CASE STUDY 3

10 Case Study 3: Simplified Hygrothermal
Analysis of Crawl Spaces

10.1 Description

10.1.1 Objectives

The objective of this case study is to develop strategies of using simplified
analysis to determine hygrothermal crawl space conditions. In order to keep crawl spaces
dry, the elimination of moisture gain from the ground, the control of crawl space
temperature, the moderation of the crawl space RH by air exchanges with indoor air, and

the removal of moisture by ventilation are possible approaches.

If a vapour barrier is placed on the ground, air exchange with indoor air and
exterior air and the application of insulation can significantly control crawl space
temperature. Crawl space humidity can be controlled by air exchange with the indoor (air
leakage) and the exterior (ventilation). Hence, the location of the insulation (i.e., floor or
walls) and the air exchange rates (air leakage through the floor, or ventilation) are

important factors for the control of crawl space conditions.

In this case study, the effect of these factors on various systems of crawl space
construction is investigated. A method of estimating crawl space conditions is established
using the hygrothermal space balance method, developed from the principle of
conservation of energy and mass. The method is applied to crawl spaces in Toronto and

Vancouver, Canada.

10.2 Problem Definition

A crawl space of 10 X 12 m and a height of 0.91 m is considered. Three crawl
space topologies and representative air exchange rates (ACH) are presented in
10-1] The three types of crawl spaces are subcategorized by air exchange rates with

exterior (ventilation) and indoor (floor air leakage) air.
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able 10-1|summarizes the material properties used in the analysis.

Indoor of building
Carpet
12.7 Plywood

200 Batt insulation

Crawl space
210 concrete wall

« Vapour retarder

4+—Soil

System 1: Regular construction
Indoor of building

Carpet
12.7 Plywood
Wood frame

Crawl space

210 concrete wall
«——90 Rigid insulation

4_Vapour retarder

“+—Soil

System 3: Construction with rigid insulation
on the interior of the foundation wall

Indoor of building
Carpet
12.7 Plywood

200 Batt insulation

Crawl space

210 concrete wall

¢« No vapour retarder

4+—Soil

System 2: Construction without vapour retarder

Representative air change rates (ACH)

Air exchange with indoor air
0.05(Very air tight floor
0.25|Normal floor

Air leaking floor

Air exchange with exterior air
0.05[Tightly sealed foundation walls
0.25(Unvented space

[\

2|Normal vented space
5|Well-vented space

Representative air exchange rates (ACH)

Figure 10-1. Three crawl space typologies (units in mm) and air change rates (in

ACH)
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Table 10-1. Material properties [Kumaran 1996, ASHRAE Fundamentals 2001, and
Straube 2000]

Layer Property Value Units
Concrete | _Moisture diffusivity | 181071 | m¥s
__Thermal conductivity | 25 | WmEK
Vapour permeability 6.3 (for a high RH, > 95%) | ng/sih[Pa
Polyethylene | Thermal conductivity | 24 | WmK
Vapour permeance 0.000474 ng/s th’Pa
Batt insulation | Thermal conductivity | 004 | WmK
Vapour permeability 80 ng/slh[Pa
Rigid insulation | Thermal conductivity | 003 | WmK
(EXPS) Vapour permeability 1.7 ng/sihPa
Plywood | Thermal conductivity | 009 | WmK
Vapour permeability 1.4 ng/slh[Pa
Carpet __Thermal conductivity | 004 | WmK
Vapour permeability 1.15 ng/sihPa

10.2.1 Goals

The goals of this case study are to: (1) develop a simplified hygrothermal analysis
model to approximate crawl space conditions, (2) estimate effects of air exchanges with
indoor and exterior on hygrothermal crawl space conditions, (3) investigate the
differences of conditioned and unconditioned crawl spaces, and (4) provide design

guidelines for crawl spaces in Toronto and Vancouver.

10.3 Analytical Approach

The concept of mass and energy conservation can be used as a simple approach to
determine temperatures and relative humidity within crawl spaces. Heat gains from the
floor and air leakage are equal to heat losses to the ground, the foundation walls, and by
ventilation. The crawl space temperatures can be found by the heat balance. The moisture
balance follows the same concept. Moisture gains from the ground and by ventilation are

equal to moisture losses to the floor, the foundation walls, and by floor air leakage. Figure
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shows a schematic model of four spaces (i.e., indoor, exterior, ground, and crawl
space) and moisture and heat transport through their surrounding enclosures (i.e., the floor,

the ground, and the foundation walls) as well as by floor air leakage and ventilation.

Tindoor» 1{Hindoor

Indoor

My fa (e, f M f,, Caf Exterior

Toutdoor, RHoutdoor
ma,v ) q,a,V

—— e

my w, Qd,w

—_—— e ———— —_——————— — —

Ground, 100%RH

Figure 10-2. Heat and moisture balances of a crawl space (Note: For the indication
of transport modes, subscript, d stands for diffusion, ¢ for conduction, and a for air
movement. For the indication of transport media, f stands for floor, v for ventilation,

w for foundation walls, and g for ground.)

10.3.1 Identification of Heat Balance

ASHRAE provides one approach to estimate crawl space temperatures [p28.9-
28.10 ASHRAE 2001]. The following steady state balance equation can be used to
calculate temperatures of a crawl space. |:|
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0=¢g,+q,tq, +q, *+q, 10-1

where qr = the heat flow rate through the floor into the crawl space (W),

qw = the heat flow rate through the foundation walls and from the crawl space
(W),

qg = the heat flow rate into the ground (W),

da = the heat flow rate due to air change with indoor of the building (W), and

gv = the heat flow rate of ventilation of crawl space to exterior (W).
If air density is assumed to be constant at 1.2 kg/m’, the above equation can be
extended to:
0 = UfAf(tc - tz) + UwAw(tc - tr)) + UgAg (tc - tg)
+0‘3xnv D/C mtc _to) +0‘3x”a |]/c th _ti)

10-2

where t; = indoor temperature (°C),

t, = outdoor temperature (°C),

t. = crawl space temperature (°C),

A¢= area of the floor above (m?),

A, = area of the perimeter, exposed foundation wall (m?),

A, = area of the ground below (= Ay),

Uy= average heat transfer coefficient through the floor (W/m?[C),
U, = average heat transfer coefficient through the ground (W/m?C),
U, = average heat transfer coefficient through the foundation wall (W/m’[C),
n, = Air Changes per Hour (ACH) due to ventilation to exterior,

n, = ACH due to air exchange with interior of the building, and

V. = volume of the crawl space (m>).

10.3.2 Characterization of Heat Transfer

To solve the above equation, overall conductance must be calculated first. Overall

permeance is found from sum of the resistances of each component as:

U=_1 10-3

Sx

i
i=0
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where R; = the thermal resistance of the layer j (m*EK/W).

