 2 11356.53 joule /meter 2

Btu/ft 2 °F 20.441 75 kj/ m 2 K
Btu/ ft 2 day 0.1314412 W/m 2

Btu-in./ft 2 h ~l 0.1442279 W/m K

* Exact.
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OBSERVATION AND ANALYSIS OF PROTECTED
MEMBRANE ROOFING SYSTEMS

D. Schaefer , E.T. Larsen and H.W .C. Aamot

INTRODUCTION LOCATION OF TEST SITES

For many years roofs of military structures have The protected membrane roof is different from

.aiised large maintenance problems , particu larl y in conventional roofs in that the waterproof membrane
cold regions. For example , Cullen (1965) reported a is placed upon the structural deck and a waterproof
7 1  ~ failure rate during a 7-year period for convention- insulation is loosely laid coer the membrane and
at bituminous built-up ‘oofs at Alaskan military insta lla- bal lasted to prevent wind uplift. Several papers (Aamot
t ions. As a result , CRREL was given the task of de- 1972, Aamot and Schaefer 1970, Schaefe r 1971 ,
veloping innovative roofing concepts that offered the Schaefer 1974) have described the basic components
best possibilities of reducing roofing failures in cold of the roof in detail.
regions. The protected membrane roof system was Since it was a prime consideratio n in the test and
chosen after careful study and theoretical analysis to evaluation program to ensure that the concept would
be the most likely roof system to effectively replace be suitable over a wide range of geographical locations ,
the failure-prone built-up membrane roof system cur- three test sites were selected whic h gave a wide range
rently in use, of possible climatic conditions.

A research program was initiated to provide long.
term performance characteristics based upon short- Fairbanks
term evaluation. This type of research will enable One test site was located near Fairbanks at Ft. Wain-
promising concepts to be developed for use within wri ght , Alaska. Fairbanks , located in interior Alaska ,
relativel y short time periods, has a continental climate characterized by extremely

Several test roofs were constructed and instrumented cold winters and warm summers. Temperatures of
to provide data for evaluation . It was considered neces- —40 °C are not uncommon during the months of Decem-
sary to gather the following types of data: her and January; summer temperatures of 25 °C are not

1. Temperatures of each component of the roof uncommon. Annual precipitation in this area is about
sandwich during different c limatic conditions. 35 cm, of which 12 cm (water equivalent) falls as snow.

2. Heat flow s into and away from each compone n t
to evaluate the thermal efficiency of the system and Anchorage
to estimate energy requirements . \ test roof was built and instrumented at Elmendorf

3. Measurements of the microclimate above the Air Force Base near Anchorage , Alaska. Near the ocean
rout to ensure performance in a wide range of climatic and surrounded by mountains, Anchorage experiences
cond itions and hence wide geographical adaptation of what is known as a maritime or coasta l climate. The
the system. large mass of ‘,sati-r tends to moderate the weather



conditions so that the winter temperature seldom goes low slope roof and serve as a measure of comparison
below —28 °C. The mean January temperature is —11 °C between different roof sandwiches .
and the mean Jul y temperature is 14°C. Total annual The three qualitative indicators providing engi-
precipitation for the Anchorage area averages 41 cm neering information are: 1) the effect of natural snow
with approximately 16cm (water equivalent) falling cover , which in some instances provides an added in-
as snow. sulation at no extra cost , 2) the effect of water flow

at t he membrane level , which is the major factor in
Hanover , N.H. increasing energy requirements during some periods ,

Hanover is located in the Connecticut River Valley and 3) the microclimate above the roof.
approximately 160 km inland from the Atlantic Ocean. One of the major reasons for suggesting the use of
The coldest month , January, has a mean temperature protected membrane roofs is that the waterproof mem-
of —7 °C while the warmest month , July, has a mean brane stays in essentially an isothermal condition and
temperature of 20°C. Extreme warm temperatures is thus not subjected to thermal stresses. Monitoring
above 27°C are not uncommon . The ground is the membrane temperature during various climatic
covered with snow for about four months of each seasons provides a measure of the variance in mem-
year compared to six months for the previous two lo- brane temperature. The temperature of the top sur-
cations. Precipitation of almost 100 cm falls per year , face of a roof is expected to have a large seasonal and
the majority as rain and less than 18 cm (water equiva- diurnal temperature fluctuation. In studies on
lent ) as snow . (The photograph on the cover shows the pitched roofs the roof surface temperature was found
instrumentation of the roof at Hanover .) to be as much as 40°C above the ambient air tempera-

These three sites provided the wide variety of c li- ture. This fluctuation ,, of course , depends upon the
matic conditions necessary for the successfu l eva lua- emiss ivity of the surface material . Temperature
tion of the protected membrane roofing system. To measurements of the surface then give an indication
successfully recommend adoption of such a system it of the extremes that a waterproof membrane at this
was necessary to show that these systems were eco- level might be subjected to .
nomical , performed as predicted , and did not use in- Often snow on a low slope roof is considered as free
creased amounts of energy. The testing of roofs in insulation . However , it can be considered such only
the above locations also ensured that the princi ples if the 0°C isotherm always remains within the roof
incorporated into this rooting system would he usable sandwich and does not rise into the snow pack. If
over much of the world, snow is melted due to building heat, it can flow past

t i-ic insulation to the membrane; thus a transfer of heat
away from the roof causes a decrease in efficiency.

TEST PROGRAM The magnitude of this phenomenon can be properly
determined by temperature measurements within the

A program was developed to i-’,aluate the perform- snow pack,
ance of low slope compact roofs by means of two Heat flow between the building interior and the
quant itative indicators that permitted direct mutual atmosphere is attenuated by the use of insulation i . It
comparison of all such roofs, This program also meas- is desirable to keep the heat flow from the interior of
ured three qualitative indicators which provided the building constant and as small as possible. During
engineer ing information and produced sufficient data periods when radiant energy is great , the attenuation
to analyze heat budgets within the roof sandwic h and of heat flow from the atmosphere to the building
thus calculate energy requirements. interior is also desirable. Heat flows It the surface can

In this program , the two quantitative performance be either positive or negative but should not materiall y
indicators arc described as: 1 ) effectiveness (a measure affect the heat flow at the ceiling level. To measure
of the deviation of the ceil ing temperature from its these characteri stics of a roof , heat flow meters arc
year-ro tu nd average) and 2) thermal efficiency (the ratio placed at the ceiling and at the top surface of the roof .
of theoretical total heat exchange to actual total heat A heat budget analysis , using data generated from
exchange ) . Thcsu’ two indicators arc applicable to a ;y temperature and heat flow indicators , enables the

researcher to determine how much energy is expended

2
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ni -,uicli operations as evaporative dry ing of the insufa- The primary instrument for measuring temperature

tion , heat transport due to water flowing on the mem- and temperat ure gradients is the bimetallic thermo-

brane, anid e f f e c t i v e  thermal conductivi ty of the insula- coup le, The ease of installation and the capability of

tion. Heat budget anal ys is is presented as a separate automatic reading make this one of the most important

sect ion of this ru-port , pieces of instrumentation for monitoring roof n.cm-

Climatic conditio ns to which each roof is subjected peratures. The thermocouples se lected were of tlii- 1 I N

are important in the evaluation of roof performance. type which are accurate to ± O .42~C. While better pre-

The cooling effect of rain and subsequent evaporation cision is attainable with other types of sensors (theini-

of water can be calculated only if precipitation meas- istors), t he ease of ca l ibrat i on and recording makes the

urements are made. Wind across a roof lowers the thermocoup le more advantageous.

effective film conductances and increases heat flow The heat flow meters were ui the thcrmop mlc t~ pc

from the building interior; radiant solar energy can dc- Special care was taken to ensure that the thermal

crease heating loads or , during summer , increase cool- impedance of the meter to the heat loss matched the

rig loads. For these reasons it is necc ssar ~ to measure impedance of the surrounding material . This ensured

all climatic conditions directly influencing the micro- two-dime nsional heat flo s s - which is easier to evaluate

climate of the roof sandsvich. by computer than are more comp licated heat flow
cases. Each h eat flow meter sandwich was desi gned
and constructed after thermal cc in doct mv it~’ measure-

INSTRUMENTATIO N ments of the surrounding materia l had been gathered.

