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ABSTRAC_

Issues associated with removing excessive moisture from low-slope roofs have been

assessed. The economic costs associated with moisture trapped in existing roofs have been

estimated. Based on the limited amount of _vailable data, the evidence suggests that

existing moisture levels cause approximately a 40% overall reduction in the R-value of

installed roofing insulation in the United States. Excess operating costs are further

increased by a summertime heat transfer mode unique to wet insulation, caused by the

daily migration of water within the roof. By itself, this effect can increase peak electrical

demand for air conditioning by roughly 15 W/m2 of roofing, depending on the type of

insulation. This effect will increase peak demand capacity required of utilities in any

geographic region (e.g., 900 MW in the South). A simple formula has been derived for

predicting the effect that self-drying roofs can have upon time-averaged construction costs.

It is presumed that time-averaged costs depend predominantly upon (1) actual service life

and (2) the likelihood that the less expensive recover membranes can be installed safely

over old roofs. For example, an increase in service life from 15 to 20 years should reduce

the current cost of roofing ($12 billion/year) by 21%. Another simple formula for

predicting the reroofing waste volume indicates that an increase in service life from 15 to

20 years might reduce the current estimated 0.4 billion ft3/year of waste by 25%.

A finite-difference computer program has been used to study the flow of heat and

moisture within typical existing roofs for a variety of U.S. climates. Nearly all publicly

available experimental drying data have been consulted. The drying times for most existing

low-slope roofs in the United States are controlled largely by two factors. The first is

climate: in warmer weather, downward drying is accelerated; in cooler weather, the process

is halted and even reversed. The second major factor is the permeability of the structural

deck to water vapor or the presence of a vapor retarder; if typical decks could somehow

be made highly permeable and the use of vapor retarders limited, drying times would be

reduced in all climates. If the deck were much more permeable than the roof insulation,

then in seasonal climates, the permeance of the insulation would significantly influence the

drying rate, but presently this is uncommon. Based on a limited number of computer

simulations, we found that adding a recover insulation layer Jnd membrane over wet

fibrous insulation decreases the drying time, while recovering a closed-cell foam insulation

increases the drying time. In most cases, recover causes the water to remain cooler during

the hottest drying weather, reducing drying; but normal winter wetting (water pickup from

the building interior) is reduced or arrested because all of the water is shielded from the

cold by the recover insulation. The overall drying times are a yearly average of these two

phenomena.
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Often, the calculated drying times will be considered unacceptably long. A variety of

retrofit options for accelerated drying of existing roofs have been analyzed physically. New

roof designs that allow for rapid self-drying are proposed. These use common materials

and appear to represent no significant increase in cost. These designs are based almost

entirely upon the comprehensive experiments of Powell and Robinson [64]. It is argued

that because of recent theoretical and computational work, the analytical tools are now in

place to establish reliable self-drying design criteria for any region of the United States.

Further validation of these tools through full-scale field studies is still required. An overall

design methodology is proposed.
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EXECUTIVE SUMMARY

A major cause of roof replacement is excessive accumulation of water in portions of

the roof system, caused by the failure of the roofing membrane, poor system design, or

poor construction practices. The accumulation causes dripping, accelerated membrane

failure, poor thermal performance, the threat of roof structure deterioration, and the

depreciation of building assets. Moisture accumulation can be reduced by controlling

moisture ingress into the roofing system and facilitating its outflow. Traditionally, industry

has addressed the issue by developing new systems that retard the rate of moisture inflow

(i.e., improving the reliability of roofing membranes). Since most roofing systems will

inevitably leak, our position is that the best strategy for reducing moisture accumulation in

roofs must incorporate dependable ways of facilitating moisture outflow.

In the early 1970s, Powell and Robinson studied the issues of water contamination in

roofing systems [64]. They stated that "the most practical and economical solution to the

problem of moisture in insulated fiat-roof constructions (is) to provide a design that would

have in-service self-drying characteristics .... If the roofing leaks and the construction

possesses self-drying characteristics, all that would seem necessary would be simple

patching of the roofing, as compared to... costly replacement of roofing and insulation."

Their argument is as valid today as it was 20 years ago. In this report, we estimate the

economic and environmental costs of allowing water accumulation to reside in roofs, we

discuss the physical concepts surrounding water outflow from roofing systems, we look at

methods to construct new roofs and retrofit existing roofs so that they are or can be made

self-drying, and we describe the design mechanisms that roofing professionals can use to

start constructing self-drying roofing systems.

We attempt to estimate the economic benefits associated with self-drying roofs.

Excessive accumulation of water in the roof has the effect of increasing operating costs

and time-averaged construction costs. The heating costs of a wet roof increase because

water decreases the thermal resistance of roof insulation. Using the existing literature, we

attempt to quantify the frequency and extent of water contamination and the thermal

performance reduction due to the contamination. Using the surveys reported by Anderson

[1] and the National Roofing Contractors Association [4, 5] and the laboratory thermal

performance testing reported by Tobiasson [33], we estimate that the additional heating

costs due to wet roofs for the U.S. roofing inventory is approximately 1.7 times the heat

loss if all the roofs were dry. We estimate that the additional heating cost for a roof in the
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Chicago area is approximately$2.40/ft2 for the design service life of the roof. Based on

energy savings alone, a self-drying roof that adds less than this cost is economically viable.

Cooling costs are increased by water vapor diffusion through the roof insulation
material. During a summer diurnal cycle, water vapor is driven to the cold (interior) side

of the roofing system and condenses, releasing its latent heat. Using a combined heat and

mass transfer model [78], we compute the hour-by-hour heat transfer for a variety of

typical "dry" and "wet" low-slope roofs situated in Seattle, Chicago, and Knoxville. Using

the surveys cited earlier and the mix of insulation products that were cited in these

surveys,we estimate that for the American West, Midwest, and South, a summertime daily

average of 500, 800, and 900 MW of electrical generating capacity, respectively, is required
to offset the effects of water contamination in roofs. We estimate that the additional

incremental electric demand charge associated with wet roofs in the Chicago area is

approximately $0.66/ft2 for the design service life of the roof.

We state that the design service life of a roof system is shortened by water

contamination. Freeze-thaw cycling of roofing components, accelerated membrane

deterioration, corrosion of metal fasteners, and deck deterioration are all artifacts of water

contamination. Uncontrollable drippingand the threat of structural failure (collapse) will

motivate the building owner to address his or her roofing problem.

We have developed an expression that estimates the impact that self-drying roofs

would have on roof construction costs. Annually averaged construction costs are a function

of actual service life and the cost of new or reroof construction. Two types of reroofing

are employed: tear off/replace, and recover. Presently, approximately 60% of reroofing (on

an area basis) is recover. Recover roofs are considerably less expensive; we assume that

replacement and recover costs are $9.00 and $4.00/ft2, respectively. Clearly, recover

practicesdominate in determining average reroofing costs. While recover typically involves

some risks, self-drying roofs, when appropriately used, will be safer to recover and

therefore will reduce average construction costs. Based on our analysis, we estimate that

increasing actual service life from 15 to 20 years would reduce construction costs by 21%,

while increasing the probability of roof recover to 100% would produce a 7% reduction.

Both an increase in actual service life and increased recover practices are likely benefits of

self-drying roofs.

Using a similar analysis, we estimate that construction waste would decrease if self-

drying roofs were constructed. Increasing actual service life from 15 to 20 years would
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reduce construction waste by 25%; increasing the probability of recover to 100% would

reduce it by 11%.

Among other things, to design self-dryingroofs requires a detailed understanding of

how water will distributeitself within the roofing system. We again employ a combined

heat and mass transfer finite difference model [78] to develop this understanding. We

compare our modeling results to the field investigation of Hedlin [10, 11, 12, 13, 14] and

find good agreement. We generalize these findings for roofs with relatively impermeable
decks as follows:

Fibrous Insulations:

In highly permeable insulations (i.e., rigid fibrous glass, perlite, and fiberboard),

moisture will quickly migrate to the low-permeance surface having the coolest

daily average temperature, where it becomes highly concentrated. Moisture is

broadly distributed only when averaged top and bottom temperatures are

comparable.

Closed-Cell Insulations (plastic foams):

1. In regions with strong daily averaged downward heat flux in the summer and

strong daily averaged upward heat flux in the winter, water is mainly

distributed among the middle of the insulation thickness year round (more

toward the top in Chicago, with stronger winters; more toward the bottom in

Knoxville, with stronger summers). Some movement into and out of the top

and bottom of the insulation occurs, but peak concentrations lag peak

temperature differentials because of slow diffusion rates.

2. In seasonal climates with small downward heat flux in summer, most of the

moisture steadily resides in the top portion of the insulation material. A

relativelysmall portion is distributed in the middle layers (Seattle). In seasonal

climates with small upward heat flux in winter, most of the water is in the

bottom portion of the insulation thickness.

3. In climates with constant heating or constant cooling requirements, all of the

water remains fixed in a thin layer in the insulation material adjacent to the

coolest low-permeance surface (Miami).
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With this understandingof how water distributes itself within the roofing system, we

have developed a general formula to describe the rate at which water will flow into or out

of a roof system.

= P_,_,o,, - P_-', (1)
:ER

where tfi (kg/m2.s or grains/ft2.h) is the rate at which water moves up into the roof

assembly,P_,_o,, (Pa or/n. Hg) is the averaged indoor vapor pressure,p_., is the vapor

pressure at position x in the roofing system, and R_ is the resistance to vapor flow

(Pa.m2.s/kg or Rep) for each material in the roof between the indoors and position x

[72, 731.

As water vapor diffuses into a region, the vapor pressure in the region continually

increases until it reaches the maximum possible value, known as the "saturation vapor

pressure," p_ As more water vapor enters the region, this excess vapor all condenses to

liquid, since the humidityof the air no longer can increase. The saturation vapor pressure

increases with increasing temperature. To show this dependence on temperature, we write

p_ = p,.t(T).

We can now rewrite Eq. (1) for each season. During the summer, we know that just

above the low-permeance deck, P,,a,._ = P,,_(Ta_, since the insulation is saturated at that

location. Application of Eq. (1) is now straightforward. During summer, the drying rate

(thv) is given by

m,,= P,,._t_- P,w(Ta,,_) (2)
• + '

,'" _re l_,bl is the vapor resistance of the boundary layer beneath the deck.

During the winter, we know that just below the membrane, Pv.,,,_e = P_(T,,,n_md,

since the insulation is saturated at that location. During winter, the drying or wetting is

given by
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We find that Eqs. (2) and (3) apply for both fibrous and closed-cell insulations for

parts of the year with roofs installed in seasonal climates. For climates that exhibit little

seasonal change, Eqs. (2) or (3) can be used year around.

We use the finite difference program [78] to model some typical roofing systems with

relatively low-permeance decks. Ignoring short-term diurnal effects, we note that summer

drying is almost independent of insulation type. This observation is better understood by

studying Eq. (2). In it, the only term inJpacting the drying rate that depends on the

insulation material isP_o_(Td_d,);the insulation Rrvalue determines the deck temperature.

However, winter drying is significantly impacted by insulation type since R,,,,x,,,_:o,,includes

the vapor resistance of the insulation layer. A parameter that affects all moisture .transfer

is R_,_; it controls the rate of summer drying and contributes to the wintertime vapor
resistance.

When roofs are recovered, the material-dependent values in Eqs. (2) and (3) change.

During recover, roofers typically add some thermal resistance between the wetted portion

of the roof and the climate and keep the old membrane in place and essentially intact

under the additional insulation. During the summer, this additional thermal resistance

reduces the temperature of the deck and therefore P,o,(T,_k). The net effect is a reduction

in the drying rate. During winter, ps,a(Tm,.,.b.a,.,) is significantly increased, reducing the

potential for roof wetting. If a substantial amount of insulation is added, p,,_(T,,,,,,,b,,,,,,.)can

become larger than Pv._doooand drying can occur year-round, even in northern climates. It

is important to note that recover effectively creates a vapor retarder between the existing

roof system and the recover system; to maintain self-drying characteristics, the old

membrane must be made permeable.

We consider various reroofing retrofit options that can be used to enhance the

moisture tolerance of the roofing system. These options use one of the following

processes: downward diffusion, downward diffusion with bottom ventilation, upward

diffusion, upward diffusion with top ventilation, and ventilation of the insulation layer

itself. In any retrofit, it will be necessary to determine whether the deck has been

structurally impaired and whether it will maintain its integrity during the time required for

the roof system to dry.
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Severalr_searchershavesuccessfullyenhanceddownwarddiffusionbydrillingholes

intotheinsulation/decktoreducethevaporresistanceofthosecomponents.Experiments

performedatOak RidgeNationalLaboratory(ORNL) ona metaldeckindicatethatfor

13mm (1/2-in.)diameterholesspaced0.6m (2ft)apartineachdirection(2.7holes/m2or

0.25holes/ft2),thedeckpermeanceincreasesbyapproximately8.0× 10-sg/Pa.s.m2or

0.14(English)perms.Cautionneedstobeexercisedwhenusingthisprocedure;modifying

thedeckcandowngradefireresistanceandreducethestructuralintegrityofthedeck

(i.e.,ifthedeckisprestressedconcrete,theriskofdamagingthereinforcingmay be

great),andcertainbituminousmembranesmay dripintothebuilding.

A meansoffurtherenhancingdownwarddryingistoaddbottomventilation.A

proposedmethodfordoingsowouldbetoventilatetheuninterruptedflutesofa metal

deck.Iftheroofingsystemhasa vaporretarder,theretardermustbeperforat"d.The

followingprinciplesaresuggestedfor"safe"bottomventilation.

• No wetting can occur if the dew point of the ventilating air stream is below the lowest

temperature of any roof material exposed to the ventilation air.

• Often at night, radiative cooling brings the outer membrane temperature below the

dew point of any available air stream (as evidenced by frost and dew). Contact

between ventilation air and materials close to the outer membrane may cause wetting
at this time.

• Energy conservation requires that for bottom ventilation, we select the indoor

airstream under the constraints listed above. Selecting unconditioned outdoor air to

bottom ventilate would thermally compromise the roofing system.

It has been speculated that upward diffusion might be a useful means to dry out

roofs. A typical moisture relief vent is the most prevalent device that takes advantage of

upward diffusion. Vents open up a small amount of area in the membrane for vapor

diffusion. Experiments by Hedlin [44] and Tobiasson [56] demonstrated that very little

drying occurs through vents. We verify these results analytically.

As with bottom ventilation, top ventilation (installing a ventilation layer between the

existing roof system and the recover system after removing or compromising the

permeance of the failed roof membrane) offers the opportunity to expose the entire top

surface of the wetted roof system to outdoor air. Energy conservation practices require

that unconditioned outdoor air be used for top ventilation, subject to the other limitations
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stated for bottom ventilation. During the heating season, T_ > Tdb,OD_e

T,_,OD. Td_,OD is also the dew point temperature of the ventilation stream when it enters
the roofing system. It follows that the saturation vapor pressure just beneath the

membrane, pso_(T_,), is greater than the vapor pressure of the ventilation stream.

During summer, we are accustomed to thinkingof moisture being driven downward, not

upward, in a wet roofing system. When an outdoor air stream is introduced, this thinking

must change. The vapor pressure of the outdoor air stream is less than the saturation

vapor pressure throughout the insulation--even the insulation near the cool deck--except

occasionally in the Southeast. As a result, liquid anywherewill evaporate and diffuse
toward the ventilation stream.

In the literature, "forced drying" refers to a technique that involves pumping air

through the insulation by some mechanical means. As air flows through the insulation,

some water will evaporate and be carried off in the airstream. This technique offers the

opportunity to remove large amounts of water from the roof system. Several researchers

[44, 46, 56, 60] have reported using this technique. The condition of the deck must be

carefully considered when using this method because if the deck is not sealed, air from the

building interior may be drawn into the roofing system. The .typeof insulation plays a

critical role in forced drying; the amount of air that flows through an insulation material is

dependent on the air permeability of the insulation material.

We have quantified the effectiveness of forced drying. Using the Chicago climate as

an example, we calculate that, for a sealed deck with any type of insulation material, each

cubic foot per minute of air flow removes 41 kg (91 ib) of water from May through

October and 11 kg (25 lb) of water from November through April. For an unsealed deck,

it turns out that for every 1 cfm of air flow from leaks, 36 kg (79 Ib) of water are removed

during May through October, and 13 kg (28 lb) of water are deposited from November

through April. Note that these accumulations can be locally concentrated. Finally, because

of the low air permeability of roofing insulations, we recognize that forcing even very

small flow rates may be economically prohibitive.

We offer suggestions on how to design a self-drying roof. From the exterior side

downward, the roof should include a membrane, an insulating board that is relatively

impermeable to water vapor, a wicking layer to disperse any liquid, an insulation board

that is relatively permeable to water vapor, a second wicking layer, and a vapor-permeable

deck. The methodology includes a procedure for determining if a vapor retarder is

required; if needed, it eliminates the use of a self-drying roof for that application.
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If the deck is very permeable (very low R_), then a layer of concentrated liquid should

almost never form at the bottom of the insulation as a result of downward vapor diffusion.

This speculation has been confirmed analytically,but it should be validated with full-scale

testing before this approach is put into general practice. Any localized leaks will be

dispersed by the wieking layer and allowed to diffuse into the building interior. The

absence of water accumulatingover the deck will significantly reduce the potential for

dripping and deck deterioration.

The total vapor diffusion resistance, R_, of the insulation layers has it optimum value

when the expected wintertime moisture accumulation is equal to the maximum allowable

accumulation. Installing less resistance than this would cause excessive moisture

accumulation duringwinter. Installingmore resistance than this would result in

unnecessarily long dqring times. This total vapor diffusion resistance should comprise a

high-resistance upper layer and a low-resistance bottom layer. The low-resistance bottom

layer is recommended to alleviate the possibility that water leaking into the roofing system

might become trapped between the two insulation layers. The high-vapor-resistance layer

provides the needed vapor resistance to control winter moisture uptake. The construction

of the self-drying roof system should not include any high-vapor-diffusion resistance layer,

such as asphalt used to adhere two layers of insulation material.

We list a simple methodology for designing self-drying low-slope roofs and the

necessary inputs for their design. The roof designer's job is to design a reliable roof system

having the maximum total thermal resistance, R r, that is economically justifiable, and the

optimum total vapor diffusion resistance, Rv, while maintaining the structural integrity and

fire resistance of the roofing system. We suggest a procedure for specifying the optimum

total Rv having four elements:

1. Calculate the expected wintertime moisture accumulation for a proposed design.

2. Compare the calculated accumulation with the "moisture limits".

3. If the moisture limits are exceeded, increase the vapor diffusion resistance of the

design. If the calculated accumulation is far less than the moisture limits, reduce the

vapor diffusion resistance of the design.

4. Finally, calculate the summertime drying. It should exceed winter accumulations in

nearly all continental U.S. climates. If drying does not exceed wetting, then self-drying
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roofs are not viable in the geographic region of interest and vapor retarders should be
considered.

To perform these calculations, the designer must know the average summertime vapor

pressure immediately below the membrane,P,,_,_Mr and the average wintertime

saturation pressure immediately below the membrane,p_,_,,.. These can be provided by

researchers, who can calculate typical values using computational tools. The vapor

pressure immediatelybelow the membrane depends strongly upon the local climate and

should therefore be calculated separately for each region of the country. The vapor

pressure also depends upon the membrane type and color (which can change with time),

which establish the radiativeheat transfer properties, and upon the total Rr value of the

roof. Ir summary, the designer will need a table pertaining to each geographic region that

presents p_,_,._.,., as a function of the membrane type and roof Rr. Another such table

should present P,,u,_,.,. In addition, moisture limits for roof insulation materials must be

set. These inputs dictate the maximum allowable amount of wintertime water
accumulation.

e*e
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1. INTRODUCTION

The service life of a roof ends when it is no longer capable of providing the desired

protection. This failure usually is due to excessive accumulation of water in portions of the

roof. The accumulation causes dripping,which ca, damage the building and its contents

and can be a nuisance to occupants. The accumulation also causes depreciation of building

assets through accelerated membrane failure and structural decay. Accumulated water also

tends to increase operating costs by degrading the efficiency of the thermal insulation.

To reduce these effects, it is necessary to prevent moisture accumulation in all

portions of the roof and reduce accumulation if it occurs. Moisture accumulation can be

reduced both by delaying the inflow of water into the roof assembly and by facilitating the

controlled outflow of water from the assembly. Historically, most roof systems and design

strategies for preventing moisture accumulation have focused on preventing the inflow of

water, for example, by improving the reliability of roofing membranes. This focus is

rational in the sense that, so long as water is prevented from entering, there is no need to

be concerned with controlling its outflow. Of course, many roofing membranes inevitably

leak because of deterioration and other causes. For this reason, our self-drying strategy for

preventing moisture accumulation incorporates economical and dependable ways to

facilitate the controlled outflow of water from the roof assembly.This strategyshculd be

considered by the roof designer.

In the early 1970s, Powell and Robinson at the National Institute of Standards and

Technology (formerly the National Bureau of Standards) conducted an exceptionally

comprehensive investigation of drying in roof assemblies [64]. They stated that "the most

pract.icai and economical solution to the problem of moisture in insulated flat-roof

constructions (is) to provide a design that would have in-service self-drying characteristics.

•.. If the roofing leaks and the construction possesses self-drying characteristics, all that

would seem necessary would be simple patching of the roofing, as compared to... costly

replacement of roofing and insulation." Furthermore, with a self-dryingconstruction, "the

insulating integrity of the roof construction could be maintained year-round," because

water from minor leaks would not accumulate. The economic argument is as clear today as

then. In Chapter 2, we use available data on current roofing practices to show that

significant energy savings would be realized if roofs in the United States were self-d_ing.

The capital that could be saved and the environmental benefits due to the longer service

life associated with self-drying roofs also are shown to be significant.
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Although excessive water may accumulate in portions of a roof, the owner may lack

sufficient funds to replace it. For this reason, there is a practical need for converting a

moisture-accumulating roof into a self-drying roof. First, the inflow of water must be

stopped, for example by repairing or recovering the membrane. Subsequently, many roofs

will eventually dry out [51]. After some preliminary physical concepts are discussed in

Chapter 3, the drying rate of currently installed roofs is examined in Chapter 4.

After verifying the structural integrity of the deck, one can exploit techniques that

facilitate the controlled outflow of moisture. In Chapter 5, we describe new and previously

reported methods to facilitate drying. While our interest is in inexpensive options, the

focus in Chapter 5 is not on cost but on the physical principles governing the operation of

each technology. Several retrofit schemes are shown to be ill conceived, while others

exploit sound physical principles and appear to warrant field testing and
commercialization.

In Chapter 6, we assess methods for constructing new self-drying roofs. The roof

assembly must allow invading moisture to leave the system within, say, a year.

Simultaneously, the assembly must prevent a harmful amount of water from entering the

assembly in the form of vapor. In Chapter 7, we argue that with a modest up-front

engineering effort, these two goals can be achieved following simple guidelines and using

existing, commonly installed materials. Because they will remain dry more consistently,

these simple designs should extend the service life of many roofs and improve their year-

round thermal efficiency.