10.3.2.1. Floor

The floor consists of five thermal resistances: batt insulation, two surface films,
plywood, and carpet. Surface film coefficients of 7 W/m*[K for the indoor facing surface
of the floor and 10 W/m’[K for the crawl space facing surface of the floor are taken from
Table 3-6. Since the ground temperature may be lower than the floor surface facing the
crawl space, the surface film coefficient facing the ground tends to be lower because of
radiation effects. Hence, a coefficient of 7 W/m?’[K has been assumed for both surface

films.

10.3.2.2. Ground

The determination of heat flow through the soil is difficult because the ground
itself acts as a large thermal mass. ASHRAE provides a method to estimate the heat loss
into ground [p25.4 ASHRAE 1989]. ASHRAE recommends that the thermal resistance of
the ground can be estimated from a soil depth of about 3 m. A soil conductivity of 1.38
W/mK is used from Table 6-7. A surface film coefficient of 7 W/m’K may be a good

approximation for crawl space to ground heat transport (Table 3-6).

10.3.2.3. Foundation Walls

The foundation walls consist of three thermal resistances: two surface films and
the concrete wall. Since foundation walls may be saturated all the time due to capillary
action, a thermal conductivity of 2.5 W/m[K for the concrete wall has been used. An
interior surface film coefficient of 8 W/m?[K is chosen from Table 3-6 for a vertical wall.
The foundation walls are assumed to be exposed to a wind speed of 1 m/s, and an exterior
surface film coefficient of 17 W/m*K is chosen from Figure 3-6. Using these values, an
overall conductance of 3.73 W/m’[K is calculated. For crawl spaces with insulation on the
wall, the overall conductance is 0.34 W/m’K assuming the addition of 90 mm of EXPS

insulation.
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10.3.3 Identification of Moisture Balance

The moisture balance is established in the same manner as the heat balance. The
following steady state equation can be used to estimate the air moisture levels within a

crawl space:
O0=m,+m, +m, +m, +m, 10-4

where mg = rate of moisture flow from the ground (ng/s),

m, = rate of moisture flow through the foundation walls from the crawl space
(ng/s),
my = rate of moisture flow through the floor (ng/s),

m, = rate of moisture flow due to air exchange with indoor of the building
(ng/s), and

m, = rate of moisture flow due to air exchange with exterior (ng/s).

The above equation can be extended as:

0=M 4 (P —PU)+MfAf(P, ~P)+ M, A (P,~P,)

10-5
s e x(P Zoyx10° + ¥, x(ﬂ Ziyx10°
36xR, T T 36xR, T, T

o

where P; = indoor vapour pressure (Pa),

P, = exterior vapour pressure (Pa),

P, = crawl space vapour pressure (Pa),

A¢= area of the floor above (m?),

Ay, = area of the foundation walls (m?),

A, = area of the ground below (= Ay),

M;= average vapour transfer coefficient through the floor (ng/sih’Pa),
M, = average vapour transfer coefficient through the ground (ng/s th?[Pa),

M,, = average vapour transfer coefficient through the foundation wall
(ng/sh’Ba),

T, = crawl space temperature (K),
T, = exterior temperature (K), and

Ry = gas constant of water (461.5 J/kg(K).
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10.3.4 Characterization of Vapour Transport

In order to solve moisture transport through each component, overall permeance
has first to be determined. As for thermal analysis, the overall conductance is found from

the sum of each of the components:

M = 10-6

where R; = vapour resistance of the layer j (m*S[Pa/ng).

10.3.4.1. Floor

The floor consists of five vapour resistances: two surface films, plywood, carpet,

and batt insulation. The resistances of the vapour retarder, plywood, carpet, and insulation

are found in(Table 10-1

Figure 3-5 provides approximations of convective heat transfer coefficients. Based
on a surface temperature difference of 2°C, convective heat transfer coefficients are 0.2
W/m?[K for the indoor facing floor surface and 2 W/m*[K for the crawl space facing floor
surface. These large values will have little impact on the analysis. The Lewis correlation
(Eq. 4-26) was used to calculate a mass transfer coefficient of 13.2 x 10’ ng/m*[Rals for

the floor surfaces).

10.3.4.2. Ground

The overall permeance of the ground is greatly affected by the application of a
vapour retarder on the ground surface. The ground can be assumed to be at 100% RH,
since it is moist in most locations and most of the time. The same moisture transfer
coefficient, 13.2 x 10° ng/m2 [Rald, obtained from the Lewis correlation can be used. When
a vapour retarder is employed, the coefficient is insignificant since the vapour retarder

controls essentially 100% of vapour flow.
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10.3.4.3. Foundation Walls

Uninsulated foundation walls consist of three vapour resistances: two surface
films and the concrete. To determine the vapour surface films, convective heat transfer
coefficients can be taken from Figures 3-5 and 3-6. These coefficients can be obtained as
1.8 W/m’K for an interior vertical wall surface and 17 W/m’K for an exterior wall
surface. Using the Lewis correlation the mass transfer surface film coefficients are 13 x

10° ng/sPalh? for the interior surface and 112 x 10° ng/sPalm? for the exterior surface.

The rigid insulation on the walls provides a vapour resistance of about 0.063
sh’Pa/ng. The contribution is about 65% of the overall vapour resistance of the

foundation wall.

10.4 Uncertainties

The major uncertainties of this case study are the thermal mass effects of the soil,

the ground evaporation rate, and the ventilation rates.