Solar radiatio n and net exchange radiation were

Measurements we re conducted over a yc~mi s per iod measured with sho rtw ~rs e sol,irimeters and net cx-

with da n .i recorded continuously and aut u>niati ca ll y . c hange radiomete rs. [li.-ctron ic volt-time integrato rs

Outdoor measurements of air tempe rature ,ihovv - t he sver u- used to compute the radiati on exch ,ingc . Since

roof at var ious levels to 2 m, net ra diation -\ c h ,mi1i ~c , ra diation e\ill iilge f luctuates si gnil ica ntl y, the

‘ - l i t  prec ipitation , tota l incoming solan tadi ,ition , Initegr ators count and add the sensor signals contin-

wind speed and direction , barometric pressun e , ro d uously and record rc-s ults at periodic intervals. This

dew or f i ,~~l point were obtained . Mersut  ci indoor meth od is niore prey ise ti - ian - i computat ion based on

conditions were air temperature and ceiling tempera- periodic signil samp les . 1 he incoming shortwave

tu re  and p y’ssiil e. Conditions measured svithin the racti omete n v s- c r ’ , the spei t i  urn front 0.38 t i about

roof sandwich lIen - he,i t flows at the ceiling and the 3 pm vvas e ler ig t t i . f o r  this reason , rea dnngs w Ith this

top srm rt , is ~~, the tem peratures at various levels , amid instrument go to ,ero ,it night and it i/O n o no-iso e

tc’mpcratun c gra d ients Icr 155 vari i u . sandwich elements , thi- I u gly/st radiation from t i re cloud c uts ii - i n c  net

I- igure- I shows a scheniat ic diagram of the i its t rume nta- cxdiatige radiometer pi os-ides a measure of the ~l’ -

t ion used I or measuremen t at the three test sites , sorbe d radr .iiu in lb is is dependen it upon the s u l f a t e

em issivitv and changes season ,itlv due to Sn OW .
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LFFECT IVENLSS Wh ile diurnal temperature changes of the ahovt’nien-
tiuned magnitude take pl a ce on t he roof surf ,icu’ , the

I he t’ l t  cc t is ch ess of a roof system slas or igina lly mem brane teniperature is 21 ( • 2 C - h It- mi’nnbn ant’
defined . ms the deviation of the ceiling temperature s l iu,svs onl y sli ght diurnal s i r  ii i  ions and th y ’ c hange in
fron t i ts e.ir -i ouny t average. I lo sses er , for a protecte d ti-mperaturc is due pnima nils to .i sly iy f ’ ,  t h u  c isc in
nneni hnane r i ,  if 

- deviatio n s from the year-round ,is v i  .igt’ the snow cov er - Dun inig the f i r s t  four d,r~ s of t his
of the niembranie , rat her than the ceiling, ss crc foun d per iod the last snow is mel h u g  Ii ont t he r i l  - Ounce

to be molt ’ usef u l - This is an obvious departure Inoni the snrt nw Cnsl ’ r is comp letel y melted , t he mt-rnbnaiic
the original definit ion since tire mI~or reason for sug- te mperature beg ins t i  rise stoo l ’ ,  - 1 he roof sw I_i t e

gesi rig the list ’ of protected memhraiie r~io ls us that tenirpenat ure I huctuat ions are greater than the h I  leni-
the ssat t -rpr uof niembrane is not sub~ected to the hi igh perature due to large diurnal sola r r , idr , i t mu i n inputs .
t hermal sir y. ’ , y s  ex pen ience tf H, conventional built-up The protect ive ba llast on the t e s t  iii i f s  is ii ( it ;  t ’ te

rout membranes . When there is no iui st ml ation under pile s . Inputs of srsl , i i radiat ion cause the sot ICC

t he membrane , .us ri  t hese test ro ut ’ , , t he mt’mbnane tc rnperatuire f luctuation - is t i_ i  lx- sig rr i l  i t , r r r t l v  greater
tempera t une an d the ceiling temperature are fa i r ly  close t b_ ni the diurnal air teniperatuui’ c_ u t  Liii irs . if the

to uric anot her . In this cas e ii is a sale assurnpt i n n  that , absorptive character is t i c s  of the sur lace ss er u’ y l r , i r rgt ’ t f ,
i f  t he membrane dot’s riot deviate si gnif icanit l y from a t hen the expected surf _ ice tempt-nature s i r  i . i t u r u 0 nu ld
year-roun d average temperature , t hen the ceiling tern- c hange . It sv , ms beyond the scope of this p ugram to
pt-nature w ill not si gn if ica nit l  depart from a e r r  -nr i i i r rd measure e f fec ts  of so lar ,ibso; p6on as .i t u r n  on of sun -

average. lace ha racte nist ic s . I lo sve s t- r  , ~s hri ~ r th e suu r ’ ,itu ’ of the
the cocificienit of thermal u-x pans ion for the Buty l roof is a bui l t- t ip nienthrane , d u l y  I lot tuat ui - s iii rem-

and I Pl)\1 membran es used is about I .8 . I ü ’
~ per - - per,iture vs •uft f he at co t  ,is g u i / I  is ss-i t h t he iii i ely ’

-\ membrane si tuated on the t r ip sidc rif a root svould p.rvers
exper ience diurnal tempi’ratur e s ,ur lationi s of -I ~ to In gener ,il , the membrane ter muper atu ne I luct uatrons
S5  C. Thus , for ,r ~(i-rni I rio t the ex pec ted t’’., p _ ur lsurn i r ;  ~ an ent ire ‘

~ 
ear svene ± 6 ( at the t e s t  s i te s .

contract ion sson i ld he ,iho rmt 1) 27 m. In ts desira ble and the ,iriiphitude of diurnal tem pena nure clu.u r i g e s is ,is

nete ssa r ’ ,  to re duce the m.igniitudc of possi b le r- \p.u l r -  e l f  ~ct isel ’ ,  dampened h’, the insulation . I It-oct . the
sin ’ i l  c r i r u rac t i nr i Ins p r r r i t - t t i r u r r  i f  t he rnembu,int’ . nnt-ni hrane ssa s u r r , u l l ect e d.  The major contr ibut i o ns

Appendix -\ prov ides seasona l docu rnlenta t ori of to r iur r uhu . m e  ten ip-rature rise lu f a l l  lriim lht ’ t’,mr-
t he variation of (001 menibranc te m peratures of the muu it id ,ns ci agc nI 2 1 C scene long pet ri ds i f  Cr Id i i i