Excellent summaries have already been written which discuss moisture issues in

insulated low-slope roof systems [70, 73, 75]. This report is unique for its focus on roof

drying technologies and assessment of their physical basis, using everyday language

whenever possible to characterize these processes. Whenever new ideas require a more

scientific discussion, a "Technical Note" is introduced in a way that does not interrupt the

normal flow of the text. Full literature reviews have been conducted and are presented

throughout the paper for each major topic.



2.ECONOMIC EFFECTS OF EX_IVE MOI_

Excessive accumulation of water in any portion of the roof not only increases

operating costs but also increases time-averaged construction costs. In this chapter, we

attempt to quantify these two effects. The calculations are qualitative because necessary

information is lacking. Although imprecise, the results demonstrate the cost-effectiveness

of self-drying roofs, and they are included for this reason.

Z10PHRATING COSTS

The goal of this section is to compare the heating and cooling costs associated with

existing roofs with those costs that would be associated with self-drying roofs. There are

four subsections. The first quantifies potential reductions in winter heating costs. The

second subsection describes physicallyhow vapor migrationwithin the roof assembly can

increase building cooling loads. The thirdquantifies potential reductions in air-

conditioning costs. The last briefly describes other types of operating costs that can be
associated with excessive roof moisture.

ZI.1 Heating Costs

In this section, we estimate the potential heating energy that could be conserved by

installing self-drying roofs, or by converting existing moisture trapping roofs into self-

drying roofs.

Thermal conductivity of wet insulation

To quantify the increase in heat conduction due to moisture contamination, it is first

necessary to learn how the thermal resistance value, Rr, varies as a function of moisture

concentration. Heat conduction in moist materials has been investigated by an impressive

list of authors, including, in English alone, references 7, 9, 10, 11, 15, 16, 17, 21, 22, 27, 29,

31, 32, 33, and 36. We have found Tobiasson's work [31, 32, 33] to be of practical use

because he and his coworkers test the most common products used in the United States

with consistent procedures.

The relationships between thermal conductivity and moisture concentration that have

been reported for any given type of insulation can differ significantly. The variations are

more pronounced for open-cell and fibrous insulations and are in part due to effects of

vapor that is diffusing from one region in the insulation to another while the testing is



conducted. This effect is acknowledged by nearly every author, and has been the subject

of many thorough investigations [7, 16, 18, 19, 20, 22, 27, 29]. Variations can also be due

to differences in where water is concentrated within the insulation as the testing is

conducted. To our knowledge, this effect has not been measured. In Appendix A, a theory

is developed for predicting how heat conduction will depend upon the time-averaged

moisture distribution. In Appendix B, we review a few simple examples that show the

effect can be very significant; we estimate that the water distribution can impact the heat

flux through wet insulation by as much as 25%.

Moisture concentrations in installed roofs

Quantifying the increase in heat conduction also requires that we learn the moisture i

concentrations present in installed roofs. To our knowledge, the only extensive survey on

this issue is by Anderson [1]. His results are based on 1,600 core samples. He does not

describe in detail the method for determining the coring location on each roof, nor how

the roofs were selected, so we cannot assess the statistical bias in his study.

A reviewer of this report expressed concern that these data greatly exaggerate the

amount of water in roofs. We are probablyusing the data in a manner that is not

consistent with their intended use. We are assuming that the moisture distributions

presented in this survey are representative of the roofing inventory in the United States. It

is probablysafe to assume that a roof moisture survey company was not contracted to

survey new roofs. We did discover that the company had several contracts with large

commercial building owners to survey their entire building stock periodically. In summary,

it is likely that the referenced survey does overestimate the amount of water

contamination. However, we are unable to find another reference that contains this

information. Until better information becomes available, the referenced survey is the only

data in existence that supply the necessary information to estimate the economic impact of

water in roof systems.

Heat loss calculations

Anderson's results for perlite are shown at the top of Fig. 2.1. Conduction data [33]

are shown directly beneath them for the same moisture concentration range. We would

like to know the ratio k.t/k_ where k., a is the average conductivity of the wet insulation

board and k_ is the average conductivity of the dry insulation board. To estimate the

average k.,,/k_ for perlite roofs installed in the United States, we first multiply the
frequency of occurrence for each moisture concentration value shown at the top of



Fig. 2.1 by the correspondingvalue of k,/k,_ shown at the bottom of this figure. The

overall national average is obtained by summing the results from all of the concentration

values. We note that Anderson published full histograms like the one shown only for

perlite and for polyurethane. We have assumed that the perlite distribution, based on

percent by volume, applies to all fiber-based insulations, and that the polyurethane results,

based on percent by volume, apply to the closed-cell insulations.

Table 2.1 shows the average k_/k,_ for each insulation type. If a building owner

knows the insulation type for a particular roof but lacks concentration data, then the third

column in Table 2.1 can be regardedas an estimate of the excess heat loss through the
roof.

Table 2.1 also shows the fractional rate of use for each insulation type for the period

1983-88 [4] and 1992 [5]. Reference [5] does not include a listing for wood fiber; the

amount shown in Table 2.1 accurately reflects the reference but introduces an uncertainty

in the analyses. When we multiply k,_ for each insulation by its fractional rate of use and

sum the results for all insulations, we obtain a national average k,_ for all roofs installed

in the United States: For roofs installed during 1983-88, overall k_ = 0.036 W/re. °C

(0.25 Btu.in/h.ft2.°F); for roofs installed during 1992, overall kd,y = 0.032 W/m.°C

(0.22 Btu.in/h.ft2.°F). When we multiply k,_ by k_,Jk_ and by the fractional rate of use
for each type of insulation, and sum the results for all insulations, we obtain a national

average k_,, for all roofs installed in the United States: For roofs installed during 1983-88,

overall k_ = 0.063 W/m.°C (0.44 Btu.in/h.ft2.°F); for roofs installed during 1992, overall

k_ - 0.053 W/m.°C (0.37 Btu.in/h.ft 2.oF). The ratio of the overall k,,t to k_ is a
measure of the fractional increase in heat conduction attributable to excessive moisture in

roofs for the entire United States: For roofs installed during 1983-88, overall k_/k_ =

17/5; for roofs installed during 1992, overall k_,/kd_ = 1.65. For example, if the initial RT-

value of roofing insulation installedduring 1983-88 was 1.4 m2.°C/W (8.0 h.ft2.°F/Btu),

then the effective Rrvalue today would be 0.8 m2.°C/W (4.6 h.ft 2.°F/Btu), on average.

This is a startling 43% degradation in Rr-value.
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Fig. 2.1. Thermal effects of moisture in perlite insulation installed in the United
States. (a) Distribution of moisture concentration derived from roof coring [1]; (b) thermal
conductivity as a function of moisture concentration for perlite [33].



Table 2.1. Average ratio of wet to dp/thermal conductivitykm_ay and relative rates
of use for em_ common insulation type. Values for k,_/kay were calculated as described

in the text. Where original National Roofing Contractors Association tables listed
"composite," "combination," or "other" types of insulation, those quantities

were reapportioned over the eight insulations shown

ka_ Fraction of total Fraction of total
Insula:ion (W/m. oC) k,,,_/k_ installed: 1983-88 [4] installed: 1992 [5]

Polyisocyanurate 0.021 1.14 0.28 0.49

Expanded 0.034 1.22 0.08 0.12
polystyrene

Extruded 0.029 1.27 0.08 0.06
polystyrene

Phenolic 0.016 1.30 0.00 0.03

Polyurethane 0.027 1.14 0.05 0.00

Wood fiber 0.058 1.76 0.18 0.00

Perlite 0.052 2.14 0.10 0.25

Glass fiber 0.036 2.35 0.22 0.07

Ill Ill I I I

Technical Note 2.1 Excess Conduction Heat Transfer Due to Roof Moisture

We first calculate the heating season heat flux through a typical roof assuming the

insulation conductivity to be [a,y = 0.036 W/re. °C (0.25 Btu.in/h.ft 2.°F). We have used

C. Rode's computer program to calculate the wintertime heat transfer through a 51-ram
m

(2-in.) insulated roof in Chicago [78]. We found that for a typical roof in Chicago, Qa,y -

14.6 W/m 2 (4.6 Btu/h.ft 2) when averaged over the period from November through April.

When a roof is dry, the following traditional formula is often used to calculate the

rate of heat loss:

(T2.1-1)
.

Equation (T2.1-1) can be quite accurate, if the conductivity is not too dependent

upon temperature, and if the averaging period is long. If the roof is wet, it is convenient

to suppose



AX

where Ta,o, and T,,,,,a,,_,,,are the same as in Eq. (T2.1-1). Equations of the form (T2.1-2)

are valid for wet systems under certain rather restrictive conditions that have been

analyzed in Appendix A. We shall assume it is valid foL"now. Note that it is commonly

observed that moisture has only a minor effect on the time averaged temperature.

Dividing Eq. (T2.1-2) by Eq. (T2.1-1), we find

['_,b,]

Applying (T2.1-3) to the "dry" numerical results, and using k,,/k_ given in Table 2.1,
yields

Q_ = 14.6 W/m 2 x 1.75 = 25.5 W/me (8.1 Btu/h.fte).

The excess heat loss due to moisture contamination is therefore

Q_ - Q_ = 25.5 W/m 2 - 14.6 W/me = 10.9 W/me (8.1 Btu/h.fte).

Heating costs

In Technical Note 2.1, the calculations show that from November to April, the

seasonal heat transfer through a 51-mm (2-in.) thick insulated roof in Chicago that is

attributable to excessive water is on the order of 10.9 W/me × 180 days x 24 h/day x

3.6 kJ/W.h = 170,000 kJ/m2 (15,400 Btu/fte).

Assume

15,400 Btu/ft2 average excess annual heat loss,

138,000 Btu/gal heat of combustion for heating oil,

0.7 overall heating system efficiency,

$1.00/gal heating oil cost, and

15-year actual service life.



The annual heating cost savings will be

15,400 Btu/ft2/year . 138,000 Btu/gal + 0.7 x $1.00/gal = $0.16/ft2/year($1.72/m2/year).

The approximate present worth of savings over the life of the roof will be, assuming

escalation rates equal to discount rates (simple payback),

$0.16/ft2/year x 15 year = $2.40/ft2 ($25.80/m2).

If the roof is found to be wet, then excess annual energy costs do not justify the

increase in amortized construction cost (- $8/ft2 + 15 year -- $0.53/ft2/yearor

$5.75/m2/year)that would be incurred from replacing an otherwise serviceable roof. On

the other hand, at the time of reroofing, installinga self-dryingroof is economical based

on energy savings alone so long as it adds less than $2.40/ft2 or $25.80/m2 in construction

costs. In Chapter 4, we describe self-dryingroof designs that cost far less than this, or at

the limit, cost no more than a roof system that traps moisture.

2.1.2 Physical Description of Heat Transfer by Vapor Diffusion

Consider the heat transfer that occurs when a boiling pot sits on an electric stove.

Heat flows from the electric grid through the pot into the water, but the water

temperature does not increase! This means that heat is not accumulating in the water; the

heat that is conducted into the pot of water must be balanced by energy that is being

transferred out of the pot of water. It is the vapor risingfrom the pot that transfers this

thermal energy. Water vapor has much "latent energy" in every unit of mass (equal to the

amount of heat it took to vaporize it). For each pound of steam that flows past the rim of

the pot, about 1,000 Btu flows past the rim. Vapor transport is another form of heat

transfer--just like conduction.

Next, consider any absorbing material that contains some water but has remained in

an unchanging thermal environment for a period of time. A microscope would reveal tiny

amounts of water clinging to filament and pore surfaces throughout the material. Now,

suppose the temperature in one portion of the material is suddenly increased. Porous

materials respond to such temperature changes in a special way. The total amount of

water and water vapor within the heated region does not change immediately.What does

occur immediately is that some fraction of the water is converted into vapor. This process

is only slightly more complicated than the boiling that occurs in a pot. As in the pot

example, liquid inside an absorbing material is converted to vapor when heat is added.

J
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When a small region of the absorbing material is heated and some liquid is converted

to vapor, there is suddenly an excess of vapor in that region. The water molecules want to

spread out by moving away from the heated region to regions of lower vapor

concentration, and they do. Unlike in the case of the boiling pot, the water molecules are

not entrained by any moving air; the air inside the porous material is stationary, but the

water molecules move anyway.The movement of water molecules through stationary air

(and stationarysolids) is called diffusion. As stated above, this vapor transport is a form of

heat transfer but is not driven by temperaturedifferences directly. Instead, concentration

differences cause vapor to flow. We measure the concentration of water molecules using

vapor pressure.

m i i i i i

_g Principle 2.1: Heat Transfer by Vapor Diffusion

When one region of a porous material is heated, liquid is converted to vapor
within that region and the water vapor molecules become concentrated. We say that
there is a highvapor pressure in the region.The molecules diffuse to regions where
the vapor pressure is low. This movement of vapor is a form of heat transferbecause
the latent heat accompanying the vapor is transported to the regions of low
concentration.

• ill ii, , ii i i i i i .....

Langlais et al. have conducted laboratorystudies of vapor diffusion through high-

density fibrous glass boards [21]. When the temperature at the surface of the boards was

abruptly increased, the heat flowing from the hot to the cold side of the moist boards

would leap to four times the dry insulation value. The effect was due to water evaporating

from the heated side and diffusing to the colder side, carryinglatent heat with it. Hedlin

studied glass fiber boards outdoors and measured significant heat transfer by vapor

diffusion even at low concentrations (0-1% by volume) [13, 14]. Others have made related

observations [7, 16, 18, 19, 20, 22, 27, 29].

2.123 Summer Air Conditioning Loads from Vapor Diffusion

In many roofs, at the dawn of each summer day, there is moisture distributed

throughout the insulation. As the day proceeds, the roofing membrane warms up, and so

does the insulation material directly beneath the membrane. Vapor is formed in this layer

and immediately starts to diffuse downward.This is a form of heat transfer into the

building; if the vapor enters the building and must be removed to control humidity to an

acceptable level, a latent load is placed on the air conditioning. If the vapor condenses at

10



a surface below the insulation and transfers the energy released during condensation into

the building, a sensible load results.

Heat transferby vapor diffusion in fibrous glass insulation has been studied

numerically by Pedersen (now Rode) and Courville [79]. Using Rode's finite-difference

code [78], they calculated the conduction heat transferand vapor diffusion heat transfer

on an bout-by-hour basis for four different U.S. cities. We have repeated their calculations

with glass fiber and have extended the study to include polyisocyanurate (PIR), expanded

polystyrene (EPS), perlite, and wood fiberboard. We examine the hour-by-hour heat

transfer in roofs containing 51 mm (2 in.) of these insulations, with a built-up roof (BUR)

membrane above and an impermeable deck below. We considered two different initial

levels of moisture content. The "dry" case assumes an initial moisture content equal to

what would be stored in the insulation if it were placed in an 80% relative humidity (rh)

environment for a long time. We _hose this condition to demonstrate that roofs need not

leak to exhibit vapor diffusion effects. The "wet" case is 1% by volume. We chose 1%

because it is small enough that the impact of the water on the wet Rrvalue is small (see

Subsect. 2.1.1), and the diffusion effects at this concentration have been shown to be

significant [14, 79].

Figure 2.2 shows the averagesummertime values for the daily maximumheat flux for

Seattle (representing the western U.S. climate), Chicago (representing the midwestern

climate), and Knoxville (representing the southern climate). The averages are obtained by

adding together the peak heat flux values recorded for each individualday during June,

July, _nd August and then dividing this sum by the number of days. These averages

provide representative values for calculating the surplus in peak electrical demand that the

electric utilities in these cities are required to produce to meet air conditioning loads. We

note that on nearly every day, the peak in roof heat flux occurs between 1:00 and 4:00

P.M.,when electricity demands are high.

Clearly, vapor diffusion has the greatest impact on heat flux for wet glass fiber

insulation, as depicted in Fig. 2.2. This fact is mainly due to the very low resistance to

vapor migration in glass fiber; its vapor resistance is roughly half that of wood fiberboard

and perlite and is two orders of magnitude less than that of EPS and PIR. Glass fiber,

which starts out at 80% rh (its "dry"value), exhibits almost no vapor diffusion effect. The

reason is that at relative humidities below approximately 98%, glass fiber stores very little

water. With so little "moisture capacity," once a small amount of vapor diffuses away from
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a heated region, the high vapor pressure in the region that was responsible for driving the

diffusion cannot be sustained, and the diffusion rate falls off quickly.

Perlite andwood fiberboard are hygroscopic materials. This means that, when the

surroundingdry air has an rh = 80%, the insulation material holds a relatively large

amount of moisture. In perlite, this amount is almost equal to 1% by volume (our wet

condition). In Fig. 2.2, we see that the vapor diffusion (or latent heat) transfer in the dry

board (rh - 80%) is almost as great as for the wet case (1% by volume). Wood fiberboard

is even more hygroscopic than perlite. In Fig. 2.2, the latent heat transfer for the dry case

(rh - 80%) actually exceeds wet condition (1% by volume).

Finally, EPS and PIR are not hygroscopic. As with glass fiber, the moisture content at

1% by volume (wet) greatly exceeds the moisture level at rh ---80% (dry). Unlike fibrous

glass, however, these closed-cell foams are highly impermeable to vapor diffusion. In

Fig. 2.2, almost no latent heat load is seen even for wet boards.

The economic consequences of heat transfer by vapor diffusion are summarized in

Table 2.2. An average wet and dry heat flux has been calculated by weighting the heat flux

for each insulation type shown in Fig. 2.2 for three climates by the fractional rates of use

shown in Table 2.1. The difference between the wet and dry averages represents the

additional heat transfer through low-slope roofs attributable to water contained in roofs

that are not self-drying. Using an estimate of the regional roof area and multiplying by the

heat flux averages, we obtain the total rate of roof heat loss for each region. Multiplying

this rate by the estimated air conditioning efficiency, assuming that the air conditioning is

electric, provides an order-of-magnitude estimate for the excess daytime summer electrical

generating capacity required as a result of vapor diffusion heat transfer. In the western

United States, a summertime daily average of 500 MW is required in excess of what would

be needed if roofs were self-drying. A surplus of 800 MW is needed in the Midwest and
900 MW in the South.

Table 2.3 displays the one-time absolute maximum heat fluxes that occurred at some

moment during the 3-month summertime calculation period. These data are useful to

building owners in each region for assessing the demand charges incurred as a result of

moisture trapped in the roof. A sample calculation follows.
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Table2.2.Averagedailymaximum kilowattdemanddue tosummertimeheattransport

West .....Midwt..............so th
D'ry '" 1% Wet Diff Dry i% 'wet' Diff 'Dry 1% wet Diff

W lghtavrag " 12.0 i6. 4.0 13.6 i7.2' 3.6" i7.9'"21,3' 3.4
flux for all insulation
(WlmZy

Regionalroof 0.25 0.25 0.25 0.44 0.44 0.44 0.46 0.46 0.46
area(109mZ)t'

Regional 1500 2000 500 3000 3800 800 4100 000 900
demand(MW) c

llllllll

"DerivedfromthequantitiesdisplayedinFig.2.2,weightedby thefractionalinstallationrates
listedinTable2.1.

t,Assumes 1.5(I09)mz installedlow-sloperoofareaintheUnitedStates,dividedamong the
fourNationalRoofingContractorsAssociationmarketregionsinproportiontotheirarea.The
Northeasthasnotbeenincludedinthistable[5].

Assumesairconditioningsystemcoefficientofperformance= 2.0.

Assuming

3,700m 2 (40,000ft2)of roofinginChicago,

$30.00/kW-monthincrementalelectricdemand charge,

3 months ofcooling,

COP = 2.0,

10.6W/m 2coolingloadreductionfor51-mm (2-in.)dryperliteroofs(Table2.3),and

15-yearactualservicelife.

Annual demand costsavingswillbe

10.6 W/m 2 x 3,700 m2 x $30.00/Kw-month x 3 months + 2.0.= $1,760.

Approximate total savings over the life of the roof, assuming simple payback economics,
will be

$1,760/year + 40,000 ft2 x 15 year = $0.66/ft 2 or $7.10/m 2 .

Z I.4 Incre,ased Maintenance Requirements

Once water enters the roof, it interacts with roofing assembly components in a way

that often accelerates the degradation of the membrane. These effects are discussed by

Bushing et al. [37], Tobiasson [70], Baker [73], and references cited therein. We note that
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Table7..3.Summerpeakh_t flux(W/m_
I ii i i i i ] II iiiii I i i, i

Seat tle Chicago Knoxville
_t i i i iii.ii, i iii ii i

Dry 1% wet Dlff Dry 1% wet Diff Dry 1% wet Diff
i i ilfl iii ,., _ i ............

Glass fiber 10.9 48.6 37.7 15.1 50.3 35.2 22.6 53 30.4

Fiberboard 32.1 23.6 0 39 32.8 0 47.2 37 0

Expanded 14.8 20.2 5.4 21.7 27.2 5.5 23.8 32.8 9.0
polystyrene

Perlite 32.0 35.6 3.6 36.4 47.0 10.6 46.4 54 7.6

Polyisocyanurate 12.3 15.1 2.8 15.6 20.7 5.1 20.3 25. 4.7
i i i i I IJ

i I I iiii

the cost of annual repairs can become extremely expensive, and is known to have forced

the decision to reroof in many cases. Unfortunately, the literature does not provide the

hard data required to quantify the increased roof maintenance costs, or costs associated

with the need for premature reroofing resulting from moisture invasion.

2.2 TIME-AVERAGED CONSTRUCHON COS'IS

In the Introduction, we stated that uncontrollable dripping and the threat of

structural deterioration are caused by excessive accumulation of water in the roof. In many

cases, it is one of these concerns which motivates the building owner to reroof. It follows

that if these concerns could be reduced, then the service life of installed roofing materials

would be extended. The results would be that (1) the building owner would enjoy lower

annually averaged construction costs, and (2) the volume of construction waste generated

annually in the United States would diminish significantly.

This section covers three topics. In the first subsection, we review published research

concerning the processes that shorten service life. In the second subsection, the annual

cost of roofing in the United States is estimated as a function of service life and as a

function of tear-off and recover practices. In the third subsection, the volume of roofing

waste is estimated as a function of service life and as a function of tear-off and recover

practices.
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7.2.1 IssuesAffectingServiceLife

Dripping

Occupants'intoleranceof chronicdrippingis surelya majorfactor in manyreroofing
decisions.Despite this,no publishedresearchwas foundspecificallyon drippingin low-
slope roofs.Statisticalinformationregardingthe cost associatedwith interiordamagedue
to drippingroofswouldaid in identifyingthe full economic benefit of self.dryingroofs.