10.4.1 Thermal Mass Effects of Soil

There are a few steady state methods to calculate the thermal mass effects of the
ground. Recently, computer analysis methods have been used to take account of the

dynamic heat transfer and storage with comparatively little effort and time.

Choosing the correct soil temperature is important. For example, the contribution
of the heat gain from the soil is 55% to all heat gains at an exterior temperature of -10°C,
a crawl space temperature of about 0°C, a floor air leakage rate to of 0.25 ACH, and a
ventilation rate of 0.25 ACH. The contribution decreases to 26% at an exterior

temperature of 10°C.

10.4.2 Surface Film Coefficients

The analysis uses surface film coefficients corresponding to centers of surfaces of
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the floor, the ground, and the foundation walls. On corners of the surfaces, the surface
film coefficients decrease. Where insulation and vapour retarders are employed, the
influence of convective surface film effects would be insignificant in the thermal analysis

for the floor and the insulated foundation walls, and in the moisture transfer analysis for

all components as shown in rabte T0-2]

Table 10-2. Contributions of surface films in the thermal analysis and the moisture

transfer analysis

Contribution to thermal Contribution to moisture
analysis analysis
Components (%) (%)
____________ Floor | . <3 =
e Ground | <40 | = 0 with a vapour retarder _
< 70 for uninsulated walls
Foundation Walls < 9 for insulated walls =0

(Note: Contributions are calculated from = Y Ryyrface films / > Rail )

At the corners of uninsulated foundation walls and the intersection of walls and
the ground, the surface film may decreases the overall conductance to less than half of the
conductance used in the analysis. In 2-D or 3-D, heat flow through the corners and
intersections may be much than that in 1-D. Hence, the low conductance by the surface
film effect may be offset by the high conductance by the large heat flow area effect. To
determine precise heat flow at the corners and intersections, sophisticated 2-D or 3-D
thermal analysis, which includes the function of calculating surface film coefficients may
be required may be required. In this case study, a representative coefficient is selected for
the surfaces of a component, and verified with the crawl space thermal analysis technique

given in the 1998 ASHRAE Handbook of Fundamentals.

10.4.3 Evaporation Rate from the Ground

The choice of an evaporation rate for the ground also requires attention. There are
some measured data of evaporation rates: 13.4 x 10° ng/sRalth” for saturated earth in a

sub floor crawl space and 25 x 10° ng/s[Palh® for swimming pools during calms
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[Cunningham 1984]. This analysis uses an evaporation rate of 13.2 x 10° ng/sRalth”
obtained from the Lewis correlation equation and a convective heat transfer coefficient of

2 W/m’lK.

Fortunately, the analysis does not require a precise value of the evaporation rate
because the contribution of the vapour surface film is insignificant, when a vapour barrier
is applied on the ground. In case of the construction without the ground vapour retarder,
the vapour surface film plays 100% of the role on the surface evaporation rate. In that

case, an accurate surface evaporation rate is needed.

10.4.4 Time Effect

Steady state analysis cannot capture the time effects of heat and moisture dynamic
conditions in crawl spaces. It is for this reason that a long-term periodicity is appropriate
for the applications. In fact, the amplitude and effect lags are different for heat and
moisture changes and depend on the types of materials. To allow the use of steady state
analysis in dynamic crawl space conditions, this analysis employs monthly periods for the
crawl space surface temperatures. On the other hand, air change effects may take only a
few hours to affect crawl space conditions. Hence, the analysis uses monthly average
exterior conditions for determining the surface temperatures and the general performance
of crawl spaces, and extreme exterior conditions for assessing surface humidity conditions

and the extreme hygrothermal performance.

10.5 Assessment

The goals of crawl space design are to keep a low relative humidity (RH) and
minimize energy consumption. The control of humidity levels of crawl spaces is

important because a low humidity (< 80% RH) is required to prevent microbial growth.

The results of the analysis are presented in graphs of RH and temperature of crawl
spaces, and energy loss from the conditioned indoor. The graphs may help understand

overall performance and are designed to predict the crawl space conditions in two
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example cities. The graphs are generated for three different exterior temperatures (-10, 10,

and 30°C) and for exterior RH of 50 to 90%.

10.5.1 Representative Cases

The results of the analysis are presented for 6 representative cases comprised of 3
construction systems with various air exchange rates as summarized in Air
change rates with the exterior represent ventilation rates. Perfectly airtight crawl spaces
are practically impossible to build. Hence, a minimum air leakage rate across the
foundation wall of 0.25 ACH based on the crawl space volume was assumed. An air
change rate of 3 ACH was assumed for vented crawl spaces and 5 for well-vented crawl

spaces.

Table 10-3. Combinations of construction systems and air change rates (ACH, based
on the crawl space volume)

Case | Constructions Air Exchange Assumption
With exterior air! Conditions [With indoor air! Conditions
1 0.25ACH | Unvented | 0.05ACH | Air tight floor
2 System 1 0.25 ACH Unvented 0.25 ACH ;Typically leaky floor
3 |(Unconditioned| 2~5ACH | Vented 0.05ACH | Air tight floor
4 | crawl space) 0.25 ACH ! Unvented 2ACH | Airleaky floor
System 2
5 System 3 025 ACH | Unvented | 0.25 ACH |Typically leaky floor
(Conditioned | |
6 crawl space) 0.25 ACH : Unvented 2ACH | Air leaky floor

(Note: The results of the analyses for system 2 are not presented because the crawl spaces
without a vapour barrier on the ground always suffer from 100% RH.)

Air exchange rates with indoor depend on the levels of air tightness of the floor
construction. When the floor is installed with special concern for air tightness, 0.05 ACH
would be a reasonable estimate. A floor construction with many penetrations (e.g., pipes

and ducts) and/or leaky pressurized ducts are estimated to have an air exchange of 2 ACH.
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10.5.2 Boundary Conditions

The indoor temperature is maintained 20°C. The indoor RH is assumed to be 40%

RH in winter, 50% RH in spring and fall, and 60% RH in summer.

The monthly mean weather data shown in [[able 10-4|are used as the exterior RH

and temperature data.