I lanoven , I airh ,un ks , and \r i~ lr r,u~y- roofs. I igun- ss,u r fl u wea n her . Dur ing the summer - t he is y r  .ige rnl’nii-

-\ 1 i l lustrate s ss inte n coritfit io ns vs iii .u sOlos co v er  - br ,mnc temperatur e y n_ ilit be e\peclt ’d to be ,rhrrvt

llie r o o f  s urfac e temperature during the ~~- It) J ar r o , ur s  21 C , seh ile during ss in le u , t he ten ipenat l ire ss o t r l d  he
I (l7~ pt-i od s l i i ss l s  dr ips f roni 1 ( to — 9 ( - It is below 2 1 C . The riicrnhr,ine nemper ature ch sel~ ui-
not iceable th,in during thus same time the ambient air kiss ’. the indoor t t ’t i l peratur es , ant i l l t Ictli ,itii uis in iii-

temperature drops fr om about 1 °( to — 2~) ( . During door tenl per .mtune c,iuse the major f lu c t uma t u rr is in
- ; t his same period the membrane atid cei l i i rg tempera- membrane le mpematune .

tunes ni-main ne_i r Is- constant at 21) -~ 1 - 
( -

Durirr g t he pen iod 29 January to lebruar~ II ig.
\ 2 ) ,  isv phenomena are r i l n s e r ~ y’u l :  1) tht~e is a de- T H E R M A L  E F F I C I E N C Y

trease in snow on the i o il  due t i  ss am weather , and
2 1 there is 2.39 cm ul rain, these conihineul e f fec ts  T he then rn_ il protect ion t f , . ,I  is of It- red by a roof is

I wi- n the meniibn,mnc temperature from 11) 4 hI ) 17 .2 C . chamactc niicd H, it’ . I -s- .ulue 1u sd ill heat conductance).
However , tilt’ membrane tempt ’nat uuc din’s not sudde~ Iv Ihe I L5,( f10 inc ludes thi- then rn,ul conductance of the
drop hut r i- qr n incs a 24-hr pcriot l . The ceiling lr ’mpena- maty - n ia ls il the ro il (in thi- c isc oI ,i h iss slope , co rn—
nu n’  cli_ is” ly f ol l r ,s s s the mem brane tc-mperature. pact ni l) a n f  il’, ’ the hi-at t i ,n ns f e r cot -) I uc i t ’ nt s be-

~t b ut ’,: t he ambient t r - rnpc u . i t ; u ut ’  r ises and thu p u n -  tweeni the air inch the o n ) , both ins Ide and outside.
r sn ’ srr oss y u l e  us no t nr n gcu on the r ,;of , t he roof  1 he LI-s -alo e is ,n usefu l t u i te r ur i n  k r  gencr,il gu idance

s u l f i t e  tc mpena n i m u t ’ f luctuates as munch is ~~~ ( . The in l~- r t l i rlg thy’ insulation nt-tlu int.-nienit s o f a roof . It is
pi-n i n iml  1~~— 27 -\p;il 1k II ig. \ ~l stu ui ls ’. this c l I n t  t . lt ’ss use ful lou evaluating tiiu’ u , i i i f ’s c rr t ’ug\ losses . These

4
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ant’ influenced by factors that are not adequately The measurement of actual energy loss can , how-
consi dered by .i single U-value , such as sunshine , wind , ever , differ significantly from theoretical calculations.
rain and snow. Thus, different riiofs of equal U-values Solar radiation inffuences the heat transfer in one
can -i have dilferent energy losses. However , reducing direction , nocturnal radiational cooling in the opposite
energy losses is a basic objective of roof construction, direction . Wind and rain also affect actual energy loss,

It is quite easy to specif y a U-value for a given geo- and snow often provides natural insulation. Another
graphical location and to calculate the U-value of a type of influen ce affecting the actual heat transfer is
planned or an-i existing roof , It is more diff icuht to the dynamic thermal response of the roof to the
determine a roof’ s actual energy losses. The effort is weather conditions. This response is influenced by the
worthwhil e when the roof , or the number of roofs , diiferent thermal properties of the var ious components
involved is large and when the climate is severe , re- c f the roof: the structural deck , the insulation , etc.
suiting in large energy requirement s and costs. The dynamic thermal responses of dif ferent roof

The heat tran sfer through the roof can be calculated designs can lead to different energy losses , other
from the indoor amid outdoor temperatures and the U- factors being the same. Computation of actual energy
value . This nay be called the theoretical energy loss, loss is by calcul ation of hourly heat transfer for given

The theoretic al energy loss is computed from tine weather cond itions an- id summation , river a period of
LI-value svhich is based on the inside and the ambient time , by computer . Lower actual h isses mean greater
air temperature s and the thermal properties of the roof thermal efficiency, and lice vers ,m . The thermal
sandsvic h . ihe U-value of the roof sandwich is corn- efficien cy 77 is defined (Aarnot 1971) as the ratio (cx-
putcul H, addition of the thermal resistances of its pressed as a percentage) of t h eoretic a l to actual energy
component pau Is: loss:

theoretical energy loss
~ /1~ I’.’ i k ,, h2 actual energy loss

where h 1 = inside film conductance An analysis of ti-ic equation shows that thermal
h 2 = outside film conductance effic iency may be either greater than , equal to or less

= thickness of each component than 100S~. Greater efficiency means simply that the
thermal conductisi ty of each compone unt . actual energy loss is smaller than the theoretical loss.

This occurs , for examp le , dur ing cold sunny weather ,
While this formula implies stead ’ , - s t , mte conditions it is The efficiency decreases when rain and wind cause
w idel y used by designers to compute expected heat greater heat loss tha : theoretically predicted.
losses from roofs by the formula: Heat loss due to cold weather is an actual energy

loss as is heat gain during hot weather . In the first
Q L~~T case , the energy loss uepresen ts a heating requirement ,

in the second case , a cooling requirement . The annual
where (1 is tot al heat au- id .~T is the expec ted difference energy loss is the sum of all heatin ig an- id cooling re-
between indoor and outdoor temper atune. Data on quinements over a one-year period . It is this figure
t he thermal conduct mv ities are available in enginecn ing that is of basic interest .
hanic ihooks i ir Irum niauiufactu rers ’ Iiter ,mture. [he film The thermal efficiency over a one-s c-ar period is a
t u (ic i i ic j ,mulci 

~‘2 is dependent upon the ss ind at the measure of the pcrformauicc of a roof in a given loca~part icular roof  locatuon . (
~encr,ib Iy for desi gn purp n nses tion , or more precisel y, under certain given climatic

2 I-km ‘hr w ind is used . Ike theoretic a l energy boss conditions. It is a value that is iu dependent of the
is t int-n, in- i essence , a const ,m nt va l ue .  It di ‘i-s not ta kn ’ desi gn ,nnnd behavior of other roofs and , t henef iii e ,
into ,iieuUflt 5/i ~ ing w ind speeds , solar radiation ui- pernits a comparison i of r i i in f ’ ,  oh different desi gn .
puts , rain m d  other la ct o ns  which .mffect thit’ actua l Essentiall y t he measurernciit pnnigram sv,m’, ilesi gniecfy ’ re gy h isses mom a rool hut only considers the ten- i- to collect data on tIn’ actual enier~~- losses amid to
pt’ra tun t ’  ditui’ri’uici- , eva luate the cl imatic ) ,mc t ui ns which most mate ria l) ’ ,

c iuange theun . Thermal ef liciencies of IOO:- ni r more

S
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were achieved on cool ‘ha ’, s when solar radiation pro- HEAT BALANCE WITHIN THE ROOF

vided energy. Ciiuivense l’, efficiencies less than 100’
were expected and achieved during and shortly af ter  As part of the program to eva lu iat i’ the thermal
rain stornis . perform _ nice of the protected membrane roof dt’sngn ,