Deckswithvaporretardersarequite impermeableto watervapor(< < 5.7 ×
10-s g/Pa.s.m2or 1 Englishperm).Therefore,if a smallleak in the membraneis persistent
or regularlyoccurring,thenover time,significantwatercan buildup inside a roof system

that is not self-drying.Watercan travellaterally,especiallyalongthe surfacesof closed-
cell insulationboardsand throughrigidglass fiberboards,so eventuallythe water usually
findsa smallopeningthroughwhichto leak. Systemdesignmay also impactlateral
mobilityof water.Forexample,water leakinginto a mechanicallyattachedsingle-ply
systemwillbe moremobilethanin the samesingle-plysystemwitha fullyadhered
membrane.The leakis difficultto controlbecausethe source can be far from the dripand
thereforedifficultto find.Becauseof the buildupof water,the leak may not stop
immediatelyafterthe membraneis repaired.

This is one possiblescenariosuggestingthat chronic, uncontrolledleaks are more
likelyto occurif the materialmakingup the deck both is relativelyimpermeableand has

smallopenings.This conjectureis supportedbya NationalRoofingContractors
Association(NRCA) surveyof 41 problemlow-sloperoofs [2].A reported44% of the
roofshad metaldecks;yet of the roofsin which drippingwas reported,a disproportionate
75%had metaldecks.Althoughmetaldecksareconsideredto be permeable,they are in
fact a composite of highlyimpermeablemetal for a large percentageof their areaand
highlypermeableairspaces(e.g.,joints,burnholes) for the remainingarea.Structural
concretethat is pouredin place is also quiteimpermeable,but it has a smallerpercentage
of openingsdue to cracksandconsequentlya lowerrateof reporteddripping.

There areonly a few physicalprocessesthat lead to water buildupon the top surface
of the deck.This buildupis necessaryfor drippingto occur.In Chapter 6, we describehow

roofscan be designedto mitigate the processesleading to condensation on the deck and
preventwater leaks frommigratingto the deck throughcracksand openings in the

insulation.Our hypothesisis that these designscan virtuallyeliminate chronic,

uncontrollabledripping.
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Freeze-thawc_Uns anddehuninatlon

Laboratory test procedures reported in the literature have involved the submerging of

insulation samples for long periods before freeze-thaw cycling [40] or submerging the

sample with every cycle [38, 39]. These tests simulate the performance of insulation

materials in roofs containing copious amounts of water. Indeed, the reported tests were

intended to investigate the suitabilityof insulations used in road construction [40] and in

protected membrane roofs [38, 39]. Freeze-thaw damage in roof systems has been

discussed by others as well [41, 42, 43].

It is important to note that these researchers have used test procedures that lead to

moisture content levels of 50-90% by volume before the material finally breaks down. In

fact, those materialsthat are able to absorbsuch amounts fastest are seen to break down

first. We know of no reported freeze-thaw testing of absorptive insulations at moisture

content levels that are typicalof standardinstalled low-slope roofs (0-5% by volume) [I].

Experiments, which will be designed to test low-slope roofing materials and systems,

should use realistic moisture content levels. They should also independently control the

number of freeze-thaw cycles and the moisture content.

Metalcorrosion

The issue of fastener corrosion has been examined comprehensively by Rossiter et al.

[35; see references cited therein]. The issue of corrosion of steel decking used with

phenolic insulation is explained by Smith and Carlson [36]. General discussions on
corrosion found in references 35 and 36 are also informative.

The presence of water, or some electrolyte, is necessary for the corrosion of steel. In

' fact, the results of surveys show very strong correlations between fastener corrosion and

insulation that is reported to be wet [35]. No quantification of moisture content was

reported so that a more useful correlation could be developed. It appears qualitatively that

(1) most insulationsare hygroscopic materialsand therefore contain some water, and

(2) metal fasteners serve well in most installations. It follows that it is incorrect to think of

insulations and fasteners as either wet or dry. Rather, there exist a range of relatively safe

moisture concentrations, above which conspicuous corrosion occurs.
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Winter condensation from upwarddiffusion is, by itself, an improbable cause of

corrosion,t Condensation levels have been calculated using a finite difference program

[78]. The results are shown in Fig. 2.3. For a roof composed of a BUR membrane, 51 mm

(2 in.) of PIR insulation without facets, and a metal deck of average permeance (5.72 ×

10-s g/Pa.s.m2 or 1.0 English perms), the peak wintertime moisture content is seen to be

0.2% by volume. The assumed indoor conditions were 22°C (72°F) and rh of 40%, and

the Chicago climate was used as the outdoor conditions. These conditions do not

necessarily apply to all buildings; buildingswith higher interior levels of relative humidity

will have higher concentrations of water diffusing into the roof. For glass fiber insulation,

the peak concentration climbs to 0.4% by volume. Of all the roofs installed in the United

States during 1983-93, 89% have no vapor retarder [4] and are subject to concentrations

of -0.4%. Most of these roofs have at least one layer of insulation mechanically fastened

to a metal deck. We have already pointed out that metal fasteners serve well in most

installations. The conclusion is that temporary seasonal moisture concentrations of the

order of -0.4% from upwarddiffusion are not a primary cause of rapid corrosion of

metal fasteners.2 Moreover, Anderson's survey indicates that the median moisture

concentrations in installed roofs are of the order of 1-4% by volume [1]. Figure 2.3

suggests that upward vapor diffusion is not the primarysource for the observed
concentrations.

There is evidence that short periods of intense moisture contamination do not often

result in advanced corrosion. Lightweight insulating concrete decks are cast in place with

considerable mixing water. For some types of lightweight insulating concrete, the water is

retained for some time. Subsequent inspection of steel fasteners used in constructing the

systems reveals that the fasteners generally do not degrade significantly [51]. On the other

hand, if membrane leaks exist, which cause prolonged wetting of the fastener, then these

same fasteners may degrade. Typically, the portion of the fastener not in the deck

degrades, as the concrete provides some protection for the embedded portion of the
fastener.

Dependingupon the ambientconditionsand interiorrelativehumidity,condensation-induced
corrosionfor phenolicfoamcannotbe ruledout.

zFasteners,particularlythose producedwithin the past few years,have muchgreatercorrosion
resistancethan most decks.
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Fig. 2.3. Moisture concentration resulting from vapor diffusing through a typical metal
deck. The data were calculated using a finite-difference computer program [78] assuming
Chicagoweather.Indoor conditionswere 22°C (72°F), 40% rh. Seetext for construction
details.

, 22.2 Calculation of Annually Averaged Construction Costs

Annuallyaveragedconstructionand maintenancecostsare mainlya functionof the
servicelife andof the costof new roof andreroofconstruction.In the previous

subsection,severalproblemsrelatingto servicelife were discussed,but estimatingthe
increasedservicelife from data in the open literatureis not possible.Therefore,in this

subsectionwetreat servicelife asan independentvariable,whichpresumablycanbe

estimatedbysomemethod.

We shall consider the effect that recover practices have on the average cost of

reroofing. In 1992, recover comprised roughly 40% of the U.S. commercial reroofing
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market and tear-off comprised 60% (on a dollar basis) [5]. A total of $9.3 billion was

spent for reroofing (not including new construction). Recovered roofs are considerably

less expensive. If we assume, based on an informallimited survey, that replacement costs
are on the order of $9.00/ft2 and that recover costs are on the order of $4.00/ft2, then it

follows that ~ 60% of the reroofed area was recovered, and only -40% of the reroofed

area was torn off. If all roofs had been recovered, $6.3 billion would have been spent; if

all roofs had been torn off, $14.2 billion would have been spent. Reroofing practices (the

selection of tear-off or recover) determine average reroofing costs.

The safest reroofing option is to tear off. This reroofing option clearllyallows for a

more thorough evaluation of the deck integrity. Recover typicallyinvolve_ varyingamounts

of risk of premature failure [46, 4% 48, 51]. These risks are usually associated with the

possibilityof trapped water in the old insulation and with the structural integrityof the

deck and fasteners. Clearly, these risks are reduced for roofs that continually self-dry.

Thus, in addition to extending service life, self.drying roofs will reduce the average reroofing

and overall construction costs in the United States because they are so often safe to recover.

Equations (T2.2-4) and (T2.2-2) in Technical Note 2.2 describe the annual cost of

commercial roofing in the United States as a function of service life and of P,_o_,which is

the probability that an unrecovered roof will be recovered after it fails. Currently,P,,_ =

0.60 in the United States [5]. Equation (T2.2-4) in Technical Note 2.2 has been plotted in

Fig. 2.4. It is assumed that unit costs for each type of construction are the same for self-

drying roofs and currently installed roofs. These costs are as follows:

* 1.56(109) ft2 annual reroofing construction [5l,

• 0.54(109) ft2 annual new roofing construction [5],

• $4.00/ft2 recover cost,

• $5.00/ft2 new construction cost, and

• $9.00/ft2 replacement cost.

From Fig. 2.4, it appears that the greatest opportunity for reducing costs comes from

increasing the service life. For example, an increase from 15 to 20 years reduces annual

U.S. costs by roughly 21%. Increasing Pr_,_ from the current 0.60 to the theoretical

maximum of 1.00 produces only another 7% reduction. Self-drying roofs can reduce

building costs because both these cost savings, an increase in service life and a greater

opportunity to practice recover, can be obtained.

2O



ORNL-[TWG 93-1995

"'"',,., Precov
16 - ,,,, 0.0

"%..

". _- .......... 0.2

o ",,. ",,., 0.4
,u= -% %

_5 14 "- "'. ""................ 0.6
' "% %. ".., %'%

(/) , _ % -- "_..,_

.. -. •......... 0.8

0 " + " "- 1.0

LL 12 - "....... "

0
-- 10
<{

Z
Z
<:

8

I A I I [ I , I _ 1 i I I
16 18 20 22 24 26 28 30

AVERAGE SERVICE LIFE (years)

Fig. 2.4. Annual c_st of roofing in the United States as a function of service life and
recover pmctice_ P_o_ is the probability that a failed roof will receive a recover system if
it does not already have one. The data are calculated using Eq. (T2.2-4) in Technical Note
2.2. See text for assumed parameter values.

22.3 Waste Volume Generated from Roof Replacement

The volume of waste generated from roof tear-off before replacement can be

estimated using Eqs. (T2.3-1) and (T2.3-2) in Technical Note 2.3. The results are shown in

Fig. 2.5. The greater opportunity for reducing waste volume appears to lie in increasing

service life rather than improving the probability of recover. An increase from 15 to

20 years would decrease waste volume by 25%. Increasing Pr_,,_ from the current 0.60 to

the theoretical maximum 1.00 would produce only an 11% reduction.

II I

Technical Note 2.2: Total Annual Roof Construction Costs

Using several simple assumptions, we derive an expression that captures the

dependence of U.S. construction costs on (1) average reroofing costs, and (2) service life.

21



D_n/n/ng the Recover Rate."

Let P,_o_ denote the probabilitythat an unrecovered roof will be recovered after it

fails. The fraction of roofs that will not be recovered is P,_, - 1 - P,,_. Now, consider
all of the unrecovered roofs in the United States which require reroofing this year. Of

these roofs, P,,_, will be recovered. Jumping forward in time to the next period when the

same set of buildingsagain requires reroofing of some sort, what fraction of the original

set of roofs will be recover roofs after the second reroofing? Because many building codes

do not allow more than a single roof recover (no more than two roofs), the roofs being

recovered must be chosen from roofs that were torn off the time before; the fraction

receiving recover roofs this time is P,_._ × P,_, All other roofs in the set will be torn
off to satisfy the building code requirements. Generalizing to n cycles, it follows that

On the n _ reroofing: F,_o_(n) = F_,(n-1) x P,_ (T2.2-I)

F,,_(n) - I. F,.o_fn)

where F,,_(n) is the fraction of the roofs that will have recover roofs installed during the

nth reroofing. F,_o_(n) is the recover rate, and F,_p_ is the replacement rate. Eq. (T2.2-I)
defines a sequence F,_o_(n)where n is an integer. It can be shown that the sequence

F,,_(n) converges to the following limit:

P
F_o_ -- _ for n-.®. (T2.2-2)

I + P,_o,

Eq. (T2.2-2) describe_;the average recover rate after a long time for a single set of roofs

starting at a certain time. What we are really interested in knowing is the fraction of

recovered roofs at anygiven time in the near future, including roofs that were reroofed at

all different times in the past. Statistically, these two averages are the same only if the

reroofing process is assumed to be ergodic. Assuming that the ergodic hypothesis is true is

basic to statistical reasoning but not easily proved. For the sake of arriving at an

approximate formula,we shall assume the process is ergodic.

If F_,co_from Eq. (T2.2-2) is taken as a representative value for the overall recover

rate, F,_._, we can write down an approximate expression for the annual roofing

construction costs. Let C,,_o_and C,_ and C,,,._denote the per-square-foot cost of

recover, replacement, and new buildingconstruction, respectively. Let N,_ and Nn,_
denote the numberof square feet of reroofing construction, and of new building

construction, respectively. Then,
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Cost= NN,,./ IF,zoo,C,,_ + Frw_.C,q,z_]+ N__C__. (T2.2-3)

Sen_ Life E#ecU:

If the average service life of installed roofs were twice as long, then the annually

averaged cost of reroofing would be half the current value. That is, average reroofing costs

in the United States are inversely proportional to the average service life. We simply

modify Eq. (T2.2-3) as follows:

Cost= N,,,oo/[F,,,C, + F,,I_ac,C__] [I__La]+ N,,_C__' (T2.2-4)

where SLo is the average service life and the current average is presumed to be 15 years.

Eq. (T2.2-4) therefore allows us to estimate the impact that the longer service life of self-

drying roofs will have on average U.S. roofing costs, as well as the effect of increasing

P,,_o_because self-dryingroofs will usuallybc safe to recover.

illlilI I I I ......... I IIIII I I

I I I

Technical Note2.3: WasteVolume C,eneratedfromTear-Off

Using the assumptions presented in Technical Note 2.2, we derive an expression for

the volume of waste generated whenever a roof is replaced. We express the volume as a

function of (1) fraction of roofs recovered, (2) service life, and (3) average assembly
thickness.

Recall from Technical Note 2.2 the following definitions. F_o_ is the fraction of the

total reroofing area that is recovered in any period. F_.,, is the fraction of the total

reroofing area that is replaced. N_o_ofdenotes the area (in square feet) that is currently

reroofed annually. SLo is the average serv/ce life for replaced roofs, recovered roofs, and
new construction.

s

The annual waste volume generated from teacing off unserviceable roofs is

proportional to the total area of roofs that are being replaced that year. In the current
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market, Volume _ F,nt_ × N,,,_ If construction practices are changed so that the
average service life, 5Lo, is extended, then total reroofing area per year should vary as

SL, -1. Finally, an informal survey of industry sources estimates that after the material is

removed from the roof, the waste occupies twice its installed volume. The waste volume is

also proportional to the average thickness of the roofs being replaced. Thus

Waste Volume- 15
SLo IN,era/ F,_,] [2 Ax.], (T2.3-I)

where, in addition, the current average service life is presumed to be 15 years and ax_ is

the average thickness of the roof system. We assume no tear-off waste is generated from

recover work or from new buildings under construction, although some waste is generated
in each case.

Average Th/c.kne.u

Let _v I denote the average thickness of installed roofs that have not been recovered.

This is perhaps - 51 mm (2.0 in.) if we include the insulation and membrane. Let _x2

denote the average total thickness of installed roofs that are recovered. This is perhaps

-67 mm (2 sis in.). The average thickness of roofs that are torn off and replaced is

Ax_w = . (T2.3-2)
Fm_sce

From Technical Note 2.2 the following definitions are repeated

P,_o_ (T2.3-3)Frecov -
1+P,,,co,

and

1 (T2.3-4)
Fre_,_ze = I - F_c_ = I + P "

vecov

II[ l l[ [IIHI[
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3. VERTICAL DISTRIBUTION OF WATER WI'HIIN THE INSUIATION

This brief chapter serves as preparation for the remainderof the report. It presents

details on where water is expected to be found within the insulation as the year

progresses. This knowledge is necessary to understandhow existing roofs dry (Chapter 4)

and how new along techniques (Chapter 5) and new designs (Chapter 6) can help

increase the drying rate. For example, if all the water moves to the bottom of the

insulation during the summer, then this type of "verticaldistribution" will strongly

influence the summer downward drying rate.

How does the distribution of water vary in practice? Field studies that monitor the

distributionof moisture are rarely reported in the literature. A notable exception is the

work of Hedlin [10-14]. Hedlin installed glass fiber, phenolic foam, and extruded

polystyrene in the roof of outdoor test facilities in Saskatoon, Saskatchewan, on the

Canadian prairies. In that climate, the temperature on the top of the insulation is

consistently colder than the bottom temperature during the winter. In summer, these

temperatures are comparable, and solar effects cause the direction of heat and moisture

flow to reverse diurnally.

The movement of moisture within Hedlin's facility is depicted in Fig. 3.1. The three

solid curves represent the percentage of the temperature difference across the bottom 1/4

(curve above Bottom Quarter 4), bottom 1/2 (curve above Quarter 3), and bottom 3/4

(curve above Quarter 2) of the insulation material. The dotted lines represent the

indoor/outdoor temperature difference, AT. For fibrous glass (Fig. 3.1a), summer (day

200) starts with slightly smaller temperature differentials near the bottom. This means that

there is more water in the bottom, where the wet insulation readilyconducts heat and

cannot support a temperature differential. As winter arrives, the water moves to the top

layers, where the temperature differentials become very small. This cycle repeats. A similar

cycle occurs for the phenolic (Fig. 3.1b). Phenolic has a vapor permeance that is one order

of magnitude smaller than that of glass fiber, and different sorption properties as well.

These differences cause the water to stay near the top for a longer period than in the

glass fiber. Finally, the extruded polystyrene exhibits only subtle variations in water

distribution over time (Fig. 3.1c). Some water does migrate to the top in winter, but with

less influence on the temperature differential, and the migration appears to lag behind the

temperature history. In the summer, water leaves the top quarter but only gets as far as

the adjacent upper-middle quarter, where the temperature differential finally becomes

small in late summer. The bottom quarter is always quite dry. Note that extruded
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polystyrene has a permeance that is one order of magnitude smaller than that of phenolic

and two orders of magnitudesmaller than that of fibrous glass.

To learn more about how roof moisture migrates in the field, we have used a finite

difference program for combined heat and moisture transport [78]. The model is validated

with regardto predicting temperature and moisture distributions [45]. The moisture

distributions for Chicago, Seattle and Miami are shown in Fig. 3.2. The simulated roofs

consist of a BUR membrane, 51 mm (2 in.) of insulation and an impermeable deck (to

prevent any water loss from the roof system). The roofs contain 5% by volume of water.

Figure 3.2a shows the water movement for a fibrous glass roof in Chicago. The

movements are qualitatively the same as those observed by Hedlin for a fibrous glass roof

in Saskatoon. The change from daily averaged upwardheat flow in winter to average

downward heat flow in summer causes a rapid migration of water toward the bottom of

the insulation. Figure 3.2b shows a PIR roof, also in Chicago. PIR has moisture transfer

properties somewhat similar to those of the extruded polystyrene used by Hedlin in

Saskatoon. As concluded from Hedlin's in-situ measurements of temperature, the bottom

portion of the PIR is usuallyquite dry.The water migration into the top is slow and

exhibits a time lag relative to the fibrous glass system. Figure 3.2c shows that a PIR roof

in Seattle exhibits almost no moisture redistributionin the summer, primarilybecause of

the reduced direct solar heating due to the overcast conditions prevalent in Seattle.

Finally, we note that for the Gulf climate of Miami, the water never leaves the bottom

layer duringa typical year (Fig. 3.2d).

Generalizations drawn from Hedlin's in-situ observations and numerical studies at

ORNL for roof systems with impermeabledecks are highlighted in Drying Principle 3.1.
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Fig. 3.2. Moisture distn'bution as a function of time for various U.S. cities. Traces
show the annually repeating pattern, long after initial start-up effects have dissipated. The

roofs are sealed by a built-up roof membrane on top and an impermeable deck below. The
moisture concentration is 5% by volume. Time is measured from January 1 (week = 0) to

December 31 (week = 52).
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_ Princ/ple3.1:VerticalDistr/but/onof WaterwithImpermeableDecb

FibnmsImulatiom:

In highlypermeableinsulations,moisturewillquicklymigrateto the impermeable
surface having the coolest daily-averagedtemperature,where it becomes h/ghly
concentrated.Moisture is broadlydistributedonly when averageddaily top and
bottom temperaturesare comparable.

_-Cell Insulations:

I. In regionswith strongdaily-averageddownwardheat flux in the summerand
strongdaily-averagedupwardheat fluxin the winter,wateris mainlydistributed
amongthe middle layersyear around(more towardthe top in Chicago,with
strongerwinters;more towardthe bottomin Knoxville,withstrongersummers).
Some movementinto and out of the top and bottom layersoccurs,but peak
concentrationslag peak temperaturedifferentialsbecause of slowflowrates.

2. In seasonalclimates with small downwardheat flux in summer,most of the
moistureresidessteadilyin the top layer.A relativelysmallportionisdistributed
in the middlelayers(Seattle). In seasonalclimateswithsmallupwardheat flux
in winter,the pictureis inverted.

3. In climateswith constant heatingor constant coolingrcquiremenes,all of the
water ,-emainsfixed in a thin layer adjacent to the coolest low.permeance
surface,'Miami).



4. DOWNWARD DRYINO IN COMMON ROOF ASSEMBLIES

4.1 INTRODUCTION

Watervaporcanmove througheverytypeofcommercialdecking,includingwood,

metal(atsideandend lapsaswellasatpenetrations),structuralconcrete,lightweight

insulatingconcrete,gypsum,andcementwood fiberboard.The rateatwhichwatervapor

movesisa functionofthedecktype.The abilityofwatervaportomoveupwardthrough

thedeckintocompact,low-sloperoofassembliesiswellestablishedbyqualitativefield

observationsofroofsinverycoldclimatesandroofsoverhighhumidityinteriors[69].

PowellandRobinson[64]havemeasuredwettingfromupwarddiffusioninthelaboratory

undersimulatedoutdoorconditions.Moreover,itisuniversallyacknowledgedthat

installationofavaporretarderisrationalundercertaincircumstances.The solepurpose

oftheseretardersistoinhibitwatervapor,whichwouldotherwisemove upwardthrough

thedeck,frompenetratingtherestoftheroofassembly.

There is no construction feature of any deck that allows vapor to move more easily

up than down. In fact, it is very commonly observed in practice that water vapor is driven

downward out of excessively moist roof assemblies. Here we are referringto the case

where lightweight insulating concrete is poured onto permanent formboards or decking.

When the decks and formboards are reasonably permeable to vapor (permeance > 5.72 x

10-7 g/Pa.s.m_ or 10 English perms), then the free water contained in the concrete will dry

downward in a period of between one season and a few years [47, 48, 64]. This process is

seen in the drying data shown in Fig. 4.1. The data were obtained using actual field-

installed cellular insulating concrete roofs at the Universityin Lund, Sweden, over 4 years

[67]. The rate of downward drying has been analyzed numerically for the case of fibrous

glass insulation [45], and general schemes for estimating the drying rate have been offered

[51, 55, 68, 73]. Laboratory drying measurements with simulated outdoor conditions have

been reported [52, 64] and outdoor measurements have been reported [47, 48, 65, 66, 67].