Table 10-4. Monthly mean weather data for Vancouver and Toronto, Canada

[www.weatherbase.com]

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) | 3 5 6 9 12 15 17 17 14 10 6 3
RH (%) 88 87 8 84 81 80 81 84 89 90 88 88
Toronto
Temperature (°C) | -6 -5 2 6 12 17 21 20 15 8 3 -2
RH (%) 79.5 78 75 68 655 66 66.5 71.5 75 76 80 8l

(Note: Relative humidity data are averages of measured morning and evening data.)
Examples of the application of the graphs are presented in the following sections
for all 6 cases with the monthly average weather data of Vancouver and Toronto. In order
to assess microbial growth on crawl space surfaces on short term, hot humid conditions.
An extreme humidity ratio of 14.8 gmoisture/kgair and a mean coincident dry bulb
temperature of 23.8°C for Toronto, and a humidity ratio of 10.9 gneisture/Kgair and a mean
coincident dry bulb temperature of 19.9°C for Vancouver are used for a probability of 2%
[175 hr a year] [Chapter 27 ASHRAE 2001]. The extreme conditions can be converted in
relative humidity (i.e., 80% for Toronto and 75% for Vancouver) using a psychrometric

chart [Chapter 6 ASHRAE 2001].

10.5.3 Case 1: Unvented Crawl Space with Insulated Air
Tight Floor

Case 1 represents the construction of system 1 without intentional ventilation, and
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with insulation in an airtight floor. [Figure 10-3]shows the results of the analysis in graphs
of (a) RH, (b) temperature, and (c) energy loss. Since the floor is insulated from the crawl
space, the temperature of the crawl space tends to be close to the exterior temperature.
Due to low air exchange with the exterior and the indoors, the energy loss through the

crawl space is in the range of —0.6 to 3 W/m? for exterior temperature of 30 to -10°C.

Negative energy losses indicate energy gains. The heat loss coefficient is —0.093 W/m*[IC.

In this case, ventilation is an important factor for determining the crawl space RH.
(a) shows that three temperature lines follow exterior RH patterns. At
exterior temperatures lower than 12.5°C, the crawl space RH is lower than the exterior

RH since the crawl space is warmer than the exterior.

This approach to crawl space design is recommended for use in dry climates
(exterior RH always less than 60% RH). presents the application of
to Toronto and Vancouver weather. The crawl spaces built in this way in Toronto are
found to experience 75 ~ 80% RH in summer and winter, and around 70% RH in spring.
The crawl spaces in Vancouver may go through around 83% RH in winter, 81% RH in

late spring, and 85 ~ 90% RH in summer and early fall.
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Figure 10-3. Relative humidity, temperature, and energy loss of Case 1 (unvented

system 1 with insulated airtight floor)
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Figure 10-4. Predicted crawl space RH: Case 1 in Toronto and Vancouver using

monthly average exterior temperature and RH. (Note: The numbers in the circles
indicate months of the year. The dots are plotted for extreme humidity ratio of

exterior air (2%, 175hr a year).)

Table 10-5. Predicted temperature and relative humidity of Case 1 in Vancouver

and Toronto

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) 6 7 § 10 12 14 15 15 13 11 8 6
RH (%) 8 83 83 82 &1 83 8 89 90 87 84 83
Toronto
Temperature (°C) -0.1 1 5 8§ 12 15 18 17 14 9 6 3
RH (%) 715 77 75 72 70 72 74 79 80 75 78 78
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10.5.4 Case 2: Unvented Crawl Space with Insulated Typical
Floor

Case 2 represents the construction of system 1 with no ventilation, and with an
insulated typical floor. Since the floor is insulated from the crawl space, the temperature
of the crawl space tends to be close to the exterior temperature. However, the floor air
leakage raises the crawl space temperature. Due to the increase in air leakage through the
floor, the energy loss through the crawl space is 1.35 times that of Case 1. The heat loss
coefficient is —0.126 W/m>[°C.

The air leakage through the floor is an important factor determining the RH of the
crawl space. At exterior temperatures lower than 13.5°C, the interior RH is less than the
exterior RH since the crawl space is warmer than the exterior. At exterior temperatures
higher than 18°C, the indoor RH significantly reduces the crawl space RH, while the
exterior RH increases the crawl space RH. In this case, the crawl space experiences 100%
RH at low exterior temperatures of -10°C since the floor air leakage and the ventilation
act to increase the crawl space RH. As exterior temperature increases, the crawl space RH

decreases.

This design can successfully be used in hot dry climates (> 5°C and < 60% RH).
presents the application of to Toronto and Vancouver weather
conditions. The crawl spaces of Case 2 in Toronto are found to experience 93 ~ 95% RH
in winter, 73 ~ 87% in spring and fall, and 71 ~ 74% RH in summer. The crawl spaces
built in this way may be inadequate for houses in Toronto, especially during spring and
fall seasons. The crawl spaces in Vancouver may experience around 88 ~ 91% RH in
winter, 80% RH in spring to early summer, and 82 ~ 85% RH in summer to early fall.

Hence, the crawl spaces in Vancouver are over 80% RH all year.
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Figure 10-5. Relative humidity, temperature, and energy loss of Case 2 (unvented
system 1 with insulated floor)
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Figure 10-6. Predicted crawl space RH: Case 2 in Toronto and Vancouver using

monthly average exterior temperature and RH. (Note: The numbers in the circles

indicate months of the year. The dots are plotted for extreme humidity ratio of

exterior air (2%, 175hr a year).)

Table 10-6. Predicted temperature and relative humidity of Case 2 in Vancouver

and Toronto

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) 6 8 8 10 12 14 16 16 14 11 8 6
RH (%) 91 88 87 85 80 &80 79.5 82 85 855 89 091
Toronto
Temperature (°C) 0.5 1 6 8 12 16 18 18 14 10 6 3
RH (%) 95 95 87 81 73 71 71 74 775 81 88 93
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10.5.5 Case 3: Vented or Well-vented Crawl Space with
Insulated Airtight Floor

Case 3 represents the construction of system 1 with a large amount of ventilation
and an insulated airtight floor. Since the floor is insulated from the crawl space and these
is a large amount of ventilation, the temperature of the crawl space tends to follow the
exterior temperature. Even with large amounts of ventilation, the energy loss through the
crawl space is around 1.13 times that of Case 1. The heat loss coefficient is —0.112

W/m?[C.