Appendix B pros- ides monthl y summar ies of the it ss ,ms decideui to undertake a heat budge t analysis of

thermal efficiencies for the test roof sites. Several thit’ I lanover ni ic if su lii tune , ut il i imng tine ntassi se

interesting phenomena are shown by these grap hs: amounts of data co l lected.
1) Thermal t’t f ici i’ni s is aff u ’cte d by rain. The Certain dec is ions were made in ouden t o simp l i f ’,

t heoretical erieng s loss oun 6 October 1 ~72 at Hanover tine ana lysis , t he first ber g that the anal ysis sh ould hi’
(Fig. Bi ) ss-as 322 kJ , m t the actual energy loss me_ is- of heat balance within the ii of , encompassing ti’ic
ured by the heat f los s meter at the ce iling was 137 uleck , the rubber membrane an- i d the St s rufoam insula-

kJ/ m 2 
, A thermal e f f i c i e nc y  of 244 - was thus tiun . ibis would eliminate the need to take into

achieved. The following da’, had about the same air accou mnt ti - ic surface to ns ect i m in , bot h natut al and
temperatures hut 4 .6 cm of rain fell au- id the actual heat forced , and the e f f e c t s  of s n n h ,u radiation. Both of

loss was 486 k J m 2 
. Tine thermal elf ic iency v s_ is then these are e xt r e me ly  d i f f i cu l t  to calculate , m c u m m n .m t i ’ h’ , -

rapidl y reduced to ~7- because co nvect ion I-it-at tran s- -\Isu , the an,ilys is was penfonnw d only duri ng the
fer at the nien-ibrane ut. nun ccl . 1 his saint- phenome non spring,, summer , and I_ ill , eliuui niati uig the p ohlcm of
also app lies to melting sn inss ( 16 — 24 November , Fl_ in- i- the ef fec ts  of snow c u n s tn ,

over roof). On 16 Nilvemher (I vt . B2) there was 10.2 All calc ulat ions svere perform ed and results prc-
- 

, 
cm of snow on the roof. This sui t is s depth graduall’ , de- senied usiuig the Luig lish Ss stem of Units , rather th ,m ui
creased to zero bs 24 Novcnnhei and the thermal t ue Si systeni used thiuughout t h is ni’port. This is

e fficiency again was below- 1(11)- , for this same t ime done because all data s se u e necnurded using this vs 5 1 d m .

period . The English Ss stem also a llows ti nt - anals sr s to he

2) A nonmelting souls c i ns e r  dcies nut lower tine simp lified I-i’, dealing svith a 1-f t 2 area. I unther , the

thermal efficiency. I igunt’ B4 i l l u st rates this f ur ti-ic results oh this ana lysis deal with ti - ic e f f e c t m s i ’ rIienniab

Hanover roof . From 4 to 18 January , ti-ic snow cover j n n n d t r c t i s  it ’, of the Styrofoam insu lat mou n , which is

was a constant 38 cm yet the thermal e fficiency was ci unsent iona l t ’, presente d in Btu in. I t~ 
O~~ hr. By

• 
~~
‘- above 100%. After 18 January , na iui au- id melting snoss using these san- ic units , the reader will have a better

combined to lower the efficiency below 100- - - “ feel”  fur ti-ic chau- iges incuinred in the thermal con-
3) Wind is not an important facto r in reducing the ductivities.

thermal efficiency. The film conductance h2 is de- TI-ic main reason -i for uu- idert aking this analysis sc_ is
pendent upon wind veloc ity. Winid does , husvever , to dctenn - iunc boss’ much of am-i internal cooling e ffect
have a great effect on the cooling of ti-ic upper surf ace. can he attr ibuted to naiu nw at er runoff and evapora t ive
The effect of wind on the overall U-value of ti-ic roof us cooling.
sli ght . Increasing wind speed from 3.35 mfs to 6.7 m’s A simp lif ied mcd cl of ti-ic heat flow ph enomena
increases h2 from 23 to 37 W/ m 2 ‘C. This changes the occurring within - i the roof sandwich is shosv n in Fi gure

— total U-value of the roof H, about 0.5~~. 2. From this model , ti-ic inut ernal heat balance of the
4) High solar rauliation increases the efficiency. In roof structure can be seen to be

I August 1973 (Fi g. B1 1) the thermal efficie ncy of the
Flanover roof was above 100% for almost the entire 

~~ Q ,, = 
~ 

+ enthalpy change (1)

month despite eight days with rain. The solar radiation
was significant in keep ing the cff icicnc ’ , high. Q1 = Q2 + Q3 + + ..~h - (2)

Thermal eff ic iency is an effective measure of the
pcrfi ) rmancc if a roof . Measurements taken duruuig In the c,isc c u )  heat loss as shown in- i Ilgure 2, 

~~ 
Q1

the test period arc useful in determining the actua l and Q0~ 
= Q2. -

effects of vario us climatic t . ict uns on ti-ic heat tr . insfen Taken individually, the compone nts of the heat
rut the roof s’, stem , floss cquiatiiln an- id their derivations are as follows ,6
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= 1x6 2.4 = 5.2 Ibm water / f t 2

: ~~ . 
= 1 Btu/ft 0 F Ibm

L~~~~~~~~~~j
mC~ = 5.2 Btu/ ft 2 0 1 , for 1 in, of rainfall.

F igure .2. Boundaries for the bc ’j nce of heat flow From this it is a simple matter to calculate the heat
in the protected mernhrane roof ~ loss per degree Fahrenheit temperature change due to

any am ount of nainfa ll. The rise in temperature of the
water is determined from the temperature of the roof

= heat f low unto the system. This is a measured surface and the drain during the period of rainfall.
dluant ity, determined through the use of the heat flow evaporative heat transfer. This is the most
meter placed in the ceiling. Q is measured in terms difficult component of the heat balance equation to
of Btu/ f t 2 day. Using a predetermined si gn convention , deternnine, as it cannot be measured accurate ly and
positive heat flow us defined as heat f low downward must be determined from the mass of water evaporated
from the roof deck il-ito the noonn. and the change in cntha lpy during vaporization of water.

Q2 = heat flow out through the insulation , This is The difficulty occurs in determining the amount of
an indirectly measured quaunt iny. The temper ature evaporation which takes place. A suitable empirical
difference ac ross the insu _ itionn Is measured and the equation for caiculating Q4 is not known. Since the
correspondin g heat f low is determined from the reia- drainage from the test roofs is fairly swift , it is im-
tionshi p: probable that more than 0.01 in. of water would be

left upon the membrane after a rainfa ll. A better f irst
Q C.2~ 

!‘. (3) estimate might be 0.008 in. If this is the case , there
would be 0.0416 Ibm of water per square foot of sur-

In this equation , C is the thermal conductance of the face area , with the heat of vaporization of water hf g
Styrofoam insulation , and is derived from the k-value , being 1055 Btu/lbm. The total evaporative heat transfer
on thermal co unduc tivity , of the insulation and its after each rainfall would be on the order of 40 Btu/ft 2 .
thickness: By inspection of the roof sandwich it has been found

that , in most cases , the evaporative process will be corn-
C = 1,’ ’, (4) plete within two days after the rainfall . Therefore , as

-
~ an es timation for purposes of this analysis , two days

where k 0.20 Bt n m- i ur , f t 1 hr o
h bun Styroboarn of evapora t ive drying will be used following each rain-

= 3 1  in. = thickness of insulation fall with 20 Btu/ft 2 being allotted for each day.
C 0.06 1 Btui/ft 2 hr I = uvi - ra ll conductance. .~h = enthalpy change within the roof structure .