4.2 _TING THE W_'I'i'II_OAND DRYING RATES DUE TO DIFFUSION

4.2.10eneral Formula

One way for water vapor to move through the deck is by diffusion. In Chapter 2, we

defined diffusion as the movement of water vapor molecules through stationaryair or
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Fi& 4.1. Drying by dcm'nwardvapor diffusion in poured imulating concrete slabs over
metal decking located outdoors in Lund, Sweden. Indoor temperature was maintained at
22"C (72"F) Source: Nevander [62]).

other stationary materials.Thismovementoccurswhenevertheair in oneregionof

insulationismore denselyconcentratedwithvapormoleculesthanthe air in a neighboring

region.We measurethedensityof vapormoleculesusing"vaporpressure."The rate of

watervapor diffusionbetweentwoPointsincreasesin proportionto thedifferencein

vapor pressure between the two points. The diffusion rate decreases when the resistance

to vapor diffusion increases. Mathematically,these effects can be expressed for the steady-
state case as3

= P,_m - P'-', (4.1)

3 Equation(4.1)isstrictlyvalidforsteady-statediffusiononly.To useEq. (4.1) fornon-steady-state
conditions,theRvvaluesmustbeessentiallyconstantandnosignificantnetaccumulationof moisture
canoccurin anyof the intermediarylayersduringtheaveragingperiod.Layerswithconcentrated
liquidare likelyto violateboththeseconditions.
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where • is the rate at whichwatermovesup into the roof assembly(kg/m2.sor

grainfft2.h),andR,, isthe resistanceto vaporflow(Pa.m2.s/kgor Reps) for eachmaterial

in the roof [72, 73].R, ,,, _x/p where_ is the thicknessof eachindividualcomponentin

the roof (metersor feet), and_ is thepermeabilityof the materialto watervapor

(k#Pa.m.s or perm.in.). If we knowthe time.averagedindoorvaporpressure,P,.,,a,,,,,and

we knowthe time-averagedvaporpressureat positionx within the roof,p,_ then we use
Eq. (4.1) to calculatethe time-averagedwettinganddryingrate,tk. Sincethe resistanceto

vapordiffusion,R,,,for eachof the intermediarylayerscanbe obtainedfromASHP,,4F_

Handbook' 1993Fundamentals[72;seealso70] andwe caneasilymeasureP,,._u,,,,,,finding

p,., somewherein theroof is the taskthatremains.

If the concentration and temperature are known, simple formulas exist for findingp,,_

Unfortunately, both temperatureand moisture concentration are hard to predict

accurately, became they are coupled together in a c._mplicatedway (see Appendix A). For

the present purpose of estimating the drying rate, rh, we can use the general description of

moisture distributiongiven in Chapter 3 (Figs. 3.1, 3.2) for estimating the moisture

concentration. For the temperature, we will rely on direct measurement of average

temperature. From them, we can then estimatePvx

In the followingsections,we differentiatebetweeninsulationsthat havehighandlow

watervapor permeances.When we refer to "fibrousinsulations,"thediscussionsare

applicableto all highlypermeableinsulations.We placerigidglassfiber,perlite,wood
fiberboard,wood,gypsum,and insulatingconcretein thiscategory."Closed-cell

insulations"applyto expandedandextrudedPolystyrene,PIR, phenolic,andcellularglass.
Althoughthespecificdiscussionsandmodelresultsapplyto the namedmaterial,the

discussionsandtrendspredictedbythe modelingqualitativelyrepresentthe categoryof
materials.

4.2.2 ]P'TorousInsulations:SeasonalClimates

Figure 4.2 depicts the wetting and drying process for the case of fibrous glass in a

seasonal climate. As shown in Fig. 4.2a and stated in Drying Principle 3.1, water will

become highly concentrated at the top of the insulation, directly below the membrane,

during the winter. During summer (Fig. 4.2b), water will become highly concentrated at

the bottom of the insulation directly above the deck. These facts, together with the

following Drying Principle, allow us to find a value forp,_, for each season.
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Fig.4.2. Wettinganddnyingof rigidb'bmusglassin a seasonalclimate.Arrows
representvapordiffusion.
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As water vapor diffuses into a region, the vapor pressure in the region
continually increases until it reaches the maximum pess_le value, known as the
"saturationvapor pressure",P,r As more water vapor enters the region, this egress
vapor all condenses to liquid, since the humidityof the air no longer can increase.
The saturation vapor pressure increases with increasing temperature. To show the
dependence on temperature, we write p_= p..(T).

i i i i ill rl i ii i i i ......................

During the summer, we know that just above the deck of a wet roof system, Pv,_ =

p_(T_s,), since the insulation is saturated at that location (Fig. 4.2b). Application of

Eq. (4.1) is now straightforward.During summer, the drying rate (thv) for fibrous

insulation roofs is given by

m, = p,_j..,- p.,(T_,_) (4.2)

where R_,b,is the vapor resistance of the boundary layer beneath the deck.

During the winter, we know that just below the membrane of a wet roof system,

PvM,_,-- -- p,,_(T_,,a_), since the insulation is saturated there (Fig. 4.2a). During winter,

the dryingor wetting is given by

m. = Pv_o,- Pmt(Tw'_m_ . (4.3)

4.7_3(3reed-Cell Insulations:Seasonal Climates

Closed-cell insulations h_:vehigh R_ values, so the seasonal redistribution of water

occurs slowly. Nevertheless, in many U.S. climates with both an air conditioning season

and a heating season, Eqs. (4.2) and (4.3) apply, respectively (see Fig. 3.2b for Chicago

with 5% water by volume). These remarksapply for roofs with excessive moisture

contamination, which is precisely the case of interest in this section on drying.
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42.4 Climat_ with Little Heating or Little Cooling R_iMremcnlz

In Miami, water resides just above the deck in a wet roof system year around,and

Eq. (4.2) can be used to estimate the drying rate throughout the year (see Fig. 3.2d for

Miami with 5% water by volume). We would expect this to be a reasonable assumption for

other regions with modest annual heating requirements.

In Seattle, overcast skies diminish radiative heating of the roofing membraneduring

summer (see Fig. 3.2c for Seattle with 5% water by volume). Moreover, summers are cool,

requiringvery little air conditioning. Here, Eq. (4.3) is applicableyear around for a wet

roof system,4 although for the case of fibrous insulation, calculations show that the

humidity level immediately below the membrane does fall below saturation brieflyduring
the summer.

Finally, we note that schemes for comparing winter wetting with summer drying [51,

55, 68, 73] often have assumed that both processes are controlled byp_._, - p_(T_,,).

This assumption may be valid in Canada, where cold temperatures might maintain water

directly beneath the membrane year around. In most U.S. climates, however, we have

shown that summertime drying is controlled byPv,_ao_,- p_(T_). The deck temperature

is mainly dependent upon the interior temperature and not the outdoor temperature.

Therefore, during summer for most U.S. climates, use of schemes with p_,,_,_ -

p_(T_,,) to predict vapor flow for wet roofs is invalid.

4.3 NUMERICAL RESULTS

Figure 4.3 shows the time required to dry a roof system with an initial water content

of 10% by volume. The analysis uses Rode's model [78]. The roof assemblies used for

these calculations consist of a BUR roof and 51 mm (2 in.) of unfaced rigid glass fiber,!

perlite, and PIR insulation boards. The decks have a vapor permeance of 1.0 (English)

perm (Rv = 1.7 x 10I° Pa.m2.s/kg), which approximates the characteristicsof metal decks

with side/end laps and penetrations. Indoor conditions were T = 21°C (70°1:) and rh =

49% for Chicago and Seattle, and T = 25°C (76°1=) and rh = 55% for Miami. An initial

4 Use of Eq. (4.3) for theSeattle climatewill underestimatethe dryingpotentialsince thereare
obviouslysome clear days when the membranesurface temperaturecan be elevatedby radiative
heating.

38



ORNL-DWG93-1983

8

GLASS FIBER

PERLITE

6 _ POLYISOCYANURATE

//_
V/A

i::: i/i yl/J

z I./!• Ill

KX> I I I

//_/x:x> //i

-
nxN
×x)

0 _ //i
It'/,

CHICAGO MIAMI SEATTLE

F'qg.4.3. Dung times for various tylms of insulation in three U.S. citic¢ Data were

calculated using a finite-difference computer program [78]. Initial moisture content was

10% by volume. Indoor conditions were 25°C (76°F) and 55% rh for Miami, and 21°C

(70°F) and 49% rh for Seattle and Chicago. Drying is defined as the reduction in water

content to the equilibrium water content at the interior conditions.See text for

construction details.

water content equal to 10% by volume was assumed,and it was placed entirely in the top

10 mm (0.38 in.) of insulation to simulate a leak. For these simulations, the drying time

was defined as the time necessary to reduce the water content of the different insulations

to their equilibrium water content for the interior conditions listed.

The numerical results suggestthat, in any given geographiclocation, the drying rate

appears to be almost independent of the insulation type. This can be better understood if

we refer to Eqs. (4.2) and (4.3). In Miami, (4.2) nearly alwaysapplies. If Td,,, is not too

sensitive to insulation type, then neither isp,,_(T,_ck).None of the other terms in Eq. (4.2)

39



has any dependence on insulation type; Eq. (4.2) therefore predicts very little dependence

on the insulation. This is consistent with the modeling results.

In Chicago, Eq. (4.2) applies duringsummer, so that just as in Miami, the summer

dryingrate is insensitive to insulation type. During winter in Chicago, the wetting rate is

nearly zero for all three insulations. Combining the seasons, the annually averaged drying

is insensitive to insulation. Once again, our simulations concur. In Seattle, Eq. (4.3)

pertains year around. The R_,m,_i_ term in Eq. (4.3) is important in the case of roofs

containing PIR. PIR insulation impacts the drying rate in Seattle, as seen in Fig. 4.3. Note

that if the insulation is a fibrous type, then R_,_o, < < R_,_. In this case and in

situations where Eq. (4.3) applies, the drying rate is only weakly affected by the insulation

type. Our simulationsshow that the dryingtime for PIR foam in Seattle is appreciably

longer than for the two fibrous insulations.

4.4 R_ VALUF_ FOR METAL DECKS

From Eqs. (4.2) and (4.3), we see that wetting and drying rates depend upon the

value of R_ for the deck. No controlled experiments for determining R_ for metal decks

have been published in the literature, despite the fact that the large majorityof decks are

metal [4]. R_ values for other deck types are available [c.f., ASHRAE (72)].

Using some detective work, we can deduce a rough estimate of the R_ value for metal

decks by studying survey results published for lightweight insulating concrete that was

installed over metal decks. Starting in the 1960s, lightweight insulating concrete was

frequently placed over a light-gauge corrugated metal support, as shown in Fig. 4.4. These

metal forms did not have any slots or perforations. Funk [47, 48] took cores from a large

number of lightweight concrete decks of this type. As part of the research, roof areas that

were far from any known leaks were examined. The samples were made up only of roofs

with impermeable built-up membranes. It is therefore reasonable to assume that all

recorded weight loss is due to vapor diffusing through overlapping joints and holes in the
deck.

Funk states that "it was not unusual to find 50-90 percent of the original water still

in the deck 5 to 8 years after the building was constructed." [48]. As representative

quantities, let us assume that 30% of the original water evaporated after 6.5 years.

Assuming a typical thickness (76 mm or 3 in.) and typical mixing practices [47], roughly
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Fig. 4.4. Typical construction for poured lightweight insulating concrete over metal
decHng. In the early 1980s, perforated metal decking was recommended for this
application (not shown).

26 kg/m2 (5.4 ibm/ft2) of free water was present initially following construction. The drying
rate that results is

th = 5.4 Ibm/ft2 x 0.30 + 6.5 years = 0.25 lbm/ft2/yearor 1.2 kg/m_/year.

Several investigators have confirmed that, in seasonal climates, water migrates to the top

of lightweight insulation in winter and to the bottom in summer [47, 48, 63]. Suppose that

Eq. (4.3) applies for the colder half of the year and Eq. (4.2) for the warmer half.

Assume

T=_o, = 21oC (70OF), indoor rh = 35%, and T,,,,,,,b,=,= 12oC (54°F) during winter,

and

T=_,, = 23°C (73"F), indoor rh = 60%, and Tad = 25°C (77°F) during summer.

Obtaining saturation pressures from the psychrometric tables [72] or from steam tables:

P,,.i,,ao,,,= P,_(Ti,,,_o,) x 0.35 = 0.87 x 103Pa (0.26 in. Hg) and

p,JT,,,,,,b,,,,,,) = 1.40 x 103Pa (0.41 in. Hg) in winter,

P,,.=a,,,,,= P,,_(Ti,,,_oo,)x 0.60 = 1.69 x 103 Pa (0.50 in. Hg) and

p,,,,(T,_¢D = 3.17 x 103 Pa (0.50 in. Hg) in summer.
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For lightweight insulating concrete, R_ - 0.25 x 10t° Pa.m2.s/kg or 0.14 Rep [70].

Inserting the appropriatevalues into Eq. (4.2) for the warmest half of the year and into

(4.3) for the coldest half of the year and summing, the total accumulations are

1.2 Kg/m2.yearor 0.25 Ibm/ft2/year.Thus, R_,a_ - 2.7 x 10I° Pa.m2.s/kg or 1.54 Rep. The

permeance is defined as the inverse of R_:R_-I - 37 x 10 -12 kg/Pa.m2.s or 0.64 (English)

perms. This result is of the same order of magnitude as results obtained by Sheahan in an

unpublished laboratoryexperiment [51]. The permeance of metal decks, the primary deck

type used today, appears to be approximately in the range of 37 to 58 x 10 -12 kg/Pa.m2.s

(0.64 to 1.0 perms).

4.5THE EFFECT OF RECOVER ON DRYING RATES

The decision whether to recover or tear off the existing roof involves several

extremely important factors, which are discussed in good papers by Fricklas [46],

Tobiasson [70], Sheahan [51], and Smith [54], among others. In this section, we shall

concern ourselves solely with the impact of recover upon the drying rate of the pre-

existing insulation, assuming the pre-existing membrane remains impermeable and protects

the recover insulation from becoming wet.

4.5.1 Qualitative Rmpome for Pre-existing Fibrous Insulation

The impact of recover on drying is easiest to understand for the case of fibrous

insulation [45]. Assuming that a layer of insulation is placed over the existing membrane

prior to recovering, the temperature near the..top of the pre-existing fibrous insulation is

significantly higher than the temperature near the deck during summer. Therefore, any

water trapped in the pre-existing insulation moves to the bottom and condenses just above

the deck, just as in the unrecovered case during summer (Sect. 4.2). As in the case without

recover, the drying rate is given by Eq. (4.2). Td,_, in Eq. (4.2) is slightly higher for the

unrecovered case, so that summertime drying rates are somewhat higher for the

unrecovered systems.

Figure 4.5 depicts how recover insulation affects moisture movement during winter

by qualitative comparison of the temperature distribution in the original and recovered

systems. During winter, in both systems, the temperature near the top of the pre-existing
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WINTER

Fig. 4.5. Effect of recover of fibrous insulation on wintertime temperature
distn'bution. The temperature at the top of wet pre-existing insulation determines the
wintertime vapor diffusion rate upward through the deck, for the case of relatively
permeable insulation. Recover insulation increases this temperature, thus slowing the
diffusion rate. Note that the original roof design does not include a vapor retarder.
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insulation falls below the temperature near the bottom, and water moves to the top. The

dryingrate is given by Eq. (4.3). However in the case of recover, Fig. 4.5 shows that

T,_,w in Eq. (4.3) is significantly higher for the unrecovered case. Equation (4.3) predicts

that the wintertime wetting rate due to water vapor migrating into the roof system from

the building (not leakage) will be less for the case of recover. In fact, if enough insulation

is added,p_(T_n,_) for the old membrane in Eq. (4.3) can become largerthan P_,t_,,

and dryingcan occur year around. To summarize, in seasonal climates, the annually

averaged drying rate should be faster for a recovered roof if sufficient insulation is added.

The amount of insulation to accelerate dryingwill varywith the climate.

4.5.2 NumericalResults

In Fig. 4.6, the results of hour-by-hour calculations are shown for several recover

systems. The initial moisture content and the indoor and outdoor conditions are the same

as in Fig. 4.3. The roof assemblies are also the same, except that a recover system has

been added. The recover system consists of 19 mm (0.75 in.) of perlite insulation (RT =

0.37 m2.°C/W or 2.1 h.ft2.*F/Btu) and a black ethylene propylene diene monomer

(EPDM) membrane. The vertical axis of Fig. 4.6 is the percentage change in drying time

due to adding the recover system.

Fibrom insulation

As predicted in the previous subsection, for Chicago's and Seattle's seasonal climates,

the drying time for the fibrous insulation is faster for the recover case. In Miami, the

drying time is determined solely by the temperature of the deck (Eq. 4.2). In the case of

recover, the deck temperature decreases slightly and the drying time is extended slightly.

CIosed-ceDinsulation

At the start of these calculations, all of the water is at the top of the pre-existing

closed-cell insulation. The recover system causes the top membrane temperature to be

cooler during the summer. Therefore, P,,_(Tm,,,a,,,,.)is reduced, reducing the vapor

pressure gradient that drives water downward. It turns out that a permeable deck of

5.7 x 10-s g/Pa.s.m2 or 1 (English) perm in combination with the high R_ of the closed-
cell insulations does not allow water to accumulate at the bottom of the insulation. This

/ssue will be examined carefully in Chapter 6. For now, note that the drying rate in this

case is controlled by [P,,d(T,,_,,b,,,,,,)- Pv._,,,_o,1in accordance with Eq. (4.3). This pressure
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Fig. 4.6. C'nangein drying time when recover insulation is installed. Data were
calculated using a finite-difference computer program [78]. Initialmoisture content and
boundary conditions are the same as for Fig. 4.3. Construction details are the same as in
Fig. 4.3 except for the addition of 19 mm (0.75 in.) of perlite recover insulation and a
black ethylene propylene diene monomer membrane. Note that there is a 0% change in
water content for perlite insulation in Seattle and that no vapor retarderwas included in
the original roof system design.
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differential is reduced by the recover layer, so drying takes longer. In Fig. 4.6, this effect is
observed in all three cities.

4.6 MECHANISMS FOR DRYING BY CONVEffHON

Another way for water vapor to move through the deck is by convection. This means

that as moist air flows through holes and joints in the deck, water vapor also moves

through the opening, in proportion with the humidity level of the air. Convection was not

included in the _ for the preceding calculation because, in the special case of poured

concrete, air cannot convect through openings in the metal deck. Sheahan's results [52],
which were referred to earlier,were also obtained under conditions where convection was

absent. However, Tobiasson [70] points out that in real, installed systems using insulation

boards, convection may be a significantvehicle for moisture transfer in compact, low-slope

roof assemblies, as water vapor passes through the spaces between insulation boards. On

the other hand, convection effects can be significantlyreduced by overlapping insulation

boards, using closed-cell insulations, using an airtight deck such as poured insulating

concrete, and installingvapor or air retarders.

Samuelson [65, 66] has performed extensive studies of metal decking at the University

in Lund, Sweden. For the particularassemblies that he studied, he found that in the

absence of a vapor/air retarder,convection caused by static pressure differences across the

deck is the primary mechanism for moisture transport through metal decking joints and

holes. We emphasize that this result is very dependent upon construction practices. The

air permeability of fibrous glass insulations used in Sweden is much higher than that of

insulation products commonly used in the United States. Static pressure differences that

drive the air through the deck may be strong for some buildings and absent in others.

Static pressure differences across any type of deck can be caused by wind patterns

around the outside of the buildingwhich cause a pressure difference between the inner

and outer envelope surfaces. Wind flow patterns induce static pressure variations over the

exterior surface. Over the interior surface of the building envelope, the pressure remains

relatively uniform, at least when air can flow freely from room to room. Wind can also

increase the internal pressure for some buildings, thus increasing the pressure differential

across the deck. In addition, exhaust/ventilation practices may induce a pressure

differential across the entire building envelope. Now, if the roofing membrane is flawless,

and if the membrane is rigid and sealed at each penetration, parapet and curb, then the

indoor/outdoor pressure drop will be across the membrane only; no pressure differential

will be induced across the deck. However, if the membrane was not sealed to the parapet
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wall during skirting,or if the membranehas separated over time at any location, then the

membrane will leak air and a part of the total pressure differential will occur across the

metal deck. A membrane that can balloon (i.e., an unreinforced mechanically attached

EPDM) is a good example of a membrane that is separated. Even with a sealed

membrane, air will flow through the metal deck openings. Note that it is precisely in the

corners of the roof where the greatest wind-inducednegative pressures occur. The high

negative pressures are limited to small areas of the roof; these loads are not transmitted
out into the field of the roof.

A second potential cause of air flowing into and out of the metal deck involves

adjacent rooms that are sealed from one another or that operate at different static

pressures. In many buildings,some interior wallsextend up to the bottom of the metal

deck. The indoor static pressure may change across such walls because of mechanical

ventilation practices,or perhaps wind action, where the pressure in rooms on the

windwardside is higher than on the leeward side. The air on the high-pressure side of the

wall will flow up into the metal deck flutes and along the flutes and exit on the low-

pressure side of the wall. If the flutes are parallel to the wall, the air may flow through

and around the insulation. In most instances, this phenomenon will equalize very rapidly.

Throughout this report, we ignore the effects of convection. This is primarilybecause

of the lack of published data that would enable us to quantify its effects. Further

consideration of convection effects is beyond the scope of this assessment.
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5. RETROFIT OPTIONS FOR DRYINO _TINO ROOI_

The retrofit options discussed in this chapter are grouped according to the physical

processes that they exploit. These are downwarddiffusion, downward diffusion with

bottom ventilation, upwarddiffusion, upward diffusion with top ventilation, and ventilation

the insulation layer itself. Only options that are already widespread, or that, in our

opinion, show commercial potential, have been included.

5.1 DOWNWARD DIFFUSION

5.1.1 Drfllinl Holm _ Lil_tweight InsulatingCoacrctc IBdorc Recover

In a period starting in the 1960s and ending in the 1980s, lightweight concrete was

most frequently placed over corrugated metal decks that had no openings for evaporation

except at the lap joints. The amount of free water left after construction was so great for

this type of insulation [48] that even after I0 years, most of it would remain in the roof,

contributing to membranedeterioration [47]. Funk outlined a corrective scheme for these

roofs that involves drilling holes from above all the way through the metal deck to

increase the downwardvapor diffusion rate [48].

The technique is shown in Fig. 5.1. The holes may be plugged from above to prevent

upwardmovement of moisture into the recover system. It is our understanding that this

procedure is currentlybeing implementedwith few adverse short-term secondary effects.