Ventilation can be an important factor for the crawl space RH. (a)
shows the strong influence of the ventilation. At exterior temperatures lower than 10.5°C,
the crawl space RH is lower than the exterior RH since the crawl space is warmer than the
exterior. In contrast, the exterior RH increases the crawl space RH at an exterior
temperature higher than 10.5°C. The influence of air leakage through the floor is
insignificant in this case. In cases where large amounts of ventilation (> 2 ACH) are
applied to crawl spaces, the results are similar to those of Case 3 since the ventilation

dominates the crawl space conditions.

This case is recommended for use in severe cold climates (< 0°C) or dry climates
(< 70% RH). presents the application of to Toronto and
Vancouver weather conditions. The crawl spaces built in this way in Toronto are found to
experience 64 ~ 65% RH in winter to spring, and 73 ~ 76% RH in summer and fall. The
crawl spaces may be adequate for houses in Toronto since the crawl space RH is always
less than 76%. The crawl spaces in Vancouver may experience around 80% RH in winter
and spring, and 85 ~ 90% RH in summer and fall. The crawl spaces of Case 3 in

Vancouver are over 80% RH all year.
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Figure 10-7. Relative humidity, temperature, and energy loss of Case 3 (well-vented

system 1 with insulated airtight floor)

251



CASE STUDY 3

100 -
Exterior Toronto
. temperature
g\o/ 90 [
N T
-"g 80
= [
2
‘5 70
=
o
(]
8 60
&
E
=~ 50
@)
40
50 60 70 80 90

Exterior relative humidity (%)

Figure 10-8. Predicted crawl space RH: Case 3 in Toronto and Vancouver with
monthly average exterior temperature and RH. (Note: The numbers in the circles
indicate months of the year. The dots are plotted for extreme humidity ratio of

exterior air (2%, 175hr a year).)

Table 10-7. Predicted temperature and relative humidity of Case 3 in Vancouver

and Toronto

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) 5 6 7 10 12 14 16 16 14 10 7 5
RH (%) 80 80 80 &80 &8 &1 & 8 90 88 83 8O
Toronto
Temperature (°C) -3 -2 4 7 12 16 20 19 14 9 5 1
RH (%) 65 64 66 64 65 69 71 76 7176 T3 T3 68
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10.5.6 Case 4: Unvented Crawl Space with Insulated Floor,
Indoor Air Mixed with Crawlspace Air

Case 4 represents the construction of system 1 with no ventilation and an insulated
air-leaky floor. Since the floor has a large amount of air leakage, the temperature of the
crawl space tends to be close to indoor temperature. The unvented crawl space (0.25
ACH) allows little heat and moisture loss or gain. The air leakage through a floor
containing many penetrations (e.g., ducts and vents) is represented as an air change rate of
2 ACH. Due to the large floor air leakage, the energy loss through the crawl space is
around 3.74 times that of case 1. The heat loss coefficient is —0.35 W/m*[°C.

The floor air leakage is an important factor determining the crawl space RH.
(a) shows the strong influence of the air leakage through the floor. At exterior
temperatures lower than 18°C, the indoor RH will increase the crawl space RH since the
crawl space is colder than indoors. At higher temperatures the indoor RH reduces the

crawl space RH. The influence of ventilation is insignificant in this case.

This case can be used in warm climates (> 0°C) regardless of any level of exterior
RH. presents the applications of in Toronto and Vancouver. The
crawl spaces built in this way in Toronto may experience 92 ~ 97% RH in winter, 72 ~
80% RH in spring and fall, and 66% RH in summer. The crawl spaces may be inadequate
for houses in Toronto since the crawl space RH is more than 80% in fall, winter, and
spring. The crawl spaces in Vancouver may experience around 82 ~ 87% RH in winter,
73 ~ 82% RH in spring and fall, and 68 ~ 70% RH in summer and fall. The crawl spaces
in Vancouver cannot be acceptable since the crawl space temperature is always higher
than 9°C all year around and the crawl space RH is higher than 80% in winter. Five
months under the conditions higher than 5°C and 80% RH is long enough to reach to

system failure.
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Figure 10-9. Relative humidity, temperature, and energy loss of case 4 (unvented

system 1 with insulated air-leaky floor)
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Figure 10-10. Predicted crawl space RH: Case 4 in Toronto and Vancouver with
monthly average exterior temperature and RH. (Note: The numbers in the circles
indicate months of the year. The dots are plotted for extreme humidity ratio of
exterior air (2%, 175hr a year).)

Table 10-8. Predicted temperature and relative humidity of Case 4 in Vancouver
and Toronto

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) 9 10 11 12 14 15 16 16 15 13 11 10
RH (%) 87 84 82 78 74 70 68 68 73 T6 82 &7
Toronto
Temperature (°C) 5 5 9 11 14 16 19 18 15 12 9 7
RH (%) 97 96 88 80 72 66 66 66 70 78 87 92
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10.5.7 Case 5: Unvented Crawl Space with Insulated
Foundation Walls and Typical Air-leaky Floor

Case 5 represents the construction of system 3 with no ventilation and insulated
exterior crawlspace walls. Since the foundation walls are insulated, the temperature of the
crawl space tends to be close to indoor temperature. The energy loss through the crawl

space is around 3 times that of case 1. The heat loss coefficient is —0.22 W/m>[°C.

In case 5, insulation on the foundation walls is an important factor determining the
crawl space RH. The foundation insulation maintains the crawl space temperature closed
to the indoor temperature. Figure 10-11t(a) shows that the crawlspace RH is higher than

the exterior air RH at exterior temperatures higher than 18°C. At exterior temperatures

lower than 18°C, the crawlspace RH is less than the exterior RH.