I or a 24-hr period: C = 1 .464 B t u i/ 1t
2 F day. The t hermodynamic concept of en t hal py is related to

the change in internal energy within - i a system , in this
Q3 = in m nc ruia l l I n e n  cniuling lronnn rainwater anti melt- case ti- ic roof struc ture during a 24-hour period. The

ss ,n l i ’ r runoff . ib is i s  a mass transfer prohln-: n , involving cnthalpy change of tine roof during a 24-hour periodj the announit iii ra infall in , the specific heat u I  ‘.- u t er C~ is determine d in the following manner:
au cl the rise in lcmpc ature oh the water as it 0 avels
thr ’ mLrgh f ine nu~ i f  to the iuntcr n- ia l dn ains . Therefore: = ni 

~~ ~r . (6)

~n C~ ~ 1 (5) The three components of the roof structure are:
I ) The deck , which consi sts of 5 in. of concrete ,

where nm Is the precip ltat iiiui n,ite and C~, ti - ic specific in 60 Ilium - i/ ft 1 
, C~, = 0.21 Btu/ lbnn, 1 -

heat , t i ’.etl as b _ i s t h m i ’ , I in . i u f  rainfal l  fa lling on a
i f t  , m m , ’ , m svnuum l d r e s u i h t  iii 

~“~~ ck — h O i 0 2 l  = 12.6 Btu f t 2
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2) fhe insulationi , 3 n -mu m , ex truded pol ys tyrene foam ho these cas es , although tint’ contribution ss is sm_i lk-n
hoards , ni 0,5-I ib/ 1t 2 , C~ = 0.27: it was h’, no nuneans a negligible ) a ctni r .

I he third , arid most innpurtant , phenomenon t i m

= U. S- I xO.2 7 = 0.146 Btu/ lt °F , come out of the sumniatioin is tine fac t t in_ it tht’ equa-
tion does not usually t- ialat ncc; there is usua lly a certa in

3) The u’nernhnanc , 1/ i,,- ifl , [i’DM sheet , in -- 0.383 amount of residual heat.
)h , in C0 = 0,4 S - lu the cases of October , April , ) ink , Auigust and