Exceptions are cases where two factors occur simultaneously:there is considerable water,

and the plugs used to fill the holes were omitted when using a recover system that would

warp or blister when wetted. Long-termdrying effects have not been documented in the
literature.

5.1.2 Dn'HingHoles "l'nmughInsulationBoards and Deck Before Recover:. No Pre-

Existing Vapor Retarder

The following experiment was carried out at ORNL. Two different 1.2- by 1.8-m

(4- by 6-ft) roof specimens were inserted into a climate simulating chamber. One of the

panels, called the "real roof panel," was obtained by cutting a section out of an existing

25-year-old roof at the laboratory.It contained a narrow-flutedmetal deck including one

longitudinal lap joint, a bituminousvapor retarder, 13-mm (0.5-in.) dry glass fiber

insulation, and a 4-ply BUR membrane.The other panel, called the control panel, was
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F_,. 5.1_Drilling hok= throughlightweightimulatingconcreteto facilitatedoweward
dlnji_. (taken from Funk [48]). After drilling, the roof is recovered.Source:Funk [48].

constructedfrom a fiat sheetof 6-ram(0.25-in.) aluminumsheet,51-mm(2-in.) glassfiber

insulation,anda blackl.l-mm (45-mil) EPDM membrane.Both panelswere sealed

aroundthe perimeteraswell aspossiblewith caulkandsealantstripsto minimizeedge

leaks.Beforetheywere insertedinto the climatechamber,10% byvolumeof waterwas

addedto bothpanels.Insidethe climatechamber,the temperaturewasmaintainedat a

constant65"C (150°F) abovethe specimens,andat 26°C (78°F) and50% rh belowthe

panels.The panelswere fullysuspendedon sensitiveloadcellsfor continualgravimetric

monitoring.After baselinedryingrateswere obtained,33 holeswere drilled intothe metal
decksfrom below.The holeswere 13 mm (0.5 in.) in diameterandwere spaced

approximately240 mm (9 in.) on-center.

The resultsare shownin Fig. 5.2. To eliminatetheeffectsof uncontrolledleaks

aroundthe edgesof the relativelysmallpanels,thedryingratesfor the testpanelsbefore
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the drillingof holes were subtracted from the data before calculating the permeance. The

data shown in Fig. 5.2 therefore represent increases in permeance that are due mlely to

drillingthe holes. Note that the increases in permeance values are about the same for the

two specimens with 33 holes despite tile difference in insulation thickness, again indicating

the independence of summer drying from insulation permeance. Doubling _thenumber of

holes per unit area approximately doubles the permeance effect for the "real" roof

specimen.

The error barsshow variations in the results as the test progressed. The holes were

covered with aluminum tape and uncovered again to obtain several sets of steady drying

rates. The variation was not regular, implying that there was ample moisture in the systems

throughout the testing. The experimental scatter shows that the measurement of small

changes in mass is difficult to accomplish precisely.

If we extrapolate from the data in Fig. 5.2, we find that for 13-mm (l/2-in.) diameter

holes spaced 0.6 m (2 ft) apart (2.7 holes/m: or 0.25 hoies/ft2), the deck permeance should

increase by 0.14 (English) perms. Funk used this spacing in his work [48]. Assuming the

estimated permeance of 0.64 calculated previomly for metal decks with no holes

(Sect. 4.4), we see that drilling holes at this frequency will increase the permeance of

metal decks by roughly22% for glass fiber insulation. We expect similarresults for

lightweight insulating concrete.

Drilling through insulation boards poses at least three problems not present in the

case of lightweight concrete. First, if the insulation is compressible and wet, then water

may be displaced by the elastic compression of the insulation and flow out the holes into

the building as workers walk in the drilled area. The effect is similar to that of squeezing a

wet sponge. Since closed-cell insulation boards are not compressible, they should resist this

effect. The second potential problem is that open-cell insulations can hold large amounts

of water that will flow out of the insulation simply from the pull of gravity.Hedlin [50]

found that high-density mineral wool initiallywetted to 80% by volume will drain down to

30% by volume when sloped at 8%, and to 40% by volume when sloped at 2%, within 30

days. Over the first few days of his experiments, the initial drainage rate was extreme. If

glass fiber that contains more water than, say, 50% by volume is drilled, then one can

expect uncontrollable dripping for the first few days in accordance with Hedlin's results. In

fact, a similar process is seen nowadays when lightweight insulating concrete (an open-cell

material) is first poured over perforated metal decks [Sl, 52]. Finally, care should be taken

when drilling a coal tar membrane. If an insignificant amount of insulation is added with

the recover system, the coal tar could drip through the drilled holes and into the building.
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Fig. 5.2. Increase in pe_ resulting from perforating a metal deck imulated with
rigid fibrom glass insulation. "Control Sample" has 51-mm (2-in.) fibrous glass insulation;
"Real Roof Sample" has 13-mm (1/2-in.) fibrous glass insulation. Both samples have
approximately 1.9 m2 (20 ft2) of area. See text for test conditions.

5.1.3 Drilling Holes 'Ihrough Insulation Boards and Deck Before Recover:. Pm-F_.xisting

Vapor Retarder

If the interior is very humid, or if the climate is extremely cold, then the original roof

probably has, or should have, a vapor retarder. These are usually installed directly above

the deck or over a thin layer of insulation above the deck, followed by an additional

insulation layer. After reroofing, a vapor retarder will continue to be necessary. This need

is not incompatible with the drilling practice described previously. After holes are drilled

through the pre-existing membrane, insulatioll, vapor retarder, and deck, the pre-existing

membrane can be patched using appropriate methods. After the recover insulation and

new membrane are installed, the sealed pre-existing membrane constitutes a "sandwiched

vapor retarder." Sandwiched vapor retarders offer some advantages over those installed

directly above the deck [70]. If excessive wintertime wetting via diffusion from the building
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interior is feared, now that the deck is more permeable, enough recover insulation should

be added to ensure that the vapor retarder (old membrane) temperature will not fall

below the dew point temperature of the building interior under design winter

conditions [73].

5.2 DOWNWARD DIFFUSION WITH BOTTOM VENTILATION

Hole drilling is essentially a scheme for increasingthe surface area for vapor diffusion

between the wet insulation and the building interior.Ideally, one would like to expose the

entire surface of the insulation to the indoor air. This ideal can be approached by

ventilating the flutes of metal decks (between the metal deck and the bottom of the

insulation). This scheme also has the potential to reduce and possibly arrest drips that

might result from abrupt releases of water (e.g. from fast thawing) because it removes

water by rapid evaporation at precisely the location in the roof where water must

accumulate for dripping to occur (as long as the evaporation rate exceeds the

accumulation rate).

5.2.1 When Is Bottom Ventilation Viable7

Under certain circumstances, air recirculatingbetween the metal deck and the

building interior can cause accumulation--not drying--within the roof assembly. Such

circumstances are identified in this subsection and simple means for avoiding them are

described. Another potential concern about recirculating air is that, for some types of

roofing systems, undesirable contaminants (i.e., glass fibers) may be transported from

within the roofing system into the indoor environment.

An alternate scheme for bottom ventilation would be to use outdoor air. This option

has the advantage of little or no potential for moisture accumulation for a large portion of

the United States. The issue of moisture accumulation with outdoor air ventilation is fully

addressed in Sect. 5.4.2. Bottom ventilation with outdoor air imposes a considerable

energy burden, however, because unconditioned outdoor air directly contacts the

uninsulated top surface of the deck. This burden increases as the flow rate increases and

as the indoor-outdoor temperature differential increases. Furthermore, in cold climates,
this form of ventilation will cause condensation on the underside of decks if it occurs

during the winter, making it not a viable option unless it is undertaken only during
favorable conditions.
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A thirdoption consists of using indoor air as a ventilation source and exhausting the

air to the outdoors. It can be shown that this option imposes the greatest energy burden

of all options because of the volume of conditioned makeup air that is needed.

The following discussion assumes that the air used for ventilation is indoor

recycled air.

i i i I • ,ill . ii i _ i ill

Drying Principles $.1, 5.2, and 5.3

5.I: No wetting can occur if the dew point of the ventilatingair stream is below the
lowest temperatureof any roof materialexposed to the ventilation air.

5.2: Often'atnight, radiativecooling brings the outermembranetemperaturebelow the
dew point of any availableair stream (asevidenced by frost and dew). Contact
between ventilation air and materials close to the outer membrane may cause
wetting at this time.

5.3: The most energy-conserving method of bottom ventilation is to circulate air
between the roof assembly and the building interior, under the constraintsof
Principle5.1 and Principle5.2. For metal decks, air is to flow in the deck flutes
between the deck and the undersideof the insulation.

iii i i ii i ii iii i

Air-conditioning season

Drying Principle 5.1 is satisfied whenever the indoor dew point is below the

temperature of any portion of the roof. During daylight hours in the air conditioning

season, the deck is the coolest point in the roof, the indoor drybulb temperature is less

than the deck temperature, and the indoor dew point physically must be less than or equal

to indoor dry bulb. it follows that Principle 5.1 is automatically satisfied. A set of

circumstances can be contrived which violates this generalization, but if considered on a

seasonally averaged basis, it is virtually assured. The ventilation blower should be disabled

at night.

Heating season

If the climate is one where solar heating usually raises the membrane temperature

above the indoor drybulbtemperature during daylight hours in the heating season, then

the physical picture is identical to the air-conditioning season described above. In this
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climate, the roof may be ventilated year around during daylight hours. Again, the

ventilation blower should be disabled at night.

If solar heating does not usually raise the membrane temperature above the indoor

drybulbtemperature, then the membrane is usually the coldest point in the roof during

the day. Principle 5.1 requires that the membrane temperature exceed the indoor dew

point. The indoor dew point is typically 10°C (50°F) in winter [72]. Examination of the

U.S. Climatological Data indicates that there are large regions of the United States where

the daytime membrane temperature may not rise above 10°C (50°F) during at least a

portion of January-March. This is even true if typical membrane solar heating effects of

5-9°C (10-16°F) above winter ambient are considered. Bottom ventilation during such

periods should not be considered.

An effective way tO optimize wintertime ventilation practices is to control the

ventilation blower thermostaticallywith the membrane temperature. Operate the blower

whenever the membrane temperature is above the average indoor dew point. Measure the

indoor dew point directly to learn its average wintertime value.

5.2.2 Metal Deck Ventilation: No Pre-ExistingVapor Retarder

Figure 5.3 shows how metal deck flutes might be ventilated. The insulation is exposed

directly to the air traveling in the deck flutes, and moisture removal begins when

ventilation begins. It may not be necessary to ventilate each flute. This drying technique

can be used regardlessof whether other reroofing activities are planned. However, if the

membrane is leaking, it should be repaired before the ventilation begins.

5.2.3 Metal Deck Ventilation: Drilling Through a Pre-F.xistingVapor Retarder Before
Recover

If the insulation has an impermeable facer that faces downward, or if a vapor

retarder has been installed, these layers must be penetrated to allow vapor to move from

the insulation into the ventilation stream. During recover work, holes that are drilled from

above can be positioned over the flute. In this case, the drill does not need to penetrate the

metal deck, only the pre-existing membrane, insulation, and vapor retarder, as shown in

Fig. 5.4. If the metal deck is penetrated, the potential problems identified in Sect. 5.1.2

must be addressed.This activity is difficult and time-consuming, especially for narrow rib
decks.
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Figure 5.4 depicts how the metal deck flutes act as a duct system for bringing moving

air in contact with the opening of each hole. The control panel experiment, some results

of which are shown in Fig. 5.2, was continued and has demonstrated that the rate of

moisture transfer out of holes drilled through the deck can increase almost tenfold when

air is blowing across the openings of the holes. Figure 5.5 presents data from this

experiment, along with data already shown in Fig. 5.2 obtained with nominally still air. The

blowing data were obtained by positioning two portable fans 0.6-1.0 m (2-3 ft) outside the

perimeter of the 1.2 by 1.8 m (4 by 6 ft) test section. The fans blew air across the bottom

surface of the metal deck. We conjecture that, in addition to diffusion, disturbance of the

air layer below the deck caused water vapor to convect out of the holes.
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Fig. 5.5. Increase in apparent permeance caused by blowing air across openinp in the
metal deck. Data shown for no blowing were already presented in Fig. 5.2. No change
occurred in the experimental arrangement or boundary conditions for the case with
moving air.
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5.3 UPWARD DIFFUSION

When there is condensed liquid inside a wet roof assembly, the vapor pressure below

the top membrane is usuallyhigher than the vapor pressure of the outdoor air. It is

therefore reasonable to speculate that the process of upwardvapor diffusion alone may be

used to dry out a wet roof.

5.3.1 Exl_rimental Results

For vapor to diffuse from inside the roof to the outdoor air, a diffusion path is

required. Either edge vents or vents positioned directly over openings in the membrane

must be installed. The latter configuration has been examined experimentally both at

ORNL [64] and in well-controlled field experiments [44, 56]. A typical moisture relief vent

is shown schematically in Fig. 5.6. In one test panel, Baker and Hedlin wetted 51-mm

(2-in.) glass fiber insulation boards to 44% by volume [44]. A single vent allowed

0.605 kg/year (1.3 Ib/year)of water to escape. Tobiasson wetted 5 l-ram (2-in.) panels of

perlite and glass fiber to 66% by volume [56]. Annually, 1.3 kg (2.9 Ib) of water escaped

from the glass fiber panel, or twice the rate observed by Baker and Hcdlin.

5.3.2 Simplified Analysis

Tobiasson's experiments were conducted in New Hampshire, while Baker and

Hedlin's were in Saskatoon, Saskatchewan. Both regions have long, cold winters. Let us

assume that for very wet glass fiber insulation in cold climates, roughly 1 kg/year

(2.2 Ib/year) of water will leave one moisture relief vent. On a percentage by volume basis,

assuming

92.9 m2 (1000 ft2) of roof area per vent,

a 1000 kg/m3 (62.4 Ib/ft3) density of water,

a 51-mm (2-in.) insulation thickness, and

removal of 1 kg/year (2.2 Ib/year)of moisture per vent,

then the moisture removal rate on a percentage by volume basis is:

1 kg/year + 1000 kg/m3 + 92.9 m 2 + 0.051 m = 0.00021 /year = 0.021%/year.
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We believethat this quantityof waterremovalwouldnot be measurable,exceptby

extremelywell-controlledexperimentslike thosecitedin thisreportor thoseperformed at

ORNL andpresentedin Figs.4.3 and5.5.

II

Technical Note 5.1: Vapor Diffusion to the Outdoors Through Vents

The process by which water exits through a moisture relief vent can be thought of in

two parts: (1) migration of water to the base of the vent body and (2) removal of water

from within the vent body. To crudely estimate the moisture removal rate requires two

major assumptions about these processes. Regarding (1), we note that the vapor
concentration cannot exceed saturation. We shall assume that at the exposed insulation

surface beneath the vent, Pv = p,_(T,,,,,,,,b,,,,,,).This assumption may be quite good in very

wet roofs. Regarding (2), we consider only transport by vapor diffusion. Convection by

smalTeddies, which may be induced by wind circulating around the outside of the vent

casing, is ignored.

59



The vapor transfer rate up through the vent can now be evaluated using

m = _ (Psw._ - P,. ,as, e,) x time (T5.1-1)I

where m is mass transfer (kg or Ibm), ;t is the vapor permeability of air, A is the cross-

sectional area of the housing, and I is its length. Using a computer model, we have

evaluated the annually averagedpressure difference appearing in the parentheses in

Eq. (T5.1-1), LXP_,,,for Miami, Chicago, Seattle, and Concord, New Hampshire. The
model is one-dimensional and cannot model an opening in the membrane. We have simply

assumed a continuous membrane, and used the saturation pressure directly under the

membrane in place of p_,_ in Eq. (VS.1-1). Concord was included so that the
calculations can be directly compared with Tobiasson's measurements.

Assuming

= 1.74 x 10-1° kg/s.m.Pa (12 perm.in.),

A -- 5 × 10 -2 m2 (0.5 ft2),

I - 0.2 m (0.7 ft),

31.536 × 106 s/year,and

_P,_,,o,- Seattle, 930 Pa; Miami, 1900 Pa; Chicago, 1200 Pa; Concord, 920 Pa,
(Seattle, 0.28 in. Hg; Miami, 0.56 in. Hg; Chicago, 0.36 in. Hg; Concord,

0.27 in. Hg),

the annual vapor transferis

1.74 x 10-1° kg/s.m.Pa x 5 x 10 -2 m2 - 0.2 m x 31.536 x 106s/year x _P_,

= 1.3 kg/year (0.59 Ibm/year):Seattle,

= 2.6 kg/year (1.2 Ibm/year):Miami,

= 1.7 kg/year (0.77 Ibm/year):Chicago, and

- 1.3 kg/year (0.59 ibm/year): Concord.

I

The exact match with Tobiasson's measurements in New Hampshire is obviously

fortuitous. All that is claimed is that the prediction is of the same order of magnitude as

his experimental data. The assumption that the vapor pressure at the base of the vent

equalsp,,u(Tm_b,,,_) may be appropriate. Note that these results may be regarded as the

maximum transfer rate that is theoretically possible in the absence of convection.

II I I Ill I I
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In Technical Note 5.1 we predicted the rate of vapor transfer in a moisture relief vent

using several simplifyingassumptions. Perhaps the most significant assumption is that air

does not circulate inside the body of the vent. This may be reasonable, but it depends

upon how the vent is _ituated and its construction. The results obtained in Technical

Note 5.1 may be interpreted as the maximum possible transfer rate, in the absence of

convection. It is the maximumin the sense that the vapor pressure at the base of the vent

is as high as possible--the saturationvapor pressure at the membrane temperature. This is

probablyaccurate in cases where the insulation is extremely wet. In fact, calculations that

assume the same weather conditions as in Tobiasson's experiments, and which assume the

same degree of moisture contamination, yield evaporation rates similar to his

measurements. The conclusion based upon careful measurements in cold climates and on a

rough calculation of the maximumpossible drying potential in a variety of climates, is that

moisture relief vents alone are not an effective means of drying a wet roof.

Tobiasson noted that moisture relief vents only impacted a small area around the roof

vent [56]. This is consistent with Hedlin's observations that the driving forces for

horizontal water transferare extremely low[50].

5.4UPWARD DIFFUSION writ-1TOP VENTILATION

Installing vents is essentially a scheme for creating a small amount of surface area in

which vapor diffusion can occur between the wet insulation and the outdoor air. Ideally,

one would like to expose the entire top surface of the insulation to the outdoor air. This

ideal can be approached by installinga ventilation layer as a part of the recover system,

after perforating or removing the pre-existing membrane. The concept has been addressed

directlyby Jackson [60] and has been broadlystudied by Korsgaard [61]. In addition,

insights from several related fields of research can be applied directly to designing

ventilated recover systems. Low-slope roofs with ventilated spaces are often built, perhaps

most frequently in Europe. Tobiasson examined moisture issues that are related to these

designs very comprehensively [70, and references cited therein]. Hedlin measured the

dryingrates of insulations when outdoor air is allowed to flow over the insulation surface

as part of his research on protected membrane roofs [11].

5.4.1 Drying Effect of Top Ventilation

If the pre-existing membrane is removed or can be uniformly and densely perforated,

then under many climatic conditions, moisture will diffuse into the air stream from areas

of condensed liquid located anywhere in the roof. During the heating season, Tm.b,.e >
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T,_,oD> T_oo, wherethesetemperaturesare consideredon a dailyaveragedbasis.

T_,_oz_isalso thedew point temperatureof theventilationstreamwhereit entersthe
roof. It followsthat thesaturationvaporpressurejustbeneaththe membrane,

p_,(T._, is greaterthan thevapor pressureof the ventilationstream.Water nearthe

membranewill evaporateanddiffuseinto the stream.Sincethe temperatureeverywhere

elsein the roof isevenwarmerthanat the membrane,it followsthatp,_,at everylocation

withinthe roof isgreaterthanPvof theventilatingstream.Vapor will diffuseinto the
ventilationstreamfrom all pointsduringwinter.S

During summer, we usually think of moisture as being driven downward, not upward,

in the pre-existing roof. This is because the vapor pressure just under the membrane is

roughly equal to the saturation value (high temperature, high pressure) and the vapor

pressure just above the deck is also roughly equal to the saturation value (low

temperature, low pressure). Thus, vapor diffuses downward. If an outdoor air stream is

introduced, the picture changes. The vapor pressure of the outdoor air stream is less than

the saturation vapor pressure throughout the insulation, even the insulation near the cool

deck (except occasionallyin the Southeastasdiscussedlater). As a result,waterwill

evaporate and diffuse into the ventilation stream. Korsgaard has found that roofs with

high moisture content can be dried out in this way [6i]. The situation is shown

schematically in Fig. 5.7.

ii ii i ii i ii i i

[hying Principle 5.4: Top Ventilation

Concern for energy conservation requires that for top ventilation, we select the
outdoor air stream, under the constraints of Principles 5.1 and 5.2.

5.4.2 Controlling Ventilation

Outdoor air

Principle 5.4 can be quite constraining in warm moist climates, such as in the

southeastern United States. During much of the year, the outdoor drybulbtemperature,

T,u,.oDis higher than the deck temperature T,_k, which is the coldest temperature in the

roof. Under humid summer conditions, the outdoor dew point is nearly equal to T,u,.oD,

5 If the upperpart of the wetted insulation is frozen,vapor diffusionwill cease since ice is
relativelyimpermeable.
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Fig. 5.7. Re,c,cwe,t insulation with venting channels. When ventilated with outdoor air,
excessive water in any portion of the roof will diffuse toward the ventilation stream and be
removed.

and may therefore also be higher than T=,_,(23-27°C or 73-81°F). In this case,

Principle 5.1 would be violated by top ventilation. The vapor pressure of the ventilation

stream would exceed p,=_above the deck, and vapor would diffuse out of the stream

toward the deck. This is shown schematically in Fig. 5.8. Because moisture is accumulating

directly onto the deck, even a small amount may cause dripping unless a good vapor

retarder has been installed. The problem is obviously a serious one in warm, humid
climates such as in the Southeast.
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Fig. 5.8. Moisture diffmea out of the ventilation stream toward the cooler deck during
extremely humid outdoor conditiom.

The U.S. ClimatologicalData Book listsmonthly-averageddewpoint temperaturesfor

hundredsof U.S. cities.It showsthat in fail,winter,andspringin the Southeast,the

outdoordew pointwill be belowthedecktemperature,anddryingPrinciple5.1 will be

satisfied.This isalsotrueyeararoundin nearlyeveryother typeof climatein the

United States.For thesereasons,the practiceof ventilatingthe top with outdoor air could
havewide application.

Indoor air leakage into negative gauge pressure systems

Figure 5.9 demonstrates that the air flowing through the ventilation layer is not the

only stream to which we must apply Principle 5.4. It also must be applied to the air that

leaks through joints and other penetrations in the deck. If air is pulled through the

ventilation layer because a negative gauge pressure has been created at the outlet, relative

to the inside of the building, then this negative gauge pressure will force air leakage from

the building interior up into the roof. The leakage rate can be minimized by using a good

vapor retarder, certain deck types (i.e., lightweight insulating concrete), or double-layer

insulation boards [46, 61, 69].