This case is recommended for use in cool climates (< 20°C) regardless of exterior
RH. presents the application of in Toronto and Vancouver.
The crawl spaces built in this way in Toronto experience about 40% RH in winter, 50 ~
65% RH in spring and fall, and 65 ~ 70% RH in summer. The crawl spaces in Vancouver
will experience around 50% RH in winter, 55 ~ 60% RH in spring and fall, and 70 ~ 80%
RH in summer. This crawl space design is acceptable for houses in both Toronto and
Vancouver since the crawl space RH is maintained at a low RH all year. The crawl spaces
in Vancouver and Toronto are kept at a temperature of around 15 ~ 19°C by the strong

influence of the indoor temperature and the insulated foundation walls.
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Figure 10-11. Relative humidity, temperature, and energy loss of case 5 (unvented
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Figure 10-12. Predicted crawl space RH: Case 5 in Toronto and Vancouver with
monthly average exterior temperature and RH. (Note: The numbers in the circles
indicate months of the year. The dots are plotted for extreme humidity ratio of
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Table 10-9. Predicted temperature and relative humidity of the Case S in Vancouver

and Toronto

Exterior

temperature

____________________
...............

Toronto

Exterior relative humidity (%)

, 175hr a year).)

60

70

90

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) 16 16 17 17 17 18 18 18 18 17 17 16
RH (%) 50 51 52 55 59 65 75 77 70 59 55 51
Toronto
Temperature (°C) 15 15 16 17 17 18 18 18 18 17 16 16
RH (%) 40 41 46 48 54 65 T1 T2 65 53 49 42
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10.5.8 Case 6: Unvented Crawl Space with Insulated
Foundation Walls and Uninsulated Air-leaky Floor

Case 6 represents the construction of system 3 (i.e., using rigid insulation on the
foundation walls) without both ventilation and insulation on the air-leaky floor. Since the
floor has a large amount of air leakage and the foundation walls are insulated, the
temperature of the crawl space tends to be close to the indoor temperature. The air
leakage through a floor containing many penetrations (e.g., ducts and vents) is
represented as an air change rate of 2 ACH. Intentionally placing vents and ducts through
the crawlspace floor can ensure air exchange with the crawlspace at a level of 2 ACH.
Due to the air change through the indoor and the application of rigid insulation on the
foundation walls, the energy loss through the crawl space is around 3.3 times that of Case

1. The heat loss coefficient is —0.234 W/m>[°C.

The air leakage through the floor and the insulation on the foundation walls are
important factors determining the crawl space RH. The foundation insulation maintains
the crawl space temperature close to the indoor temperature. The air leakage results in a

strong influence of the indoor RH on the crawl space RH as shown in Figure 10-13f(a).

The influence of the ventilation is insignificant in this case.

This case is recommend for use in any climate. presents the
applications of in Toronto and Vancouver. The crawl spaces built with this
way in Toronto are found to experience 50% RH in winter, 53 ~ 58% RH in spring and
fall, and 62% RH in summer. The crawl spaces in Vancouver will experience around 53 ~
56% RH in winter and early spring, 56 ~ 60% RH in late spring and fall, and 62 ~ 64%
RH in summer. This crawl space design can be used for houses in both Toronto and
Vancouver since the crawl space RH is maintained at a low RH all year around. The
crawl spaces of Case 6 in Vancouver and Toronto are kept at temperatures of around 16 ~
19°C by the strong influence of the indoor conditions. The soil below the crawlspace is
expected to slowly heat up over the first few year of occupancy, thereby reducing the heat

losses calculated.
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Figure 10-13. Relative humidity, temperature, and energy loss of Case 6 (unvented

system 3 with the insulated foundation wall and the uninsulated air-leaky floor)
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Figure 10-14. Predicted crawl space RH: Case 6 in Toronto and Vancouver with
monthly average exterior temperature and RH. (Note: The numbers in the circles
indicate months of the year. The dots are plotted for extreme humidity ratio of
exterior air (2%, 175hr a year).)

Table 10-10. Predicted temperature and relative humidity of the Case 6 in
Vancouver and Toronto

Month 1 2 3 4 5 6 7 8 9 10 11 12
Vancouver
Temperature (°C) | 17 17 17 17 18 18 18 18 18 18 17 17
RH (%) 54 55 55 56 58 60 62 64 62 57 55 53
Toronto
Temperature (°C) | 16 16 17 17 18 18 19 19 18 17 17 17
RH (%) 50 51 52 53 58 61 62 62 60 55 53 51
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10.6 Summary

10.6.1 Energy Consumption

able 10-11|shows that air leakage through the floor and the crawl space with
insulated walls consumes more energy than the unconditioned crawl spaces. Ventilation
may also cause some energy loss. The change of ventilation rate from 0.25 to 5 ACH

increases energy loss through the crawl space by 14%.

The change of the floor air leakage rate from 0.05 to 0.25 ACH increases energy
loss through the crawl space by 35%. When the air leakage through the floor increases to
2 ACH, the energy loss increases to 374% of the case with only 0.05 ACH floor leakage.

The energy loss through the crawl space is often significant (9 ~ 27 %) compared
to the whole house energy consumption as shown in This calculation is
based on a house with the walls of Rg; = 3.33 and 3.5 m height, the roof of Rg;= 6, the
windows of R ;= 0.36 and & mz, and an air leakage of 0.3 ACH.

The energy consumption of the crawlspaces with insulated walls is likely
overestimated since the soil in the crawlspace will slowly warm to the average interior
conditions. If the soil temperature is the same as the crawl space temperature, the energy
loss (-0.1 W/m”[C) through the crawl space with insulated walls becomes about 17% of

the whole house energy consumption.

Table 10-11. Comparisons of energy consumption at an exterior temperature of -

10°C and an interior temperature of 20°C

Energy consumption Case 1 Case2 Case3 Case4 Case5 Caseb6

Comparison to Case 1 1 1.4 1.1 3.7 3.1 33

(=Energy loss/376.7 W) | (-0.093 (-0.126 (-0.112 (-0.35 (-0.22 (-0.234
W/m’lC) W/m’FC) W/m’[C) W/m’PC) W/m’FC) W/m’FC)

Ratio to whole house 9 11.8 10.1 27.1 23.4 24.6
energy consumption (%)
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10.6.2 Temperature

Crawl spaces in Vancouver and Toronto have similar patterns of yearly

temperature profiles as shown in Figure 10-15| The conditioned crawl spaces (i.e., those

using insulated foundation walls and no ventilation) undergo a temperature fluctuation

with small amplitudes (about 3°C) at an average of about 17°C. The unconditioned crawl

spaces in Vancouver have about a 10°C temperature difference between summer and

winter while those in Toronto have about 20°C difference. Since the crawl spaces in

Vancouver maintain its temperature over 5°C all year around, there are potentials of

microbial attacks even in winter. The crawl spaces in Toronto would be safe from

microbial growth from November to March for Cases 1, 2, and 3, because of the

coincident low temperatures. The simple model used to calculate the temperatures likely

predicts a temperature that is several degrees lower than actual.