September , the residual heat is small , being on t he

~~~membrane = 0.383 -j 0 4 5  = 0.172 Btu / f t 1 F. order oh 20 Btu/ 1t 2 over a muint h-long period , while
the total heat flow , biuth positive m d  negative , is on

Sincu- the .~h attributed to both the membrane antI the the order of 500-1 500 Btu f t 2 
- I f os scs e n  , dcuning the

insul,ttior u is so small compared to that of the concrete months of March- i , Ma’, and ) uric’ thc’ Inc_ it f low is
deck , it can he ignored and the con- ipos itc value of si gnifica n tly large r and must hc accounted fo r in the

= 12 .6 ~ l c_ inn be used . The value of ~~/ us the heat balance; that is , 11-ic heat balance must be driven
change in the roof deck temper atuire during a 2 - ) - Immn ur to 1cm .
period . Upon cxaminatic rn of the heat balance equation ,

The final sumnnation nil the he,it b.nlance for each all t he fac tors are either measu red directl y or are
in,2 of roof , t hen , takes this form: calculated from basic heat f low equations. The least

precise componeti t of the et buati n in is the amount if

Q 1 Ceiling bc_ it f l ow melt-n rcadiu ig (in Bto ) 1 ) cool ing a tt n ibu u ted to evaporation , hut if it is assumed ,
—Q 2 — 1 . 464 Btu/f t 1 ( .21/ across in i suilati tm ni) fo r the nlomcnt , t hat the proper assumptions have
—0 3 — S .2 Btui/ bt (,imount of n .mui r ) a l l (  - (

~ I rain- bet-i-i made amid that ti- ic est iu l aliun is correct , there is
water ) (in- il’, urre factor which can be changed to balance the

~Q4 —40 Btui/ft 2 (2 ci.m ’, s a f te r  e.nt hr rainfall .n n 2)) heat budget, This factor is the therma l conductivity
i3t in t l  cIa’, ) of tilt’ Styrofoam insuilat ion. Whil e ti - ic accepted k-

~~/; + 12 .6 Btu 02 (~~J d e ck)  s,duu’ m r  extruded pmnl ’ ,’styrene is 0.20 Btu/1t 2 hr - -

~ _ — 0 it us , nb s r i  known th,it tfu t’ conch uct k i t  v of ti- ic insulation
ssi ll change it accorda nce with certain - i fac t crs , ti - ic

The munnhs if October 1 k72 ,iuud \ l,rr ti n throug h-i m ust si gnif leant being mnn i s t vru e pickup.
• September of 1973 were selecte d fu r time heat h,mlancc -\ f i rst est imat ion i  of the chanige in the k-values can

analysis. As c’ariier stated , nnm w iunte r months (except be easil ’, iibtai um cd . Sin ce t ire residual heat for each - i
\1 ,nu ch I weu e ust-d in order to avoid the problems mon ti- i-long pci iuul is known , an d it h_ is been .nssunied
caused 1-i’ , snow cove r , such as the me ltw ater runof I t li ,mt the /~-fac tunr is the lInl’~ I actor su bj ect n ‘ change ,
and the ef f ects of sublimation of ti- ic sh ow cover , which a simp le pri m p i t  t u rn can-i he s et up t n  determine ss li_ it
coo id not he .iccurate ly measured wit h the existing / , -b , i c tmn n wil l  provide tin e change in heat I h u r ss  ch,ir_ ic-
Instrumentat ion. t cni st rc  mie tess ,nn s to f nn r t t ’ t i- ic cqu,it in- in- i to it-ru. the

Va il’ , sumniations of the heat balance svcrc made . i f ~n istr ’d 1,-s .ibuu is t it ’s i~ rm ,m t ei f /, .

,oid the unlinthl’ , t nut , i l s tabulated. Fable I shn ri ss s thc-se
t Ilt_ i l’ ,. TI - ic last coluimn represen its the amou unt by - -- residual hc,it Ru
which ti - ic equ.Inun hails to balance .

Several linings c.in he seen f rum thi is heat Ii i~~
. - - . - - .  —- Q2 Q2 

n _
~Q-, (ih.ungc ri ~/-, due tosumniatuoni . I inst , evaporat ls c cuo hmuig is a s ignl uf cant )) .2 -- . . ch aui gnnm ~ k-value In urn 0.2t1 to Icc ii nlt nlbuitlun Ill the intcrn.Il Inc_ it h,ml,nncc nil the n ‘ u i )  - 

-

being on the umcfer (11 150 l3ju 1t nmuirit h .
Secondl y, rainwater runoff can he a si g ni if icau it f , m c 

~
Q2 = 

~ 2 (LL  — I ) - nu-s mdu ,il n e i l
t i n , particularly during tine months i i )  M,u’, arid June , -

during each of which .mppu uis .im,mt i’bi. S S in. of rain fell .
--  During the mit hn ’ r s i x  n-iionths ni l the ,ir n. r I ’ , s is , a inf al l  

0 2  
= 1

ml n the or den of I . 5 to 2 5  in , pu’r rmunthi sv ,ms recorded. - 2

k~ =0 .2(~~? I + l \  (7)
°2 /

8
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Table I. Internal heat balance by month (Btu /f t 2 month ).

Residual
Date i-Q 1 —Q2 *~ h heat

Oct 72 — 927 ,1 —798.6 —51.2 — 36 .3 —1 80.0 + 36.6
Mar 73 — 141 2,3 —900,8 +38.4 — 74 .2 —160 ,0 —238 ,9
Apr 73~ — 531,9 —433. 4 0 — 83.6 — 40,0 + 25.1
May 73 — 906,4 —475. 1 —22. 0 —178 .8 —140 .0 —134 .5
June 73 — 148,1 + 0,9 —38, 4 —150 ,7 —180.0 + 143 .3
July 73 + 128.8 +355 ,5 +38.4 — 39 .0 —140.0 — 9.3

Aug 73 — 2.0 +189 .6 —2 2,8 — 40.8 —140 .0 — 33.6

Sept 73 — 467 ,2 — 3 5 3 .6 —3 8 .4 — 28 ,9 — 140,0 + 16. 9

* Based on 18 days — 1 3-30 - \pr i i .

The results shown in Table II seem to correspond to Again the conductivity increases during the months
expected tendencies , Since the major factor aff ecti m- ig of May and June , when large amounts of rainfall are
the insulation ’s thermal conductivity is expected to be experienced (5.5 in. each month) , and begins to fail
moisture pickup , the k-value should , theoretically, be off again during the remainder of the summer when
higher during months when large amounts of water flow relativel y dry weather is experienced. This indicates
through the roof structure. In March , harge amounts of that while moisture pickup during wet months does
meltwater runoff would be expected after a win - item-long affect the therma i conductivity of the insulation , there
snow cover , and the corresponding thermal conductivity is no long-term degradation of the foam during the
is high at 0.253 , During the month of A pril , relativel y first year after instal lation ,
little rainfall was experienced (= 1 in ,) and a general There is no exact method of determining the vahidi-
warmin g trend served to dry out the insulation , causing ty of either the effect of evaporative cooling or the
the k-value to fall down closer to the insuilation ’s change in thermal conductivity with moisture, How-
“book-value ” at 0.194, ever , it is safe to assume that these two factors arc tine

s.,, Whcnn this equation was applied to the heat balance , only two which cam - i change enough within - i the heat
the following are the resulting first estimates obtained balance equation to affec t the amount of residual heat
for k -

. observed. It was decided, then, to try several different
values for evaporative cooling in orden to test the

Table II. First estimates of adjusted k -values of Styro~ effect each would have on the residual heat and in
foam insulation, turn on the thermal conductivity value assi gned Ii) the

insulation . The following schemes were investigated:
Date k - %~ A’ 1) Two days dry ing at 20 Btui/ft 2 day plus one day

Oct 72 0.191 — 4 .5 at 10 Btu/ft 2 .
Mar 73 1) 25 .1 +26.5 2 ) One day drying at 20 Btu/ ft 2 plus one da’, at
,.\pr 73 0.194 — 3,0 10 Btu m/f t 1.
May 73 0,256 +28.0 3 ) 1  om rr days drying at 15 8w/ft 2 day.
June 73 0,213t 4 6,5 The results are shown in Table Ill .
luhy 73 0,195 — 2,5 Two general conclusions can be made from .rni cx-
Aug73 0.188 — 6.0 ,iminiation of Table Ill .

-
~ Sept 73 0,192 — - t O  I irst , the retcrer uce bein g useul was an cs ’aporat ivc

Since the sum u I  tine heat f low mc i oss the insulation coo ling contrihuition of 20 Btu,nft ? day for t w in d ,ms

w,ns so sma ll I n n  the m mm nth of June , k could ni-it I-ic of t lrs ing I o lhunwing each rainfall , The effect th,tt
calcul a ted over a month-lung per m ud. instead , four- changing this value has upon ti- ic heat balance and ,
week periods were isolated arid ti-ic nesuilting 1, -s . i lnr t ’ s conscu t uenth y, the caicuhationi of the th ermal conduc-
. ise rag t ’d to give k . t ivity for tine p,nrticu lam period depends upon tine

9
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Table III. Effect of various evaporative cooling schemes on the calculat ion of thermal conductivity of the Styro-
foa m insula t ion.

2days i day
(20 Btu/ft2 day) (20 Btu/ft2 day)

2 days 1 day 1 day 4 days Heat f/ow
(20 Btu/ft2 day) (10 Btu/ft2 day) (10 Btu/ft2 day) (15 Btu/ft2 day) across

Date (k ) (k ) (%4) (k ) (%~) (k ) (%4) insulation

Oct 72 0.191 0,183 — 4. 2 0.198 + 3.7 0.168 —12 .0 — (t)

Mar 73 0,253 0.246 — 2,8 0,261 + 3.2 0.249 — L 6  —

Apr 73 0,194 0.194 0 0,198 + 2.1 0.198 + 2.1 — (t)

May 73 0.256 0.248 — 3. 1 0.265 + 3.5 0.246 — 3.9 — (t)

June 73 0,213 0,213 0 0,213 0 0.213 0 + ( f )

July 73 0.195 0.212 + 8.7 0.17 8 + 8.7 0.234 +20.0 + (
~

)
Aug 73 0.188 0.228 +21.2 0,143 —24.0 0.212 +12.8 + (~

)
Sept 73 0.192 0.173 — 9.9 0.207 + 7.8 0.168 — 1 2.5 — ( t )

direction of the heat flow across the insulation. This ture . A more sign ificant effect , however , is that of
l it -mt f low is generally upward, or negative , during the evaporative cooling. A good estimate of this cooling
n u ’ r l n n  fa l l  and spring months , and downward (positive ) effect is that two days of drying are incurred following
t h i n  n nn - 4 llr~’ warm summer months. lncme asin tg the esti- each rainfall , each day consuming 20 Btu/ft 2 .

ru ,r f i ’ cl es ,m porative cooling during the cool months
n:n -r~. m n uve heat flow) causes a drop in the calculated

t u t u  rn_il conductivity , while an increase during the COMPARI SONS WITH CONVENTIONAL
summer months (positive heat flow ) causes this k-factor SYSTEMS
to become larger, The opposite effect occurs when the
evaporative effects are decreased . This follows logicall y During the testing phase , instrumentation similar to
from the heat balance equation ar- id inmdicates that the that in the protected membrane roof was installed at