Unfortunately, evena smallair flowcan resultin significantmoisturedeposits[61,70]

becauseconvectionisa veryeffectivemeansof moisturetransport.The vapor iscarried to

thecoldcondensingsurfacewithinthe roof;it no longerneedsto diffusethroughresistive

layersto get there.In addition,depositionfromleaksin a compactlyconstructeddeckwill
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Fig. 5.9. Indoor air leakage into ventilatedrecover systems operatedwith negative
gaugepressure.During winter, this indoor air streamcan come in contactwith surfaces
whosetemperaturesarebelowitsdew pointandresultin condensation.

be localized,not dispersed.Localizedconcentrationsarc moreconduciveto dripping.If

depositionoccurredin theventilatedrecoverlayeritself,thenthe moisturewouldlikelybe

sweptaway.However,depositioncan alsooccurin thepre-existingassemblyor in areas
withinthe recoversystemthat are starvedof ventilationair.

Summary of active top ventilation control

Ventilating recover systems that operate underpositive gauge pressure are safe and

effective for drying under all but the most humid conditions found in the United States.
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Ventilating recover systems that operate under negative gauge pressure are certain to

dry the roof only under the following conditions, which relate to/ndoor a/r effects.

1. Conditions described in Sect. 5.2.1 are satisfied. Thus, if solar heating usually raises

the membrane temperatureabove the indoor drybulb during daylight hours in the

heating season, then passively ventilate or operate a blower during the day. If this

condition is satisfied on a daily-averagedbasis, then passive ventilation

(nonmotorized) is safe, as is operating the blowers all day.

2. Solar heating does not usually raise the membrane temperature above the indoor dry

bulb. In this case, operate the blower only when the membrane temperature is above

the average indoor dew point. Measure the indoor dew point directly to learn its

average wintertime value. Passive ventilation is hazardous.

3. Decks are sealed against air leakage. Poured decks and systems that incorporate an

air retarder generally satisfy this condition.

5.4.3 Configuration

In positive gauge pressure systems, the blowers should be selected or throttled so that

the discharge pressure is a very small fraction of the pressure differential used in

determining the wind uplift resistance.6 Also, if the membrane is not adhered, its weight

plus the weight of any ballast must exceed the discharge pressure to prevent billowing.

The air must move laterally with as little resistance as possible, because for a given fan

discharge pressure, higher resistance results in smaller ventilation rates. It is expected that

open channels should provide the lowest possible resistance, although fibrous glass may

also prove useful. Channels might be cut or molded into closed-cell foam boards.

If parallel channels are used, the air that exits the blower must somehow be

distributed among the many channel entrances. In an extended region surrounding the fan

and bordering the channel entrances, air would have to flow away from the blower in a

widening, 2-dimensional pattern. It would be necessary to use either fibrous glass or foam

6 Fi,ctory MutualTest FM 4450/4470is a static test that requires the assembly to resist 60 psf
(1436 Pa, 0.208 psi, 5.77 in. HzO) for one minute to achieve1-60rating. The same is true for the
UnderwTiter'sLaboratoriestest UL1897. Dischargepressures 1/100ththese values should provide
ampleventilation rates.
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boards with crisscrossingchannels. Such boards are currently available, but their

performance has not been documented.

Another proposed means of distributingventilation air within the recover layer is to

lay a network of perforated tubes among the insulation boards. If the boards are not

fibrous glass, then the method seems to rely upon air flowing along a tortuous route of

interconnecting gaps between neighboring boards. These systems are commercially

available;again, we were unable to find information on their performance.

5..5 LATERAL CO_ON THROUGH PPdE-EXISTING RIGID FIBROUS

GLASS INSUI_TION: "FORCED DRYING"

5.5.1 Baciro_und

If the wet pre-existing insulation is fibrous glass, then it may be possible to achieve

some drying by forcing outdoor air to convect laterallythrough the insulation material

itself. This technique, often called "forced drying," will be less effective for other types of

insulation that are less permeable to air. As air flows in and around regions of condensed

liquid, some of the liquid will evaporate if the air is not already saturated. This liberated

vapor is then carried out of the roof, as shown schematically in Fig. 5.10. However, if a

base sheet or any other layer was fully mopped to the fibrous glass boards while the roof

was being assembled, the hot asphalt probably flowed into the joints between the

insulation boards, partially or fully isolating them from one another. Forced drying is

ineffective in that case [69].

Tobiasson, et al. have conducted controlled outdoor experiments with 51-mm (2-in.)

perlite and glass fiber insulated roof panels in New Hampshire [56]. Each panel received

two identical moisture relief vents (no fans)situated roughly 4 m (14 ft.) apart (a rather

close spacing for anything but experimental work). A moisture removal rate of 3.5 kg/year

(7.7 Ib/year) can be attributed to convection in the fibrous glass panel and a rate of

1.3 kg/year (2.9 Ib/year) attributed to convection in the perlite panel. Numerous authors

: have discussed the potential benefits of forced drying [44, 46, 60], but no other

quantitative results have been reported.

If the fibrous glass is wetted to 30% by volume or more, Hedlin's laboratory

experiments indicate that it may be possible to drain some fraction of this water from the

roof [50]. This can be done by locating the exhaust hole at the lowest point in the roof,

with the hole opening downward into the building interior. The drainage rate can be
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Hg. 5.10. Dr_ag insulation by forcing outdoor _r to flow directly through the
insulation material.

accelerated by using a blower [56]. Again, this procedure will not be successful if top
mopping has isolated the insulation boards from one another.

5.52 Sealed Decks: One Vent

If the deck is poured concrete, gypsum, or lightweight insulating concrete, air leakage

through the deck will be negligible. Good air retarders can also reduce air leakage to a

safe minimum. In either case, air can enter and leave the roof assembly only through the

top membrane or along the roof perimeter. In the case of a single installed vent, the

principle of mass conservation ensures that no ventilation can occur, regardless of whether

the vent is capable of inducing a negative gauge pressure within the roof. Also, the rate of

diffusion is unaffected by any sucking action that the vent imposes, because only extremely

small fractional changes in vapor pressure will result from the pressure changes imposed

by any fan or vent. The diffusion through a single vent was discussed in Sect. 5.3; we

concluded that the drying effect is too small to measure.

Roofing systems are currently being marketed which use strategically placed pressure

relief vents to maintain a negative or zero gauge pressure on the underside of the loose-

laid membrane to prevent wind uplift without using extra ballasting. The concept is valid.

However, several of these systems are being marketed with the promise that they also

promote moisture removal. In the case of a sealed deck, that claim is false, assuming that
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the vents are one-way and there is no ventilation layer. The case of unsealed decks is
discussed in Sect. 5.5.4.

5.5.3 Sealed Decks: Two Vents

Figure 5.10 depicts the movement of outdoor air in through an inlet vent or fan,

through the insulation, and back out through an exhaust vent or fan. This method of

ventilation could remove large amounts of moisture from the roof. If the roof is very wet,

it is likely that the air exiting the roof will be saturated (rh = 100%) at roughly the

outdoor temperature. Then, the drying rate is simply computed using [72]:

,h,-,h.w,(Too)- .Woo, (5.1)

where rhv is the mass of water vapor, _ha is the mass of dry air that enters and leaves the

roof, WoDis the humidityratio (mass water/mass dry air) of the outdoor air, and w,(To_) is

the saturation humidity ratio at the outdoor air temperature.

It is instructive to consider a specific example. The monthly averaged dew point and

drybulb temperatures have been obtained for Chicago from the U.S. Climatological Data

Book, and using these data, WoDand w,(ToD) were obtained from the psychrometricchart

[72]. For every cubic foot per minute of air flow, 41 kg (91 Ib) of water is removed from

May through October, and 11 kg (25 Ib) of water is removed from November through

April. If there is one vent every 90 m2 (1,000 ft2) and each pair of vents provides one inlet

and one outlet, then water will be removed each summer at a rate of 0.43% by volume

per cubic foot per minute of air, and 0.13% is removed each winter for every cubic foot

per minute of air. Because of the low air permeability of roofing insulation, even re.'3'

small flow rates may be difficult to obtain economically. The low air permeabiilitywill

require that significant pressures be overcome to obtain any type of air flow through the
insulation.

5.5.4 Unsealed Decks: One Vent Plus
i ,t

In an unsealed deck with leaks, interior air probably will leak into the unsealed roof.

If we assume that all the leaking air exits to the outdoors in the saturated state, then the

rate of drying/wetting from leaks is given by

,_ --,ho.,.(too) - ,_ow,o, (5.2)
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where tho is the mass of dry air that infiltrates from within the building, and w_ is the

humidity ratio of the indoor air. Assume that for wintertime indoor conditions, T_, -

_' °" _"°_ -"_ -I" - _'_- "-_ _.... " T_ (72 F),.l ,.. _,,,, •/.1.,, ,. - .,., _,,, o,,,_ L,,,summert:me indoor conditions, = 22°C °

and rh = 60%. Assuming a Chicago climate outdoors, for every cubic foot per minute of

air flow from leaks, 36 kg (79 lb) of water is removed during May through October, and

13 kg (28 lb) of water is deposited from November through April. On an annually

averaged basis, air leakage has a net dryingeffect of 23 kg (51 Ib) per cubic foot per

minute in Chicago. Note that the accumulations can be locally concentrated. For example,

if condensation from just one uncompensated cubic foot per meter of leakage is

concentrated in a 1.9-mz (20-ft2) area, then water will occupy 14.5% by volume in that

area. Such accumulations are often released suddenly, causing dripping. In climates where

the indoor dew point is usuallybelow the exterior membrane temperature duringwinter,

there is minimal danger of condensation.

5.5.5 Unsealed Decks: Two Vents Plus Leaks

In an unsealed deck with two vents plus leaks, two air streams from different sources

converge in the same insulation material. These are (1) the intended cross flow described

in Sect. 5.5.3 and (2) the indoor air leakage described in Sect. 5.5.4. If the volume flow

rate for leakage exceeds the flow rate for ventilation in any given area of the roof, the air

leakage can result in considerable moisture accumulation duringwinter. Otherwise, this

case yields the combination of effects described in Sects. 5.5.3 and 5.5.4.
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6. SELF-DRYING DESIGNS FOR NEW ROOFS

6.1 INTRODUCTION

This chapter describes a method for designing self-dryingroofs. Virtually all of the

concepts to be discussed originate from the work of Powell and Robinson [64], whose

experimental investigations at the National Institute of Standardsand Technology spanned

6 years and used 27 roof specimens for the purpose of understanding the factors which

influence the self-drying performance of insulated low-slope roofs. The goal of this

chapter is to show how easily and economically PoweUand Robinson's ideas can be

implemented using today's materials and modern computational methods. Many of

concepts introduced by Powell and Robinson are echoed by Griffin [82].

6.2 THE MODERN SELF-DRYING ROOF ASSEMBLY

Figure 6.1 shows one example of a self-drying roof assembly constructed with modern

materials. From the bottom up it consists of a metal deck that is perforated to make it

permeable to water vapor, a possible wicking layer of paper or polyester fabric that will

laterally disperse any liquid flow that reaches it, insulation board that is relatively

permeable to vapor (low R_ value) and possibly absorptive, a wicking layer, insulation

board that is relatively impermeable to vapor (high R,,value), and the membrane.7 The

role that the components play within the overall assembly, including the importance of

their positions within the assembly,will now be described in light of Powell and

Robinson's experimental results.

Omission of the vapor retarder or impermeable layers such as an asphalt mopping to

adhere two insulation layers together is a key to a self-drying roof. In situations where a

vapor retarder is deemed essential, self-drying roof principles are violated.

If the top insulation layeris a plasticfoam and the membraneis either a BUR or modified
bitumen,NRCABulletin9 recommendsthe usea coverboardto reducethe possibilityof blistering.
This is consistentwith a self-dryingroof, as long as the additionof the coverboarddoes not also
introduce an impermeablelayerinto the roofsystem.
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Fig. 6.1. Serf-dryingroof assembly. See text for explanation.
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6.2.1 Perforated Metal Deck

Drying g:,tu_

PoweU and Robinson found that roof specimens whose undersurfaces were moderately

vapor-permeable (>5.7 × 10-7 g/t'a.s.m2 or 10 English perms) would generally dry out

(reach equilibrium moisture content) duringsiw,ulated summer conditions, even after

initial moisture contents of 10% by volume. Their roof specimens included no vapor

retarder, no membranebetween the wet insulation and the deck, and no asphalt moppings

between layers of the roof specimen. Their results are consistent with the data shown in

Fig. 6.2, which were calculated using Rode's finite difference program [78]. The roof

assemblies used for these calculations comprised a BUR roof, 51 mm (2 in.) of unfaced

glass fiber, perlite, or PIR insulation boards, and a deck havingzero resistance to vapor

diffusion (R_ = 0). The choice of zero vapor resistance was meant to simulate the

behavior of perforated (slotted) metal decks currently available for acoustical applications

and for lightweight insulating concr_'_econstruction. An initial moisture concentration of

10% by volume overall was assumed, which was placed entirely in the top 10 mm (0.38 in.)

to simulate a leak into the roofing system. The closed cell insulation (PIR) required 2-3

years of simulated time to dry, while the permeable insulations (glass fiber and perlite)

required less than 0.5 year to dry in all three cities.

Compare these times with the drying times shown previously in Fig. 4.3 for the same

cities and constructions, but with different deck Rv values. The presence of a deck with a

permeance of 1 (English) perm doubles the drying time for 51 mm (2 in.) of PIR and

increases the drying time by an order of magnitude for the permeable insulations. The

data shown previously in Fig. 4.3 are consistent with Powell and Robinson's experimental

results for expanded shale concrete decks (permeance of 4.8 x 10-a g/Pa.s.m 2 or 0.84

English perms) and EPS-filled insulatingconcrete decks (permeance of 6.9 x

10-s g/Pa.s.m 2 or 1.2 English perms).

Drippint and deck corrosion

In order for dripping to occur, water must reside on the top surface of the deck. This

is also a precondition for corrosion of metal decks, dry rotting of wood decks, and

mechanical deterioration of other types of decks. Downward vapor diffusion is one

process that can lead to the presence of water on the top surface of the deck, if the deck

is relatively impermeable. This process is shown schematically in Fig. 6.3 by unfilled

arrows. During the cooling season, water that is trapped near the solar-heated roof
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Fig. 6.2. Drying times for roof systems incorporatingvery permeable decking. Data
were calculated using a finite-difference computer program [78]. Initial conditions,
boundary conditions, and assembly configurations are the same as for Fig. 4.3, except here
R_,,.,_, = 0.0. Again, the drying time is defined as the time required for the insulation
material to achieve an equilibrium moisture content.
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precondition for dripping.
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membrane will tend to vaporize and diffuse downward toward the cooler deck.

Conventional metal decks (as well as some other deck types) inhibit the vapor from

passing on into the building interior. The vapor pressure therefore continually builds up at

the bottom of the insulation, and a layerof condensation develops. The development of

this liquid layer has already been depicted in Fig. 3.2 for the case of an impermeable deck

with several C;ifferentinsulations. If that deck is replaced by one with a permeance of 5.7

x 10-s g/Pr,.s.m2 or 1.0 English perms, the oalculated moisture distributionslook virtually

the same as the data shown in Fig. 3.2, if the same moisture content is present at the start

of the year. Figure 3.2 shows that concentrated water accumulates on the deck for at least

part of the year in most U.S. climates when the insulation is wet.

If the metal deck is perforated so that it becomes highly permeable or if another type

of permeable deck is used, then vapor is not significantly impeded from passing into the

building interior. Speaking very crudely, the gaseous water molecules arrivingat the

bottom of the insulation during the cooling season respond to the low vapor pressures in

the building interior and continue to diffuse. They are impeded only by a relatively

permeable "boundary layer." In Technical Note 6.1 we present a more quantitative

evaluation of conditions immediately above the deck. We show that even in a worst-case

scenario, water vapor will not accumulate above a perforated deck duringthe summer

unless there is a major leak that saturates the assembly.

i . i i i

Drying Principle 6.1: Condensation Resulting from Downward Vapor Diffusion

If the deck is very permeable(very low P_),then a layerof concentratedliquid will
seldom form at the bottom of the insulationas a resultof downwardvapor diffusion.

j i i i i i i iii

By eliminating condensation resulting from downward diffusion and repairing major

leaks, dripping should be less frequent with permeable decks. This conjecture is supported

by an NRCA survey [2] of 41 problem low-slope roofs. In this study, 44% of the roofs had

metal decks, whereas of those reporting chronic dripping, a disproportionate 75% had

metal decks. Of course, other problems may have plagued these metal decks as well. Once

condensation resulting from downwarddiffusion is eliminated, metal deck corrosion should
also be reduced overall.
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Technical Note 6.1: Calculation of Vapor Pressure at the Deck

We consider steady-state conditions with the maximumconceivable diffusion rate.

This vapor flux intensity exceeds realistic transient situations and may be considered a

worst case. If the calculated vapor pressure at the bottom of the insulation is less than

p_(T_,), then we know that condensation at the deck is avoided. The governing

equation is

(p.(T_ - P._u_,,' P..t_,. - P,,,a_,, (T6.1-1)
- '

where we have used the fact that for steady-state, the mass flux across any horizontal

plane is the same. Rv,u is the vapor diffusion resistance of the boundarylayer of air along

the bottom of the deck. Solving forPv,boa_,

p,_ * P"tfT"_-P"_"" x _ + Pv,la_r, (T6.1-2)

Through similar arguments, we have for the steady-state temperature at the bottom of the
insulation:

• <T61-3)

Examining Eq. (T6.1-2) we see that the maximum P_._,no,,,occurs when the membrane

temperature is high and the vapor resistance of the insulation is low.

Assuming

Rv,bi = 5.1 x 107 Pa.m2 .s/kg (0.22 Rap) [72, 76],

R_ = 4.5 x 10s kg/Pa.m2.s (2.5 x 10 -2 Rep) for 0.051-m (2-in.) glass fiber [72],

RT = 0.134 m2. °C/W (0.76 h ft2 °F/Btu) for the boundary layer [72],

RT = 1.55 m 2' °C/W (8.77 h'ft 2"°F/Btu) for 0.051-m (2-in.) glass fiber [72],

T/,,,_, = 23°C (73°F), and

T,,,,,,b,,_, = 60°C (140 °F).
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According to Eq. (T6.1-3), the temperature at the bottom of the insulation is 26.3 °C

(79.4°F). According to the steam tables, the vapor pressures are

P_(T,,,,,,b,w) = 25.0 kPa (7.4 in. Hg),

Pv._ = 0.60 x 2.81 kPa = 1.7 kPa (0.50 in. Hg), and

p_(T_,,,) = 3.40 kPa (1.0 in. Hg).

From Eq, (T6.1-2), pv,boa. = 1.96 kPa (0.58 in. Hg). Since this is less than p_(T_,,,,)

-- 3.40 kPa (1.0 in. Hg), no condensation occurs for these conditions.

I I IlllllII I II I IIIlll Ill II I I llIRllIll Ill I Ill

'l'nermal performance

The self-dryingroof system requires that the roof assembly be free of impermeable

layers and surfacings.This requirement will prohibit the use of asphalt to fully adhere the

individuallayers of the roof system together, and mechanical fastening will be required.

The use of mechanical fasteners will degrade the thermal performance of the rooCby

introducing thermal bridges through the insulation. However, the self-drying design will

keep the insulation material significantlydrier, enhancing the system's thermal

performance.

6.2.2 Low R,, and ,AbsorptiveLower Insulation Layer

The optimum total Rv of the assembly for a particular climate is defined in the next

section. In most cases, the optimum can be achieved by combining two different types of

insulation boards. Powell and Robinson configured several of their specimens for the

specific purpose of learning how best to arrange different insulation types. They advise, "If

more than one material is used, locate the materialof lowest permeance [highest R_,]just

under the roofing [membrane]." This has the advantage that if either insulation layer

becomes wet, the moisture is readilytransferred to the building interior. On the other

hand, if a relatively impermeable layer lies just below the permeable layer, then large

amounts of moisture can be trapped above this layer for a very long time. As Fig. 6.2

indicates, the use of high Rv insulations alone can also greatly extend the drying time in
seasonal climates.
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Absorption

PoweU and Robinson note that "it appears advantageous to provide [at least one

material with] some moisture absorption capacity to prevent inundation of the occupied

space should the membrane leak duringa hard rain storm. Also, some moisture absorption

capacity appears advantageous to retain the much smaller quantity of vapor transferred

and condensed during winter." [64]

Regardless of how it was introduced, water residing beneath the membrane may flow,

under the influence of gravity, along some route within the roof assembly, eventually

arrivingat the deck. This is shown schematically in Fig. 6.3 by the dark arrows. If there is

absolutely no absorptive component in the roof assembly, then even the sudden thawing

of very small wintertime accumulationsmay cause dripping. If this flow is absorbed by the

lower insulation layer and dispersed, then it will quickly dry downward through this

permeable layer, thus preventing dripping.

6.23 WickingLayer

Some buildings may require greater insurance against dripping than that afforded by

the absorptive bottom insulation layer alone. In that case, a highly permeable wicking layer

can be sandwiched between insulation layers. Sheets of light polyester fabric, cotton, or

fiberglass are very efficient wicking layers in roofing applications [64, 68]. Blotting paper

should also be effective. If wicking sheets are overlapped when laid, then any liquid stream

will be intercepted and widely dispersed. Alternatively, consumers could demand new

insulation racers that have wicking capability. Whether wicking material is installed as a

racer or as a separate sheet, water will disperse and subsequently dry by evaporation

through the permeable bottom insulation layer. If the liquid flow driven by gravity is so

intense that dripping continues despite the dispersal action of a wicking sheet, there is a

massive membrane leak in need of immediate repair.

Powell and Robinson examined the effect of adding a cotton "scrim" to the top and

bottom surface of a poured lightweight concrete slab. They observed a slight decrease in

the dryingrate. They conjectured that because the water is more locally concentrated

without the wicking action of the scrim, the vapor pressure drive for drying was greater
than with the scrim.
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6.2.4 High P_ Upper Insulation Layer

PoweU and Robinson configured several of their specimens for the specific purpose of

determining the most desirable material properties of insulations in a self-drying roof.