No microbial growth

Temperature of Crawl space (C)

1234567 89101112

Month
(a) Vancouver

No microbial growth

12345678 9101112

Month
(b) Toronto

—9—Case 1

—— Case 2

—A—Case 3

—x—Case 4

—¥—Case 5

—@—Case 6

Figure 10-15. Temperatures of all crawl space designs in Vancouver and Toronto
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10.6.3 Relative Humidity

Figure 10-16| presents the comparisons of the crawl space RH for all 6 cases and

for the case with no vapour barrier on the ground in the Vancouver climate. The case with
no vapour barrier on the ground results in 100% RH crawl space air, regardless of

applications of air changes and construction types.

Crawl spaces in a warm humid climate like Vancouver may require use of a
conditioned crawl space (i.e., rigid insulation on the foundation wall and no insulation in
the floor). Air leakage through the floor can reduce the level of the crawl space RH to safe

levels from April to October.

presents the RH of all 6 cases and the case without a vapour barrier
on the ground in the Toronto climate. Clearly a ground vapour barrier is required
regardless of which strategy is chosen. Sealing the crawlspace and insulating the walls
(Cases 5 and 6) results in the lowest RH levels. The insulated foundation walls and
mixing indoor air with crawlspace air (Case 6) is the best solution. Unconditioned crawl
space air with the airtight floor (0.05 ACH) will be in a range of 65 to 80% RH.
Unconditioned crawl space air with the air leaky floor (0.25 ~ 2 ACH) has low RH (65 ~

80%) during summer conditions, and very high RH (> 90%) during winter conditions.
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10.6.4 Short Term Effects

Unlike the soil and the foundation walls, the temperature and RH of the crawl
space air can easily be affected by air exchange with indoor and exterior air. The
temperatures of the ground and the foundation walls can be assumed to follow long term
conditions (monthly average exterior conditions) because of their large heat and moisture
storage capacity. The crawl space air is likely to be affected by hourly exterior conditions.
This phenomenon can cause high humidity or condensation on the surface of the ground
and the foundation walls. Based on extreme exterior humidity ratio (0.4%, 1%, and 2% of
hours per year) and mean coincident dry bulb temperatures [Chapter 27 ASHRAE 2001],
the extreme dew point temperatures of entering exterior air and well-mixed crawl space
air can be found for crawl spaces in Toronto and Vancouver. The extreme dew point
temperatures of entering exterior air can be used to check for condensation occurrence on
the foundation walls near exterior air inlets (e.g., vents). The extreme dew point
temperatures of well-mixed crawl space air can be used to check condensation occurrence

on the ground and the foundation walls.

Surface Condensation in Crawl spaces in Toronto

shows dew point temperatures for humid exterior air and
corresponding crawl space conditions in Toronto, Canada. The dew point temperatures of
exterior air are in the range of 19.8 to 21.6°C according to the annual probability of 2, 1,
and 0.4%. Cases 4 and 6 using high mixing rates of indoor air with crawlspace air (2
ACH) have low crawlspace dew point temperatures (12 ~ 14°C) under these exterior
conditions. Cases 1, 2, and 5 (unvented crawl spaces, 0.25 ACH) have dew point
temperatures of 18 to 19°C. Case 3 (vented crawl spaces, 2 ~ 5 ACH) has high crawlspace

dew point temperatures (20 ~ 22°C).
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Table 10-12. Dew point temperatures for humid exterior air [Chapter 27 ASHRAE
2001] and corresponding crawl space conditions in Toronto

Case Extreme exterior Dew point Crawl space conditions for extreme
humidity conditions | temperature of exterior humidity ratio
[Annual (8760hr) |exterior air (°C)| Temperature: RH Dew point

probability] (°C) ' (%) | temperature (°C)
Case 1 0.4% (35hr) 21.6 21 89 19
1.0% (88hr) 20.7 20.5 89 19
2.0% (175hr) 19.8 20 89 18
Case 2 0.4% (35hr) 21.6 22 P79 18
1.0% (88hr) 20.7 21.5 79 18
2.0% (175hr) 19.8 21 79 17
Case 3 0.4% (35hr) 21.6 24 . 89 22
1.0% (88hr) 20.7 23 L 90 21
2.0% (175hr) 19.8 22 90 20
Case 4 0.4% (35hr) 21.6 22 . 61 14
1.0% (88hr) 20.7 21 L 61 13
2.0% (175hr) 19.8 20 o6l 12
Case 5 0.4% (35hr) 21.6 20 o1 18
1.0% (88hr) 20.7 20 91 18
2.0% (175hr) 19.8 19.5 90 18
Case 6 | 0.4% (35hr) 216 20 | 68 14
1.0% (88hr) 20.7 20 L 67 14
2.0% (175hr) 19.8 19.5 L 66 13
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Figure 10-18. Comparison of the dew point temperatures of entering exterior air and

well-mixed crawl space air to the temperatures of the ground and the foundation

walls in Toronto. (Note: The soil and concrete temperatures are assumed to follow

monthly average temperatures.)
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Figure 10-18 presents the temperatures of the foundation walls and the ground,
and the dew point temperatures of entering exterior air and coincident well-mixed crawl
space air. For all 6 cases, the foundation walls around exterior air inlets will experience
surface condensation for more than 175 hours a year (2% probability exterior humidity).
Cases 5 and 6 will not experience crawl space air condensation on the ground and the
foundation walls. Case 6 in particular will maintain a low surface RH because the peak
dew point temperatures of the crawl space air are around 2 to 7°C lower than soil and
concrete temperatures. Cases 1, 2, 3, and 4 will experience crawl space air condensation
on the foundation walls and ground for more than 175 hours a year. Case 2 has a lower

probability of the surface condensation than Cases 1, 3, and 4.