calculated Ic-values are , at least , of the right order of another location in Hanover , N.H., on an adj acent con-
magnitude. vcntionah five-ply built-up roof with a gravel surface.

A second general observation is that the three alter- This comuventional roof had 2 to 5 in. of foamed con-
nate evaporative cooling schemes investi gated seem-i-i to cret e insulation between the concrete deck and the
lead to thermal conductivity values that are less probable built-up asp halt membrane. Data from this location
than the reference scheme , While there is no way iii svcre compared with those from the protected mem-
uietenmining the upper limits to place on-i the thermal brane roofing and observations on the behavior of each
conduct is i ty im lucs , I mu w valuies such as 0,168 , 0.1-13 and roof were noted , Grap hs in Appendix C show the
0,173 can he discarded. [his leads to the at ter native of performance for selected periods during the year.
abandoning the schemes him chang ing the evaporative The bitumeni surface of a built-up roof follows
cooling effect from nw r tI my s at 20 Iltu/ft2 day. diurnal ten per,ulure fluctuations , Inputs of energy ,
Iss- nm major con icluisi ons were gained Iron-i the heat primarily solar , often act to nnake the roof surface

study. warmer th ,irm ti - ic ambient air. A primary reason for
1 ) The thermal cond tt ctivity does change in accord- suggesting the use of protected membrane roofing sys-

ance with moisture pickup. ()veu the f irst year after tcms is that the waterproof membrane remains in an
installation , however , no long-ten nn nlegm , ichat ic un has isothern mal condition year-round and is not subjected
been experienced. The values cited mr Table II are v_ ih id , to  diurnal temperature f luctuat ions ; h ence it is not

2) Rainwater amid mcl tw atcn runoff .m e si gu i if ica nt sub lect ed ti n extreme thermal stressin g .
contributions to the internal cooling of the roof s t n uc-

10
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The linear coefficient of expansion of an asphalt roof membrane is not subjected to diurnal temperatures
amnd fe l t  roofing membrane sanies from approximat el y if the building enclosure remains at a con stant tempera-
36 x 10.6 to 72 x 1 Q 6  per °C, for am-i average of 54 x l  0.6 ture. If , however , the building enclosure is open to the
per °C across the width of the roofing felts. It is some- atmosphere and the temperature is allowed to fluctuate
what less for the lengthwise direction of the felts. Thus with the ambient air temperature , the protected mem-
for 30, 5 ri of roofingmembranc ztnd a temperatu re br_ inc will also fluctuate (see Fig. A6). It will not , how-
change of 55°C, an unrestrained roofing membrane ever , be subjected to radiant solar energy imiputs,
will contract 9.14 cn- i . Tine significant factor , then , Ten pcrature variations in excess of 55~C on a
becomes the regularity with which the roof experi- yeari’~ basis are certain for conventional roofing. l)uring
crces temperature cha mnges of this magnitude. the testim - ig phase extremes in surface temperature sa ri _ i-

m igunes C1-C4 show comp aris mm ns of conventional tion of 84”C were noted on a one-year basis. I i gures
asphalt huilt-ui p roofing systems and protected mem- Cl an- id C3 show temperature extremes of — 20° and
hrane s’~stems . 1)uring January 1973 the diurnal tern- +130 °F (— 2 9 and +55 °C).
perature changes on the surface of the built-up men-i-
hi .mm ne averaged 16 C. The maximum daily temperature
c hange w.is 28 C. For one week ’ s period the lowest CONCLUSIONS
~urIatt ’ temperature was —28 1 and the highest tem-
perature was 7 ( - The test program-i- i is_ is desi gned esse ntiall y to gather

t r i m a siniil,tr Jan uiary 1973 period the protected extensis t ’ information in mir t h- u to f i t  i f i t _ i te  an anal’ , sis
nnernhr,ine roof membrane remained at 20 ( ± 3~( - of the pcrfor mnuancc of the protec lid menihrane roofing
I hms i~ j ust sh i ght )s below the room air temperature, desi gn. This information was of tw o  categories: thermal
I here .m e  no diurnal s_ i , i,mt iiu ns n ui t mc e ah f e sioct - the perfomn ance and heat 11(1w characteristics.

t h ermal propert ies of t hc insulation isolate the mem-
brane. Effectiveness of the test roof -

-\ period in Augus t 1972 ss .is st- lected to represent The thermal performance results from the Hanover
Is p i t_ i l  summer conditions. 1 he diurnal tempera ture protected membrane roof show that , under widely
5_ in iat unl n of the Lurn v cn ut mnl na l r n I  was as much as 4 ( varying .mir temperatures (—32 ( to +32 °C), the root
bin 3 1 -\ugusu . l ine roo f stun I_ itc m cac hed a maximum surface temperature can s-a r’ , by as much as 86°C
te mperaturt - n i l  about 54 ( in t ins di~ - I- mgurc C3 (— 3 2 C C to +55 °C) over a one-year period . They further
sir, nss s t his char ,m t t i m  s l i t  m I  tb t’ i ’ m ’  ii . It is a lso notice- show that during the hot summer months the surface
,m hlc that tin t- roof sum i_ icr’ te m per utur t -  is cuunsiderah lv tempera ture can vary by as much as 47 °C during a sin-
hi ghier than ti- ic ambient a ir tt - rn i pe ratuu e . (dii 3 1 ‘\ ugust gle 24-hour period. ihe roof surface temperature is

- 

- 

- t ine ambient air temperaturu- was 2~
) (. ,iund s it  t h e  roof a f f ec t e d 1-i’, such climatic factors as snoss cover , rain-

surt . mtn ’ te rnuperature reac hed S4 ( - In n aenn eral tin is s i_i s I.ull , wind spi-euf and amoult of solar radiation received ,
due primarily tn r solar radiation , an d it c,ul hi- seen that a tremendous thermal str ess is

During the sam e period t i - c  pr r t t ’ t t c d niu ’nnbrane n u~ f impiusu -d upon t he roofing materials.
membrane ,mv n’ r ,ug t ’nJ 2i~.o C m 4 ~~ -\ r .o n the staliihi t ’ , Dui r i m rg tint- same timt- penioti ti- ic range of the water-

- - of the membrane temperature is chum s c ’ l~ _ issnn t  ‘ u n t i l  ss ith pr uuu l mt’nu brau ne temperature is Ii ilm I 9 C  to 28C C,
t he n m m inn temperature .im,d nut wi th diurnal te mpem atom cs - _i s ,u .~ti~n if ~l C m r v n u  .1 , ro t ’-’ , ear period. This rcpre-
The concrete surface temperatur e tl uctuate with daii’, sen ts the extr e mes of temperature experienced by ti- ic

mm ,-r ru p e m atures and t’ sceeds ambient tenn t nem atm m re s lust nit-nih, _ i un c , hui t t he niormal tn ,  i,mt iou- i is much less in
,m
~ 

thu.’ bu ilt-up mennbrane , but t he iii i s e - l , m i n f  Li  nr itnr ’tc m m l v  t ist ’s and olte un am - i ent int ’ ,nmnu - it l n passes with the
pas ers can i sp_nd and contract b mccl ’,, mnr. ’n iib r , immu - temperature v ,mr ’, ing mn nn l y 1 C. The mem-

o n  .i d i u r n a l  h.n~m s surface temperatuire t hn , m r rges o f br_ inc tt ’mpcmalurt ’ is muc h less influenced by climatic
55 1 are pulssible with asphalt built-up membi_ ines . ,nihtn ,,ps than the s urf. mce . The only factor svhich
I hi- (on’. t-n t i cmm - i al built-up m m ) t  at (~RRF . I. sl r ,n s s n -i1 . does influence it to an n ’ , degree is rainwater or me lt’
tempen atmmr e r .m r ~~n’ i n )  10 to 55 ‘in 31 August 072 water rum iofi , which h i s  a co u m h im i g n’i te e t .
( Fig. C3). I f ti nt- roof simm f ,ui t - is rui n gr .nvcl u.n ‘vt -ned , The ci ft - t n is t’ m u ’ss of tine pm otected mennhrane r
m’sen gi -m l i i (and in ,, u .n pmd) tenu pcra t t mr t- ci - i_ iirg t ’ s am C un~ ulcs i gn has heu’n del ineth ear h it- m ri this report as a

• possib le. (;r,ivcl t uu.m hug rcdui ur ’s ti - ic absorbed solar performance indic .mtu ur measuring the des i.mtion of the
n_ u i n tn r , n  and ,mssu )ciateul he .mt li- ig effects. [he protected nienml,m,mnc tu’mperaturc from i t s  i i i  Is- average . Based

II

l__~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .t,~~4r’~z_



on thu s crite niomi , it is i’s udt ’ r i m that the desi gmi c rumncept s s,uteu , I~ . mm n d upmun w.m t ming in’, app u rus i n ia t c ls  I t u m

does , indeed , I-it-i forni ,idctiu.itel’,- in protecti mig the 2 ( , it incur a cinm iling load m l  18 .2 Utt u I t 2 , l s ,m p m m-

waterproof nncmh raine fm i uu ii the them mual s t i t ’sst ’i inn- t u e  tI n im m- . lu_ is bt-t’n ~‘st im ,itt-d to t r n n i l  the t i n , )  s I n iii.-

posed on a t nmmni t ’otion,m l built- imp u u u u m l  sur face . tumu t ,ml .m m utt - of 20 l~tt u It ~ ul,m’, fur a twnr -t la ’ .  pci mind

f rul l r iss in ig .u , ,m iu if all, Of these two I , mctm u rs  the ev.mp uura—

Thermal efficiency t ise  tin’, ing is by far ti- ic l,mrgest e f f ect .

The heat floss charactt ’ r i s tn c s o f thu.- test roof h ive Wh ilt ’ this imitennal c nmmnl i n g e f fect  tlue to rainfall

been mf is ii msi t ’ti in this report and graphic examp les .mm e does mu-present .m significant cunergy requirement in

inclutted in Appcnuli\ -\ .  l int’ must innp ni rbm u- it findings icr ta iui c ir c u mm st ~mn nc es that are not present in a con-

m l  tine heat I mis nm _ i l ’. ~is um t ’ in terms of t h e  roof’ s ven,t ioui,ml bumilt— t ip roof , it has h- iecm- i shown that , due

t hcrnu_ il t I  li . n,. ’nr c’, - to t he addeti insum lating ef fect  that tam - i easily be
[hernial el i  i ( i cnc s ~ 

bias been t le lincui as ti- ic ratio .mchicvcul w i th  tini s tiesign , si gu - iif icant eun t ’ m gv sav ing s

c\ pr r ’ss ~’d ,ns a pcr ccm - ita g c ) m l  tiit’ thcoret it ,u I to actual c ,m :n be re.mliicd with t ir n Is thu.’ t ’  mn n f n . mn .m t m i t - I’, sma ll c m u t

t’ nri ’r~s Iuisi  nt added insulation, 1 his cost can he eas ily dm,- f , a ~cd
in .m matter nil years through u- r im ’ , g’. sav ings. Also , the