From their experimental results, they advise not using an insulation with high water vapor

permeance by itself. This advice stems from their observation that large quantities of vapor

can diffuse upward from the building interior during winter if the entire assembly is made

of low-resistance components. They assume the use of a very permeable deck (deck

permeance in excess of 5.7 x 10-7 g/Pa.s.m2 or 10 English perms). Although the moisture

dried back out during the simulated summer conditions in every specimen, Powell and

Robinson judged that the maximum accumulation needed to be limited. A high Rv

insulation layer provides this function. As stated in Sect. 6.2.2, the higher Rv layer should

be positioned above the more permeable layer. Usually there is no need to install a high

Rv layer in climates where there is no heating season and therefore no winter
condensation.
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7. REQUIRED RESEARCH AND DEVELOPMENT

In 1971, Powell and Robinson concluded that it was necessary to rely upon laboratory

and field experiments to determine the suitability of any self-drying roof assembly. They

believed that, at that time, the theoretical basis for understanding combined heat and mass

transfer processes was not developed sufficiently and that, therefore, quantitative analytical

tools such as computer programscould not be developed. The 1989 NRCA Roofing and

Waterproofing Manual [77] currently echoes Powell and Robinson's conclusion about self-

dryingroof assemblies, stating that "conditions should be established by lab tests" alone.

Lack of confidence in the theory of combined heat and moisture transfer, and in the

availabilityof computer programs to implement it is no longer warranted. The theory is

more or less complete [24, 76]. Many computer programs that are available worldwide are

capable of analyzing heat and moisture movement in low-slope roofs. Organized efforts to

validate many of these programs are well under way [76]. Some of these programs are in

the public domain or are licensed for sale, while more closely guarded programs are

owned by institutions that are often anxious to work with others. Hour-by-hour weather

data are available in digital format from numerous weather stations. In short, it is now

possible to calculate the heat and moisture movement within any roof assembly located

anywhere in the United States, given the material properties of the roofing components

where sufficient weather data is available. These databases of material properties are now

expanding.

In this chapter, we present one possible way of using these computer programs, in

conjunction with limited experimental research, to develop a simple methodology for

designing self-drying roofs.

7.1 REQUIRF_D RESEARCH

7.1.1 Seasonally Averaged Vapor Pressures

As part of the methodology that we are suggesting, the roof specifier (architect, etc.)

is required to know the average summertime saturation vapor pressure immediately below

the membrane, p,,_,_,,,,,,_,,sand the average wintertime saturation pressure immediately

below the membrane, P,,_.,,,i,,,,,..These should be provided by researchers, who can calculate

SSincea self-dryingroof will not allow watervapor to condense at the deck during summer,we
use P,,,.,,,,,,,,_,insteadof P,a,._ckto compute summer drying.
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typical values using the computational tools described above for a range of building

interior conditions. The vapor pressure immediately below the membrane depends strongly

upon the local climate and should therefore be calculated separately for each region of

the country. It also depends upon the membrane type and color (subject to change over

time), which establish the radiative heat transfer properties, and upon the total Rr value

of the roof. In summary, the specifier will need a table pertaining to one geographic

region that presents Ps,_._,,m,,as a function of the membrane type and roof Rr. Another

such table should present Ps.,,.,,int,_.

7.1.2 Moisture Limits

Condren [58] has suggested that the most rational approach to specifying the amount

of vapor resistance to be installed in a roof assembly begins with identifying the maximum

allowable winter accumulation, or "moisture limit." We agree with Condren. Moisture

limits may be dependent upon the type of insulation, the type of membrane, and the

technology used for fastening the membrane. These choices affect the degradation in

thermal resistance due to moisture and the potential for structural damage from freeze-

thaw action, delamination, metal corrosion, and decay of organic fibers (see Sect. 2.2).
With all this in mind, researchers must establish a set of moisture limits with a reasonable

safety factor by means of well-controlled experiments.

Several researchers have recommended moisture limits in the past [32, 58, 64].

Recommendations range from 1.5 to 5.0% by volume, based on 51 mm (2 in.) of

insulation. The median moisture content of currently installed roofs has been observed to

be about 1.5% by volume for polyurethane foam, and 4.4% for perlite [1]. The large

majority of these installed roofs function adequately throughout most of their service life

[69]. Note that Fig. 2.3 suggests that these moisture contamination levels are probably not

due primarily to upward vapor diffusion from the building interior. Other potential sources

include trapped construction moisture, membrane leaks, and convection of indoor air

within the roof assembly. Regardless of the source, the self-drying roof should allow the

moisture to promptly dry downward (see Fig. 6.2), resulting in a lower median moisture

content than that observed in currently installed roofs.

7.2 SUGGESTED ROOF DESIGN PROCEDURE

The designer's job is to design a reliable roof system which has the maximum total Rr

that is economically justifiable and the optimum total Rv value. The optimum total R_ is

defined in the following principle.
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Drying Principle 7.1: Optimum total R,

The total vapor diffusion resistance, I_, is at its optimumvalue when the
expectedwintertime moisture accumulationis equalto the maximumallowable
accumulationwith a reasonable factorof safety. Installingless resistancethanthis
optimumvalue would cause excessive moistureaccumulationduringthe winter;
installingmore resistancethanthis would result in unnecessarilylong dryingtimes.

i ii , i i i ii i ii ill i i i ii ..................

Note that the optimum Rv is not determined by economic considerations. This is

because in most cases, the incremental increase in cost for the design modifications

described in Sect. 6.2 appears to be insignificant compared with the total savings accrued

from drying out the roof. Recall from Sect. 2.2 that in Chicago, heating savings alone

justify roughly a $0.16/ft2 per year increase in construction costs. This is in addition to

electrical demand savings in summer (see Fig. 2.2 and Table 2.3) and reductions in

amortized construction costs associated with the presumed longer service life of self-drying

roofs (Fig. 2.4).

We suggest a four-step procedure for specifying the optimum total Rv:

1. Calculate the expected wintertime moisture accumulation for a proposed design.

2. Compare the calculated accumulation with the "moisture limits."

I

3. If the moisture limits are exceeded, increase the vapor diffusion resistance of the

design. If the calculated accumulation is far less than the moisture limits, then reduce

the vapor diffusion resistance of the design.

4. Finally, calculate the summertime drying. This should exceed winter accumulations in

nearly all continental U.S. climates. If drying does not exceed wetting, then self-drying

roofs are not viable in the geographic region of interest.

7.2.1. Calculation of Moisture Accumulation

The physical situation during winter condensation is shown in Fig. 7.1a. Vapor

originating within the building must pass through all elements in the assembly to arrive at

the underside of the membrane. The equation is
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Fig. 7.1. Winter condensation and summer drying in self-drying roofs. On self-drying
roofs, unlike relatively impermeable metal decks, water never accumulates anywhere inside
the roof except immediately below the membrane, unless there is a major leak.
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where

m.2 o = the total accumulation (kg/m2 or lbm/ft2) during winter,

Pi,,,,,_o, = the vapor pressure (Pa or in. Hg) inside the building,

p,,_.,,_,,, = the average wintertime saturation pressure (Pa or in. Hg) immediately

below the membrane (provided to the specifier in a table, as described

above),

R_ = the vapor diffusion resistance (m2.s.Pa/Kg or Rep) of any roofing

element (see, e.g., ASHRAE Fundamentals [72], the new ASTM

manual [70], or any of a number of other references), and

time = the length of the winter wetting season (indicated on the p,_,,_,,,tables).

The designer must determine Pm,,,_o,for each building. The procedure is to determine

the daily average interior temperature and relative humidity during winter. In the case of

roof replacement, this is best accomplished by direct measurement; ASHRAE's tables of
standard values can also be used. From steam tables, or from tables in the

"Psychrometrics" chapter of ASHRAE Fundamentals, find the "saturation vapor

pressure" corresponding to the interior temperature. Multiply this by the relative humidity

to obtain P_t,,_or

7.2.2 Calculation of Summer Drying

After adjusting the roof design to obtain the optimum total Rv, the designer must

calculate the summertime drying to ensure that the roof self-dries. The physical situation

during summer drying is shown in Fig. 7.1(b). Vapor originating at the underside of the

membrane must pass through all elements in the assembly to arrive at the building

interior. The equation is

mmo " [P_.u,_, - P,,a,,] / ERv X time, (7.2)

where p,_,._,,,_,.,is the average summertime saturation vapor pressure immediately below

the membrane and is provided to the specifier in a table, as described above. Again, the

specifier must determine Pi,,,_o,from the daily average interior temperature and relative
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humidity during summer by measurement or estimation. In a modern air-conditioned

building, both are likely to be higher than the winter values.

7.3 INDUS'IRY NEEDS

The advent of self-drying roofing practices represents an opportunity for

manufacturers to develop and market new self-drying roofing systems. Perhaps component

and system manufacturers, as well as system trade associations, should also take on the

task of determining moisture limits. There is also the need to generate reliable moisture

properties data for input into the modeling programs. Some industry-standard measure of

freeze-thaw durability, moisture absorption, and permeance would be helpful. This would

require developing new test procedures, as current ASTM freeze-thaw tests are

inappropriate (Sect. 2.2.1), and test methods for moisture absorption and permeance do

not require that these properties be measured over the complete range of conditions to

which materials in the roof will be subjected.

In warmer climates, high Rv insulations will not be required for achieving optimum

total R_values. On the other hand, some high Rv materials like PIR also offer high ratios

of R-value per dollar and will therefore remain economically attractive for reducing energy

costs. One simple solution may be to make the foam more permeable by introducing

narrow vertical holes into the material, as illustrated in Fig. 7.2. The holes, or channels,

could be made small enough (d = 1-3 mm, or 0.04-0.12 in.) so that convection through

the holes is suppressed. In this case, the thermal insulating value would be virtually

unaffected. Vapor would readily diffuse through each channel, so that if enough holes are

introduced, the permeance of the board could be quite high, as long as the holes are free
of debris.

7.4 TECHNOIX3GY TRANSFER

Additional laboratory research, field experiments, and full-scale demo,astration

projects are needed to validate many of the concepts brought forward in th_ assessment.

Appropriate design and application guidelines need to be written; these shou!d include

reroofing issues such as the evaluation of existing buildings so that designers and

contractors have the necessary tools and information to confidently design and construct

self-drying roof systems.

Better statistical data regarding the existing roofing inventory are sorely needed. The

databases that are maintained today do not provide the critical information that is needed

to justify the necessary research. Consequently, we cannot confidently answer simple
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Fig. 7.2. Small-diameter holes can make closed-cell insulation more permeable while
retaining high thermal resistance values.

to justify the necessary research. Consequently, we cannot confidently answer simple

questions such as what is the average service life of today's roofing stock, what is the

average thermal resistance applied in low-slope roofing, and what is the level of moisture

contamination.

87



REFERENCES

F'mldSurveys

[1] R.G. Anderson, "Dry Range and Wet Range Moisture Content of Roofing

Materials as Found in Existing Roofs," in Proceedings, Second International

Symposium on Roofing Technology, National Roofing Contractors Association,

Rosemount, IU., September 1985.

[2] R. Johnson and R. A. LaCosse, Thermal Roof Systems Performance Study, National

Roofing Contractors Association, Chicago, March 1983.

[3] C. Korhonen and W. Tobiasson, CRREL Roof Moisture Survey, Pease, AFB Buildings

35, 63, 93, 12, 113, 120 and 220, Report CRREL-SR-80, Hanover, N.H., March 14,
1980.

[4] W.C. Cullen, Project 15"npointAnalysis: Trends and Problems in Low-Slope Roofing

1983-1988, National Roofing Contractors Association, Rosemount, I11.,1992.

[5] NRCA 1991/1992 Market Survey, National Roofing Contractors Association,
Rosemount, Ii1., 1992.

[6] W. Tobiasson and S. Osgood, "Lessons Learned from Examination of Membrane

Roofs in Alaska," Cold Regions Engineering, Proceedings of the Fourth International

Conference, ASCE, New York, 1986.

MoistureEffectson Heat Transfer in Low-Slope Roofing Insulation Materials: Laborato_/
and Field Data

[7] M. Bomberg and C. J. Shirtliffe, "Influence of Moisture and Moisture Grad;ents on

Heat Transfer Through Porous Building Materials," pp. 211-233 in Thermal

Transmissions of Insulations, ASTM STP 660, American Society for Testir_gand

Materials, Philadelphia, 1978.

[8] H.A. Dinulescu and E. R. G. Eckert, "Analysis of One-Dimensional Moisture

Migration Caused by Temperature Gradients in a Porous Medium," Int. J. of Heat

and Mass Transfer, 23, 1069 (1980).

89



[9] K.A. Epstein and L. E. Putnam, "Performance Criteria for the Protected Membrane

Roof System," in Proceedings of the Symposium on Roofing Technology, National

Roofing Contractors Association, September 1977.

[10] C. P. Hedlin, "Moisture Gains by Foam Plastic Roof Insulations Under Controlled

Temperature Gradients," J. Cell. Plas. (September/October 1977).

[11] C. P. Hedlin, "Effect of Moisture on Thermal Resistance of Some Insulations in a

Flat Roof Under Field-Type Conditions," pp. 602-625 in Thermal Insulation,

Materials and Systems for Energy Conservation in the 80's, ASTM STP 789, American

Society for Testing and Materials, Philadelphia, 1983.

[12] C. P. Hedlin, "Seasonal Variations in the Modes of Heat Transfer in a Moist Porous

Thermal Insulation in a Flat Roof," J. Thermal Insulation, 11, 54-66 (July 1987).

[13] C. P. Hedlin, "Heat Transfer in a Wet Porous Thermal Insulation in a Flat Roof,"

J. Thermal Insulation, 11, 165-188 (January 1988).

[14] C. P. Hedlin, "Heat Flow Through a Roof Having Moisture Contents Between 0 and

1% by Volume in Summer," ASHRAE Transactions, 94(2), 1579-1594 (1988).

[15] H. B. Jespersen, The Effect of Moisture on Insulating Materials Made of Plastic Foam,

Impregnated Mineral Wool, Vermiculite, and Concrete, Denmark Technological
Institute, 1960.

[16] F. A. Joy, "Thermal Effect of Moistare on Insulating Containing Moisture," in

Thermal Conductivity Measurements and Applications of Thermal Insulations, ASTM

STP 217, American Society for Testing and Materials, Philadelphia, 1957.

[17] L. I. Knab, D. R. Jenkins, and R. G. Mathey, The Effect of Moisture on the Thermal

Conductance of Roofing Systent_, Building Science Series No. 123, National Bureau

of Standards, Gaithersburg, Md., April 1980.

[18] M. K. Kumaran and G. P. Mitalas, "Analysis of Simultaneous Heat and Moisture

Transport Through Glass-Fibre Insulation," pp. 1-6 in ASME/AIChE National Heat

Transfer Conference, vol. 78, Pittsburgh, 1987.

90



[19] M. IC Kumaran, "Moisture Transport Through Glass-Fibre Insulation in the

Presence of a Thermal Gradient," J. Thermal Insulation, 10, 21-25 (April 1987).

[20] M. K. Kumaran, "Comparison of Simultaneous Heat and Moisture Transport

through Glass-Fibre and Spray-Cellulose Insulations," Z Thermal Insulation, 12, 6-16

(July 1988).

[21] C. Langlais, M. Hyrien, and S. Klarsfeld, "Influence of Moisture on Heat Transfer

Through Fibrous Insulating Materials," pp. 563-581 in Thermal Insulation, Materials

and Systems for Energy Conservation in the 80's, ASTM STP 789, American Society

for Testing and Materials, Philadelphia, 1983.

[22] D. C. I.arson and S. M. Benner, "Field and Laboratory Studies of the Thermal

Resistance of Moist Building Insulation Systems," Proceedings,

ASHRAE/DOE/BTECC Thermal Performance of the Exterior Envelopes of Buildings
III, Atlanta, December 1985.

[23] M. M. Levy, "Moisture Vapor Transmission and Its Effects on Thermal Efficiency of

Foam Plastic,s," J. Cell. Plas. (January 1966).

[24] A. V. Luikov, Heat and Mass Transfer in Capillary-Porous Bodies, Pergamon Press,
1966.

[25] H. Mittasch, "Dependence of Thermal Conductivity of Plastic Foams on Their

Moisture Content," Plaste and Kautschuk, 16(4) (1969).

[26] P. I. Sandberg, The Effect of Moisture Content on Thermal Conductivity of Aerated

Concrete, International Report, Swedish National Testing and Research
Institute, Boras, Sweden.

[27] A. P. Shapiro and S. Motakef, "Unsteady Heat and Mass Transfer with Phase

Change in Porous Slab: Analytical Solutions and Experimental Results," Int. J. Heat

and Mass Transfer, 33(1), 163-173 (1990).

91



[28] E. C. Shuman, "Field Measurements of Heat Flux Through a Roof with Saturated

Thermal Insulation and Covered with Black and White Granules,* pp. 519-539 in

Thermal Insulation Performance, ASTM STP 718, American Society for Testing and

Materials,Philadelphia, December 1980.

[29] W. C. Thomas, G. P. Bal, and R. J. Onega, "Heat and Moisture Transfer in a Glass

Fiber InsulatingMaterial," pp. 582-601 in Thermal Insulation, Materials and Systems

for Energy Conservation in the 80's, ASTM STP 789, American Society for Testing

and Materials, Philadelphia, 1983.

[30] S. H. Thorsen, Determination of the Elongation Coefficient, Water Absorption,

Moisture Diffusivity ,_s well as Thermal Conductivity at Different Moisture Contents for

Polystyrene and Urethane Cellular Plastics, Report 202 (also Report 206), Institute for

BuildingTechnology, Chalmers Technical University, Goteborg, Sweden, 1973.

[31] W. Tobiasson and J. Ricard, _Moisture Gain and Its Thermal Consequences for

Common Roofing Insulations," pp. 4-16 in Proceedings, 5th Conference on Roofing

Technologies, National Bureau of Standards and National Roofing Contractors

Association, Gaithersburg, Md., April 1979.

[32] W. Tobiasson, A. Greatorex, and D. Van Pelt, "Wetting of Polystyrene and

Urethane Roof Insulations in the Laboratory and on a Protected Membrane Roof,"

pp. 421-430 in Thermal Insulation, Materials and Systems, ASTM STP 922, American

Society for Testing and Materials, Philadelphia, 1987.

[33] W. Tobiasson, A. Greatorex, and D. Van Pelt, "New Wetting Curves for Common

Insulations," in International Symposium on Roofing Technology, NIST/NRCA,

National Roofing Contractors Association, 1991.

[34] N. E. Wijeysundera, "Effects of Moisture Migration in Insulations and Hot and

Humid Conditions," Z Thermal Insulations, 15, 318-338 (April 1992).

92



Corrt_ion

[35] W.J. Rossiter, M. A. Streicher, and W. E. Roberts, Corrosion of Metallic Fasteners in

Low-Sloped Roofs: A Review of Available Information and Idennfication of Research

Needs, NISTIR 88-4008, National Institute of Standards and Technology, February

1988. [This is a complete literature survey, industry survey, and assessment. See

references cited therein.]

[36] T. L. Smith and J. D. Carlson, "Steel Deck Corrosion Associated with Phenolic Roof

Insulation: Problem Causes, Prevention, Damage Assessment and Corrective Action,"

Proceedings, lOth Conference on Roofing Technology, National Roofing Contractors

Association, Rosemount, Ill., 1993.

Freeze/Thaw

[37] H. W. Bushing, et. al., Effect of Moisture in Built-Up Roofing--A State.of.the.Art

Literature Survey, National Bureau of Standards Technical Note 965, Washington,
D.C.

[38] F. Dechow and K. Epstein, Laboratory and Field Investigations of Moisture Absorption

and Its Effect on Thermal Performance of Various Insulations, ASTM STP 660,

American Society for Testing and Materials, Philadelphia, December 1978.

[39] K. A. Epstein and L. E. Putnam, "Performance Criteria for the Protected Membrane

Roof System," pp. 49-60 in Proceedings of the Symposium on Roofing Technology,

NBS/NRCA, September 1977.

[40] C. W. Kaplar,Moisture and Freeze.Thaw Effects on Rigid Thermal Insulations,

Technical Report 249, U.S. Army Cold Regions Research and Engineering

Laboratory, Hanover, N.H., 1974.

[41] H. O. Laaly, "Effects of Moisture and Freeze-Thaw Cycles on the Strength of

Bituminous Built-up Roofing Membranes," Proceedings of the Symposium on Roofing

Technology, NBS/NRCA, September 1977.

[42] W. Liewelyn, "Regionalization of Freeze-Thaw Activity," U.S. Army Natick

Laboratories, Ann. Assoc. Am. Geographics, 54(4) (December 1964).

93



[43]E.C.Shuman,"Some EffectsofMoistureMigrationandPersistenceinBuilding

Materials,"pp.65-79inMoistureMigrationinBuildings,ASTM STP 779,American

SocietyforTestingand Materials,Philadelphia,1982.

Dnjing of Wet Roof_

[44]M. C.BakerandC.P.Hedlin,VentingofFlatRoofs,CBD 176,DivisionofBuilding

Research,NationalResearchCouncilofCanada,Ottawa,May 1976.

[45] A. O. Desjarlais, J. E. Christian, D. M. Kyle, and C. Rode, "Moisture: Its Effects on

the Thermal Performance of a Low-Slope Roof System," ASHRAE Transactions,

99(2), 1004-1012 (1993).

[46] R. L. Fricklas, "Technical Aspects of Retrofitting," Proceedings, 5th Conference on

Roofing Technology, NBS/NRCA, National Roofing Contractors Association, Oak

Park, I11.,April 1979.

[47] S. A. Funk, "Evaporative Drying of Lightweight Insulating Concrete Roof Decks,"

Air Infiltration, Ventilation and Moisture Transfer, workshop proceedings, Building

Thermal Envelope Coordinating Council, Washington, D.C., 1987.

148] S. A. Funk, "Suggested Repair Specifications for Built-Up Roofs over Wet

Lightweight Concrete Decks," Second International Symposium on Roofing

Technology, NIST/NRCA, Rosemount, I!1.,September 1985.

[49] L. R. Glicksman and A. J. Hallenbeck, "Drying of Roof Insulation: The Use of

Wicks to Enhance Vent Performance," in Proceedings, Second International

Symposium on Roofing Technology, NIST/NRCA, Rosemount, I11.,September 1985.

[501 C. P. Hedlin, "Some Factors Affecting Drainage of Moisture from Wet Insulation in

_at Roofs," pp. 28-40 in Moisture Migration in Buildings, ASTM STP 779, American

Society for Testing and Materials, Philadelphia, 1982.

[51] J. P. Sheahan, "Method for Determining Suitability of Roofing over Roof Assemblies

in Need of Repair," in Proceedings of Thermal Performance of the Exterior of

Buildings IV, ASHRAE, Atlanta, 1989.

94



[52] J. P. Sheahan, J. P. Sheahan and Associates, personal communicationwith D. M.

Kyle, Oak Ridge National Laboratory,September 1993.

[53] Single-Ply Roofing Institute, "A Method for Determining Suitabilityof Recovering

with Existing Moisture," presented at Roofing Consultants Institute Convention,

March 1992, Nashville, Tenn.

[54] T. L. Smith, "When Reroofing, Should You Tear Off or Recover?" Prof. Roofing

23(5), 54 (May 1993).

[55] W. Tobia_,an and M. Harrington, "Vapor Drive Maps of the U.S.," Proceedings,

Thermal Performance of the Exterior Envelopes of Bui?4ings IlL ASHRAE, Atlanta,
1986.