Surface Condensation of Crawl spaces in Vancouver

shows dew point temperatures for humid exterior air and
corresponding crawl space conditions in Vancouver, Canada. The dew point temperatures
of exterior air are in the range of 15.3 to 16.6°C according to the annual probability of 2,
1, and 0.4 %. Cases 4 and 5 using high mixing rates of indoor air with crawl space air (2
ACH) have low crawlspace dew point temperatures (11 ~ 13°C), corresponding to the
humid exterior air. Cases 1, 2, and 5 (unvented crawl spaces, 0.25 ACH) have dew point
temperatures of 14 to 16°C. Case 3 (vented crawl spaces, 2 ~ SACH) has slightly higher

dew point temperatures (15 ~ 17°C).
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Table 10-13. Dew point temperatures for humid exterior air [Chapter 27 ASHRAE

2001] and corresponding crawl space conditions in Vancouver

Case Extreme exterior Dew point Crawl space conditions for extreme
humidity conditions | temperature of exterior humidity ratio
[Annual (8760hr) |exterior air (°C)| Temperature; RH Dew point

probability] (°C) i (%) | temperature (°C)
Case 1 0.4% (35hr) 16.6 19 L 81 16
1.0% (88hr) 15.9 18.5 81 15
2.0% (175hr) 15.3 18 81 15
Case 2 0.4% (35hr) 16.6 19 . 76 15
1.0% (88hr) 15.9 18.5 L 76 14
2.0% (175hr) 15.3 18 76 14
Case 3 0.4% (35hr) 16.6 20.5 . 82 17
1.0% (88hr) 15.9 19.5 81 16
2.0% (175hr) 15.3 18 81 15
Case 4 0.4% (35hr) 16.6 20 64 13
1.0% (88hr) 15.9 195 | 64 12
2.0% (175hr) 15.3 19 64 12
Case 5 0.4% (35hr) 16.6 19.5 . 76 15
1.0% (88hr) 15.9 19 75 14
2.0% (175hr) 15.3 185 |75 14
Case 6 0.4% (35hr) 16.6 19.5 . 63 12
1.0% (88hr) 15.9 19 L 62.5 12
2.0% (175hr) 15.3 18.5 62 11
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Figure 10-19. Comparison of the dew point temperatures of entering exterior air and

well-mixed crawl space air to the temperatures of the ground and the foundation

walls in Vancouver. (Note: The soil and concrete temperatures are assumed to follow

monthly average temperatures.)
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Figure 10-19 presents the temperatures of the foundation walls and the ground,
and the dew point temperatures of entering exterior air and coincident well-mixed crawl
space air in Vancouver. For Cases 1, 2, 3, and 4, the foundation walls around exterior air
inlets will experience surface condensation for more than 175 hours a year (extreme
exterior humidity). Cases 5 and 6 will not experience surface condensation of the entering
exterior air and the crawl space air on the ground and the foundation walls. Case 4 will
not experience condensation on the foundation walls or around exterior air inlets. Cases 1,
2, and 3 may experience condensation on the foundation walls and the ground. Case 2 has

lower probability of the surface condensation than Cases 1 and 3.

10.7 Recommendations

able 10-14|presents suggestions of the applications of the cases. Cases 1 and 2

may be inadequate in most of regions of Canada. In winter, Case 3 would help keep the
crawl space dry and at a warm temperature, Case 4 is suitable. Cases 4 and 5 can be used
in various climates unless the region is hot. Case 4 has some restrictions of temperature.

In warm or hot seasons, conditioning crawl spaces does not assist to keep the spaces dry.

Table 10-14. Suggestions of the applications of the cases

Restrictions
in monthly maximum averages
Case Type of climate | Relative humidity (%) : Temperature (°C)
Case 1 Dry < 60 i
Case2 | Hot | - - L >5
Dry <60 -
Case 3 | Severecold | - S <0
_________ Dry o ST0 o
Dry mild <175 § <20
Casc 4 Warm - >0
Case 5 Mild . <20
Case 6 Any - i <45
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10.8 Conclusions

Simplified hygrothermal analysis, which includes energy and mass conservation to
estimate the temperature and relative humidity of a given crawl space when constructions,
air exchanges, and exterior conditions are known. Uncertainties on heat and moisture
storage effects can result in errors. The thermal mass effect of the soil is accounted for

using steady state hear transfer with a 3 m depth of soil [Chapter 25 ASHRAE 1989].

Ventilation through the foundation walls and air leakage through the floor have a
significant influence on crawl space RH and temperature. At exterior temperatures lower
than the crawl space temperature, ventilation helps keep crawl spaces dry. When the
outdoor temperature is higher than the crawl space temperature, ventilation often can add
moisture to the crawlspace. Air leakage through the floor removes moisture from the
crawl spaces unless the crawl space is very cold, since indoor conditions are usually

maintained at a relatively low RH (i.e., 40 J60% RH).

Crawlspaces of all types built without a vapour barrier on the ground can always

be expected to be at 100% RH all year around.

Using insulation on the foundation walls and mixing interior air with crawl space
air will help maintain low crawl-space RH. For crawl spaces in Vancouver and Toronto,
the systems using insulated foundation walls with crawl space air mixing with the indoor

air can help maintain the crawl space at less than 65% RH.

If it is necessary to use insulation in the floor, crawl spaces in Toronto require
ventilation with airtight floor construction. For crawl spaces in Vancouver, large amounts
of indoor air mixing with the crawl space air and no ventilation are required in spring,

summer, and fall, to allow drying of accumulated moisture during winter.

Insulation on the foundation walls, and high mixing rates of the indoor air with the
crawl space air may be required to avoid surface condensation on thermal mass
components (i.e., the ground and the foundation walls) under extreme hot humid

conditions.
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Air leakage through the floor and uninsulated floors can cause serious energy loss.
The analysis shows that the cases with insulated foundation walls experience about 2 - 3
times higher energy loss than the cases with insulated floor. The energy consumption of
the crawlspaces with insulated walls is likely overestimated since the soil in the

crawlspace will slowly warm to the average interior conditions.
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