~~~~~~~~~~~~~~~~~ , pruntecte d nnembranc runof does n n m t trap and collec t
actua l cmn cr gs loss

- I 
rm. mtcr .

The c f h i t le r - ic ’ .  m l  tiie rout ~ greatt’r than 100 utumring

roost of the cur , and is if let ted either bend ici,illv App licability

m r  tlc t u in- icr - it_ ill’,’ hi the i u n ) I m i s i  imig c lim ,mtic conditions . T he protected membrane r u m i m f  rug design w.,s de-

- R,minfa ll anti nicltw .mter runoff t ,must ’ internal ve loped Imn i  cis c in cold rt ’ g m ri r ns such as Alaska and o ther

cool im ’mg ami d thu’s decre ase the thermal cI fici n ’ m i c ’, duniing northern areas. I h mmsse v em , i t  is also app licable to temper-

c r u d  ss t’,mthcr Rain duining hot weath e r ca n reduce heat .mtn’ climates , st uci m as are foun d in the tontinental United

g,uimn through the m m nuf and rm irp m ‘‘it ’ its them mal ef f ic ie nic ’ . - ~it,iit ’s , and could easily be used in reducing the degeriera-

2. Solar radiation tends t i n  i ncrease the r io ) ‘ s thermal t i s c e f f ec t s  of hot , humid climates on built-up roofs.

e l f  ic ie miu\  during cool weather as it supp lies a l ice heat-
N nng in put.

3. Sumow cover provides an added insulating u - f it t , RECOMMENDATIONS

u_ n u t t i n g down the energy loss throumgh the rn - it - if and
increasing the thu-rmal u- f iii i- m ci . Ovn-r t i-ic one-year period, the protected membrane

-3 Wind c in n vc ct iu rml , although a si gnm i f i i , mrnt cont nihu- ni ’)  mug design has been- i shown In’ perform well , in that

tion to the surfa ce heat balance , has l i t t le irn ten nna l it p rm mvit le c an effective amid efficient thermal harrier.

cool i ng u-I I n t l  au- id d i n ’s riot mIter the nhc u inn _ mi i’ll ic i m ’un c ’, W hile it is realized that a one-year test program does
apprec i,mhhs . n u t  eu sure long-term success , all indications are that

the ro il will perform adequatel y and pros- ide the

Heat balance within the roof added benefits of an extended lifetime and reduced

The internal heat budget am ia lysis concluded th ,mt the maintenance expenses.
therm,mI conductivity factor i f  the “Is ri m )  m u m insu lat imnn It is t ime rehore felt that the protected membrane

v_ n t-s by as much as 2)) from i ts  st. mtc d value when nnuuling design is a feasible alte rnative to the conven-

installed. [h is variation is caused by moistur e p ickup tional built-up nniu f ar- id shnould he adopted selec tively

durin g periods of he,m sv ,,minf .ill . I i i us sc s er , u pon dry ing, in’. ti- ic U.S. Army Corps of Engineers for future low

the Styroloam retu m rns to i ts  nm ig i,i,ul cm ) nd tm c tiv i t y and slope r un) construction , particularly in cold reg ions.

no long-te rnn degr,mdatiu.un has yet been ex per m e mit t ’ d .

It was ,mlso concluded that ra inw-mter and meltw .mter
mu u i u , l f  have significant c uuml ing e f fec ts  m)n the internal LIT ERA TUR E CITED

m u m ) stru icto re. These t I  let Is arc duic both t mu mass

transler mi s t  r the mem ”,ranc surface and lii evaporative A,uurniit , I l,W .( , (1972) Developments in flat roofs for

dry ing. One inch of rainfall is equivalent t m’l 5.2 lb of colu climates. CRREL lnternna l Report 277 .
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APPENDIX A: TEMPERATURE AND HEA T FLOW MEASUREMENTS ,
ANCHORAG E AND FAIRBAN KS , ALASKA , AND HANOVER , NEW HAMPSHIRE
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APPENDIX B: THERMAL EFFICIENCIES OF THE TEST ROOF , ANCHORAGE
AND FAIRBANKS , ALASKA , AND HANOVER , NEW HAMPSHIRE
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