[56] W. Tobiasson, C. B. Korhonen, andA. Greatorex, "Can Wet Roof Insulation Be

Dried Out?" in Thermal Insulation, Materials and Systems for Energy Conservation in

the 80's, ASTM STP 789, American Society for Testing and Materials, Philadelphia,
1983.

Condensation Control in New Roof Construction

[57] M. Bordenaro, "Vapor Retarders Put Damper on Wet Insulation," Build. Des.

Constr. 32(9), (September 1991).

[58] S. J. Condren, "Vapor Retarders in Roofing Systems: When Are They Necessary?"

pp. 5-27 in Moisture Migration in Buildings, ASTM STP 779, American Society for

Testing and Materials, Philadelphia, 1982.

[59] C. P. Hedlin, "Moisture Contents in Protected Membrane Roof Insulations: Effect

of Design Features," pp. 36-50 in Roofing Systems, ASTM STP 603, American

Society for Testing and Materials, Philadelphia, 1976.

[60] B. S. Jackson, "Methods of Improving Performance of Fiat Roof Insulation in

Installations of the Warm Deck Type," Second International Symposium on Roofs

and Roofing, Society of Chemical Industry, London, 1981.

95



[61] V. Korsgaard,K. Prebensen, and T. Bunch-Neilsen, Ventilation of Flat Roofs, Report

No. NP-575 _686, Cowiconsult Raadgivende Ingenioerer A/S,Virum, Denmark, April
1984.

[62] L. Nevander, "Roofs and Roofing in Sweden," pp. 8-17 in Proceedings of the

Symposium on Roofing Technology, NBS/NRCA, 1977.

[63] E. L. Perrine, "Moisture Accumulation and Movements in Roof Insulation,"

pp. 41-55 in Moisture Migration in Butldings, ASTM STP 779, American Society for

Testing and Materials, Philadelphia, 1982.

[64] F.J. Powell and H. E. Robinson, The Effect of Moisture on the Heat Transfer

Performance of Insulated Flat-Roof Constructions, Building Science Series 37,

U.S. National Bureau of Standards,Gaithersburg, Md., April 1971.

[65] I. Samuelson, "Condensation in Steel Deck--An Investigation of Buildings in Use,"

2rid International CIB/RILEM Symposium on Moisture Problems in Buildings,

Rotterdam, Netherlands, September 10-12, 1974, Paper 2.5.2. [in English].

[66] I. Samuelson, Moisture Transfer in Steel Deck, Lund Institute of Technology, Division

of Building Technology, Report 67, 1976; in Swedish with English summary [full

monograph including the 1974 material].

[67] P. I. Sandberg, Moisture Balance in Building Elements Exposed to Natural Climatic

Conditions, Lund Institute of Technology, Division of Building Technology,

Report 43, 1973; in Swedish with English summary.

[68] W. Tobiasson, "Condensation Control in Low-Slope Roofs," pp. 47-59 in

Proceedings of the Moisture Control in Buildings Workshop, Building Thermal

Envelope Coordinating Council, Washington D.C., September 1984.

[69] W. Tobiasson, CRREL, personal communication with D. M. Kyle, Oak Ridge

National Laboratory, September 1993.

96



Oe,neral

[70] ASTM, Handbook of Moisture Control in Buildings (to be published).

[71] ASTM, 1992 Annual Book of ASTM Standards, American Society for Testing and

Materials, Philadelphia, 1992.

[72] ASHRAE, ASHRAE Handbook." 1993 Fundamentals, American Society of Heating,

Refrigeration and Air Conditioning Engineers, Atlanta, 1993.

[73] M. C. Baker, Roofs, Design, Application and Maintenance, Polyscienee Publications,

Montreal, 1980.

[74] M. Bomberg, Moisture Flow Through Porous Building Materials, Lund Institute of

Technology, Division of Building Technology, Report 52, 1974.

[75] IEA, A Guidebook for Insulated Low-Slope Roof Systems, Annex 19, International

Energy Agency, 1993.

[76] lEA, Enquiry on HAMCaT (Heat, Air, and Moisture Transfer) Codes, Report Annex

24, Task 1, Modeling, International Energy Agency, 1993.

[77] NRCA, The NRCA Roofing and WaterproofingManual, 3rd ed., National Roofing
Contractors Association, Rosemount, I11.,1989.

[78] C. R. Pedersen, (now C. Rode), "Combined Heat and Moisture Transfer in Building
Constructions," Ph.D. Thesis, Thermal Insulation Laboratory, Technical University of

Denmark, Lyngby, September 1990.

[79] C. R. Pedersen (now C. Rode) and G. E. Courville, "A Computer Analysis of the
Annual Thermal Performance of a Roof System with Slightly Wet Fibrous Glass

Insulation Uader Transient Conditions," J. Thermal Insulation, 15, 110-136 (1991).

[80] B. A. Petersson, "Moisture Mechanics and Thermal Insulation Properties of

Expanded Plastics Used as Thermal Insulation in Upside-Down Roofs," Proceedings

of Plastics in Material and Structural Engineering, ICP/RILEM/IBK International

Symposium, Prague, June 1981.

97



[81] J. Timusk and L. M. Tenende, "Mechanism of Drainage and Capillary Rise in Glass

Fibre Insulation," J. Thermal Insulation, 11, 231-241 (April 1988).

[82] C. W. Griffin, Manual of Built-Up Roof Systems, 2nd Ed. McGraw-Hill, New York,
1992.

98



APPENDIX A

AVERAGED HEAT FLUX EOUATIONS



APPENDIX A: AVERAGED HEAT FLUX EQUATIONS

In the absence of convection, the energy flux is given by [24]

0 = k ar (A.I)+ htit,

where

Q(x,t) = the energy flux (Jm-_s-I),

k = k(w, T) = the thermal conductivity as a function of moisture content,

w, and temperature, T,

h_ =hiT) = the enthalpy of water vapor,

Jr = the mass flux of vapor (kg m-Zs-l),

h t =hl(T) = the enthalpy of water, and

Jl = the mass flux of liquid (kg m-2s-i).

Note that T = T(x,t) and w = w(x,t). For moisture gradients that are typical in installed

roofs [11,Jt is small relative to jr [681.Furthermore, hJh t is on the order of 20. Therefore,

the liquid diffusion term, h t Jr, is considered negligibly small. As a further simplification in

this discussion, we ignore the temperature dependence of k, i.e., k - k(w,a_,).

To make (A.1) more useful, it is desirable to cast it into an approximate form

involving time-averaged terms, and involving surface temperatures, not temperature

gradients. To ensure the validity of any approximating procedure, it will be necessary first
to determine the time scales that characterize the evolution of each of the distributed

"field" variables: temperature, water vapor, and, in a system with a large amount of water,

the liquid distribution.

Characteristic Time Scale for the Temperature Field

The time over which the temperature experiences substantial change can be deduced

from the energy equation for dry materials:

ar _ a (A.2)
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where ar is the thermal diffusivityand is equal to k/pcr Thermal diffusivities may be

temperature dependent and can be estimated for roofing materials from data in [72]. Let a

significant change in the temperature differential be imposed across the specimen of

thickness Ax. It follows from Eq. (&2) that the time required for substantial change in the

temperature distribution, using some averagevalue of c_r,is of the order

_r (Ax)2. (A.3)
f{T

Characteristic Tune Scale for Water Vapor

In building materials, the mass flux of vapor is usually evaluated using

where # is the permeability, andp_ is the partialpressure of water vapor (Pa). The

permeabilityof roofing materialsvaries greatly [72]. The principle of mass conservation

requires

aO, _ a a( ap,_ (a.5)
a, :

where Pvis the mass of vapor per unitvolume. Now, let a significant change in the vapor

pressure differential suddenly be imposed across the insulation thickness Ax'.It follows

from Eq. (A.5) that the time required for substantial change in the vapor distribution (and

therefore j,,) is of the order

AP'(_)2 (A.6)'_V

Let us try to cast Eq. (A.6) in a more useful form. We do not know _o,,, but we note

that Apv= p_ (,,wm_,),where p_ is the density of dry insulation and w,,,,_ is the mass

fraction of water. To estimate .,w,._, we can use the sorption curves for a given material,

which give ,_w,,,_ for that material as a unique function of PJPv,,,u,the relative humidity.
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For the present order-of-magnitudeestimate, we have approximated this function by

drawing a straight line on the sorption curves from the origin (rh = 0, w,_,_ = 0) to the

point (rh - 0.9, w,,w = 0.9). The slope of this line, m, characterizes the ratio aw,,,J,_,h
for the material.

Making the substitution _ov = p_ (aw,,,_) in Eq. (A.6) and using m ffi Aw,,_/Arh,
we obtain

Ax)2

( Apv,_ " (A.71

But

Substituting (A.8) into (A.7), and choosing pv.,,_at a representative location, we can write

finally

p (axf (ax)2 (A.9)
'_v " ms J

DPv,_ gv

where, by examining (A.3), we define (by analogy with the thermal diffusivity) a vapor

diffusivity,

av. Pv_ I_ (A.IO)
mp,_

CharacteristicTune Scale for Liquid

On a microscopic scale, water is deposited (adsorbed) on the pore surfaces at all

values of rh < 1.00, as described by the sorption curves. Near rh = 1.00, the moisture

content can increase precipitously until the pores are completely filled [24]. It is in this

range of a large percentage by volume of water, w,_, that the thermal conductivity starts to

increase significantly[17, 31]. The extent of this increase will depend upon the distribution
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of concentrated liquid. For this reason, we are interested in how quickly the distribution of

concentrated liquid changes because of a change in the boundary conditions.

The characteristic time for significant change in the concentrated liquid distribution,

_'t,can be approximated by the use of an example. We start with an amount of water that

we know can significantly increase the overall thermal conductivity. According to a study

by Tobiasson and Ricard [31], lightweight concrete loses 20% of its insulating ability when

w,_ = 0.037.For EPS and fibrousglass,20% degradationoccursatw_ = 0.061and 0.062,

respectively.We shallassume a roughaverageofw,_ = 0.050[5.0%by volume,or

2.55kg/m2 basedon a ax = 0.051m (2in.)].We ask,"How much timeisrequiredforthis

amount ofwatertodiffusethrougha planethatisadjacenttotheregionof

concentration?"The timeisfoundby solvingan approximateform ofEq.(A.4)for1"t:

Jt 2.55k_/m2 _ l_IP_,,_t(Ttot,)- P,,,_(Tb,m_] (A.11)_x J"

Summary of CharacteristicTunes

Typical values for permeability and density, along with all thermal properties, were

obtained from ASHRAE [72], while the sorption curves were obtained from Tye [67].
Calculated values are shown in Table A.I.

TableA.I.DiHusivitiesand characteristictimescalesfortemperature,vapor,and concentrated
liquid distn'butions in common insulations

OfT T T Olv Tv T!

Insulation (mZ/s) (hours) (mZ/s) (hours) (hours)

Polyisocyanurate 0.67I0-" I.I 1.2I0-s(sum) 57(sum) 2800
3.510-9(win) 204(win)

Expanded 1.210-6 0.60 3.8I0-s(sum) 19(sum) 1800
polystyrene 9.610-9(win) 75 (win)

Fibrousglass 0.3410-6 2.1 7.4I0-_(sum) 1.0(sum) 77
1.8I0-_(win) 3.9(win)

Perlite 0.25 10 -_' 2.8 2.5 10-s (sum) 23 (sum) 270
7.0 10-9 (win) 102 (win)

Insulating 0.3010-6 5.4 3.910-9 (sum) 183(sum) 440
concrete 9.810-1°(win) 732(win)
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TuneAveragmg

Integrating (A.l) with respect to time over some finite interval at gives

" - :M_,_ _,t)d t + Ar
(A.12)

where(- )representsaveragingoverat.Itisunderstoodthataveragedquantitiesstill

dependon time,butonscaleslargerthanat,andthatatdiffersfordifferentinsulation
materials.

KnowingthecharacteristictimescalesforthevariablesinEq.(A.12),we canjustify

certainapproximateformsof(A.12).Forexample,itispossibletochooseatsolargethat
m m m

Q(x)may thenbeconsideredrelativelyindependentofposition--thatis,Q(x)= Q. This

assumptionisvalidwheneverthecharacteristictimeassociatedwiththetemperatureor

massflowofvaporon therightsideof(A.12)isshortcomparedwiththeaveraging
m

interval,at.ItisalsorequiredthatQ notbeveryclosetozero.Underalltheseconditions,

theheatstoredinanylayerissmallcomparedwiththetime-integratedflux.Itsufficesthat

at> > r_,rr,7"t.

One useful result presents itself immediately. At any impermeable layer,Jr - 0, so

the second integral on the rightside of (A.12) must vanish. For at > > 7-,,rr, Ttwe are left
with

= f (A.13)
oo

where the derivative aTSt and w(x,t) must be evaluated at the impermeable boundary.

The integrand in (A.13) could be evaluated on, say, an hourly basis by using a two-point

measure of t_T/& directly adjacent to a membrane, while simultaneously measuring w there
also. The total heat flux could then be determined from

= _St [k(w)_--T1 , nS, >> xv,xr,x`. (A.14)
0 [ 8x

A second useful simplification of (A.12) can be obtained for long averaging periods if

the roof is not too wet. The second integral in (A.12) is the total latent heat transferred
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over the period _t through a plane at position x. Under certain conditions, the total latent

heat term may be negligible (say, less than 5%) when compared with the total conducted

heat. The latent term is limited by one of two factors. If all of the water can move from

top to bottom during at, then the mass of water in the roof limits the latent transfer. On

the other hand, the latent transfer may be limited by the diffusion rate. Mathematically,

the latent heat transfer must be bounded by

fo'h I I I Jvj_ [ At, (rate limited)(A.1Sa)

fo'h jdt I h, u I MHo, (mass limited)(A.15b)

where mH20 is the total mass of water per unit area within the roof. The smaller of

(A.15a, b) determines the magnitude of the second integral in (A.12).

For clarification, consider the example of a 51-mm (2-in.) fibrous glass roof in

Chicago. First, let us estimate the total heat conducted for the _t of concern. The average

membrane temperature during summer on a black EPDM roof should be around 34°C

(93 °F). A typicalsummer deck temperature is 26°C (78°F). If the R-value is 1.5 m2AV•°C

(8.5 h'ft 2"°F/Btu), then over three summer months, the heat conducted is _-4 (10_)J. Now

we use:(A.15a) to see if a comparable amount of latent heat could diffuse down in that

time. Using saturated vapor pressures at the above temperatures to calculate the pressure
gradient, we use Eq. (A.4) to calculate J_,m,_"Then (A.15a) yields a total latent heat

transferof 5.4 (106) J--about 10% of the conducted heat. Using (A.15b), we find that 5%

of the conduction term corresponds to ma2o = 1.5% by volume. Unfortunately, many

roofs in Chicago may be this wet [1]. The conclusion for this example is that we cannot

automatically ignore the latent heat integral in (A.12). (Note that if the insulation were

PIR, then the total latent heat transfer would be limited to 0.4% of the conduction term

by the slow diffusion rate, regardless of how wet the roof was. This result will be exploited

in the next subsection.)

To summarize, for the latent heat term in (A.12) to be considered negligiblysmall

for the _ of concern, two latent heat quantities must be estimated. One is the amount

that could potentially diffuse during _ (Eq. A.15a), and the other is the total amount of

latent heat stored in the roof (Eq. A.15b). The smaller of the two should be used as an
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order-of-magnitudeestimate for the second integral in (A.12). If this is less than, say, 5%

of the estimated conduction heat load, then a simplified form of (A.12) can be used for

calculating the total heat load during ,st:

or, in a more practical form:

B

0 - ]E .8, - ,::,, ( 17)
0 OX

where now w(x,t) and i)T(x,t)/Ox are measured at the same location anywhere in the
insulation.

Clmed-CeHFoam Insulations

Eq. (A.12) can be simplified for closed-cell foams in several significant ways. From

Table A.1 we note that for the plastic foams, 7t> ;'rv. Physically,the permeability is so low

that the concentrated water distribution changes very slowly. The foams have such low

density and low water retention for rh < 1.00 that a vapor pressure wave front will travel

quickly through them--that is, their moisture diffusivities are large (see Eq. A.10). As a

result, it is easy to find time averaging intervals ,st which satisfy

_l > At > %, _r" (A.18)

When (A.18) is satisfied, we may consider w(x,t) to be frozen in time insofar as its

effects on the conductivity,k(w), are concerned. We now write w - _(x), where again, ( - )

represents averaging over ,st.The term k(_) may be moved outside the first integral in
m m

(A.12). The argument that Q(x) = Q is constant still holds, since, with average _, all of

the fields on the rightside of (A.12) that now change are changing quickly. Eq. (A.12) can
be written as

_ kOT/(x))a___x) + Rv(T) jv(_,T) . (A.19)
c_

A second simplification has already been discussed in the previous subsection. For the

relatively impermeable foams, the total latent heat transfer term in (A.19) for U.S.
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climates is nearly alwaysone or two orders of magnitude less than the conduction term, so

that the latent term is negligible.

Now, the conductivity, k[_(x)] can be expressed as a linear function of _:

kl_,(x)l - h_ + a_,(x) , (A.20)

where ka,y and a are regardedas constants [24]. Substituting (A.20) into (A.19) and
omitting the latent heat term, we obtain simply

0 (A.21)

Again note that (A.21) is valid only when (A.18) is satisfied; for example, Table A.1 shows

that for EPS, _t must be of the order of 1 to 3 weeks.

Fp_.(A.21) is readily integrated in the vertical direction:
i..

Solving (A.21) for cgT/aacand substituting into (A.22), we obtain, after some algebra,

- x,Af

[I:- 1Ax - • w dx
;qa+_

Eq. (A.23) has two useful features. First, it involves only surface temperatures; there

is no thermal gradient term. Secondly, it shows clearly the importance of the distribution

of concentrated liquid. Two different shapes for the function _(x) are compared next in

Appendix B. Finally, we note that the total seasonal heat flux is found by

A

[f0 ]. (A.24)
0 0 Ax- _x) dx

;tla+TKx)

108



APPENDIX B

INFLUENCE OF MOISTURE DISTRIBUTION ON

SEASONALLY AVERAGED WET R-VALUES



APPENDIX B:INFLUENCE OF MOISTURE DISTKIBU_ION ON SEASONALLY

AVERAGED WET R-VALUF_

One importantcriterion for choosing the amount and type of insulation is how the

choice will influence the seasonal heating and cooling loads of the building. If the

insulation is dry (which is typicallyassumed), then traditionally, the following simple

formula is used to calculate the heat flow through the roof:

Here, Q is the time-averaged heating or cooling load, T is the time-averaged

temperature, R_ _o, is the thermal resistance of the insulation, and R_,_ _ are the
thermal resistancesof other layers in the assembly. Fortunately, the dry R-values are

essentially constants;once they are measured in a laboratory [71], then Eq. (B.1) can be

used to determine the heat flow through roofs installed in virtually any climatic region.

R-values for damp or wet insulation are not constant. In Appendix A, we have

analyzed issues related to deriving time-averaged equations similar to (B.1) for moist
m

insulation. It turns out that when we replace R_ _,_,i_ in Eq. (B.1) with R_,,.,_,_i,,m

R., _ does not have a constant value. For most cases, knowing R,, _,_o_ requires

knowing (1) how much moisture is in the insulation overall, and (2) how the moisture is

distributed within the insulation layer. In very wet, porous insulations in which a large

amount of water is expected to move up and down each season, even more information is

required (see Appendix A).

It is a burden to periodically measure the moisture distribution in a roof. If we chose

instead to ignore moisture issues altogether and used Eq. (B.1), what error would result in

our load calculations.'?We examine this question in Fig. B.1, where we compare the

calculated heat flux for four common insulations. In each case, calculations were made

assumingno moisture, uniformlydistributed moisture, and moisture only within a thin

layerwithin the insulation. The calculations are described in Technical Note B.1.

As the figure shows, for closed-cell foams that we modeled, heat lost through the

roof will increase by about 20% for w_ values, on the order of 0.05. The degradation of

the fibrous insulations is more severe for the same 5% moisture content. Regarding

distribution effects, uniformity in the distribution increases the heat loss compared with
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the thin-layer case. For the foams, this increase is on the order of 10% for 5% moisture

content, and is 20-30% for 10% moisture content by volume. For the fibrous insulations,

the effects are more pronounced; uniformityenhances heat loss by 35-60% for 10%

moisture content by volume• Note that these are moderate contamination levels. From a

collection of 1600 coring samples, Anderson [1] observed that 83% of the closed-cell

insulation samples were in the range W_ol_ 0.10, while the rest were wetter. For perlite,

he found 66% with W_ol_ 0.10, while the rest were wetter.

_Drylng Principle B.I: Effect of Moisture Distribution on R-Value

At moderatemoisture contentlevels, the dry R.value of insulationis
Significantlydegraded. The degradationis more severe when water is evenly
distributedthan when the water is collected in a thin layer nearthe top or the bottom
of the insulation.

TECHNICAL NOTE B.I

In Appendix A_ w_ show that the total heat flux through closed-cell insulations can

be evaluated using the formula

_ dx-[::'.o.o]
m

Here, Q is the time-integrated heat flux and is not dependent upon the vertical position, x.

The term AT is the time-averaged surface temperature difference, and _(x) is the "quasi-

stationary" moisture distribution. Eq. (B.I-I) is strictlyvalid only under certain conditions

(see Appendix A). The thermal conductivity, k[_,(x)] is expressed as a linear function of w:

kl_(x)l - _ + a_(x) . (B.1-2)

Certain restrictions are placed on the averaging period used in (B.1-1), as described in

Appendix A.
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In form, Eq. (B.I-1) is just a generalization of Eq. (T2.1-1), with R replaced by R =

_x/k, and k expressed using (B.1-2). For example, if the moisture is uniformlydistributed

with a constant moisture cont._ntw0, then the thermal conductivity is also a constant,

havinga value k - h,_ + a w0. Eq. (B.1-1) takes the form
i.

_,, = AT .ax (B.1-3)
)._ +awe

This result may be compared with a different ease using the same total amount of

water, w0Ax,but one in which the water is mostly confined to a thin layerwith thickness

Ax/10.If 0.9 of the water is distributed uniformly within this layer, then the concentration

in the layer is 9.'0, while the uniform concentration outside the layer is w6/9.For the thin-

layer case, Eq. (B.I-1) becomes
ms

(0.lAx) + (0.9Ax) ] (B.1-4)
.a(gwo) +a(wdg)]

Eqs. (B.1-3) and (B.1-4) have been evaluated for PIR, fibrous glass, and EPS. The results

are shown in Fig. B.1.

I
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Fig. B.I. Comparison of heat conduction rates for various insulations and moisture
distributiom. _,,_/o,,nis the seasonally averaged heat conduction if moisture is distributed
uniformly over the insulation thickness; _, is the seasonally averaged heat conduction if
all moisture is confined to a thin layer. Data were calculated using Eq. (B.1-4) in
Technical Note B.1.
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