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ABSTRACT

The Measured Energy Impact of Air Leakage
on Frame Wall Systems. (May 1991)
Souvik Bhattacharyya, B.M.E., Jadavpur University;
M.S., University of Cincinnati

Chair of Advisory Committee: Dr. David E. Claridge

Infiltration is customarily assumed to increase the heating and cooling load
of a building by an amount equal to the mass flow rate of the infiltration times the
enthalpy difference between the inside and outside air — with the latent portion
of the enthalpy difference sometimes neglected. An experimental and analytical
investigation has been conducted on the actual energy impact of air leakage on
frame wall systems. Calorimetric measurements conducted on a small test cell
and on a well characterized stud-cavity wall specimen with measured amounts of
air leakage introduced under a variety of controlled conditions and configurations
show convincingly that infiltration can lead to a much smaller change in the
energy load than is customarily calculated. The data also suggest that the

phenomenon occurs in full-sized houses as well.

Infiltration Heat Exchange Effectiveness (IHEE), ¢, is introduced as a mea-
sure of the effectiveness of a building in ‘recovering’ heat otherwise lost (or
gained) because of infiltration. Measurements show that ¢ increases as:

a) flow rate decreases;

b) flow path length increases;

c) hole/crack size decreases.

¢ also generally increases as the pressurization exponent, n, increases; so fan



pressurization results may be useful in predicting ¢ for buildings. An analytical
model based on fundamental heat and mass transfer principles has been de-
veloped and all the predicted values of ¢ as a function of air flow rates and
effective path length for the different stud-cavity wall specimen test configurations

were remarkably consistent with the experimental results.
Significant experimental results include:

a) € values as high as 0.9 and as low as 0.05 for the test cell configurations
tested indicate an energy impact of the air leakage as low as 10% of customary

values;

b) ¢ values in the 0.16-0.7 range in the stud-cavity (vs. theoretical maximum

of 0.5); and

c) ¢ values of 0.16 to 0.34 for air exiting the stud-cavity directly across from

the entry.
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CHAPTER |

INTRODUCTION

The rate of air infiltration into buildings affects both energy consumption and
indoor air quality. When space conditioning is necessary, the energy required
to maintain comfortable conditions increases with the rate of air infiltration. Infil-
tration is one of the major contributors to heating and cooling costs of buildings
- especially houses. Therefore the relationship between energy use and air

infiltration is of considerabie concern in energy conservation.

Infiltration air flows are caused by pressure differences across openings in
the building envelope. These driving pressures are caused by the wind, thermal
buoyancy (stack effect) from temperature differences between indoor and outdoor
air, and the operation of appliances such as combustion devices and mechanical
ventilation systems. The pressure difference at any given location depends on
the magnitude of these driving mechanisms in addition to the characteristics
of the openings (cracks) in the building envelope i.e., their locations and the
relationship between pressure difference and airflow for each opening. Pressure
difference (Ap) across the building envelope is based on the mass conservation
principle , i.e. the mass flow of air into the building equals the mass flow out.
The wind striking a building causes a distribution of static pressures (p,) on
the building’s exterior envelope which depends on the wind direction and the
location on the building exterior. This pressure distribution is independent of the
pressure inside the building (p;r). The indoor-outdoor temperature difference

also imposes a gradient in the pressure difference. This pressure difference Ap,

Journal model is ASME Journal of Heat Transfer.



is a function of height and temperature difference. The total pressure difference,

Ap is expressed as:

Ap = p, + pw — Pir + Ap, (1.1)

where

pir = interior static pressure at some reference height

p, = Static pressure at the reference height in the disturbed flow
pw = wind pressure at the location

Ap, = pressure difference due to stack effect

The relationship between the airflow through an opening in the building en-
velope and the pressure difference across it is called the leakage function of
the opening. The form of the leakage function depends on the geometry of the

opening. The fundamental equation for the airflow rate through an opening is :

qg = CDA(zAP)l/2 (1.2)
p
where
qg = airflow rate
Cp = discharge coefficient for the opening
A = cross-sectional area of the opening

p = air density

The discharge coefficient Cp is a dimensionless number and depends on the



opening geometry and the Reynolds number of the flow.

The openings in a building envelope are not uniform in geometry. They
usually have many bends and varying cross-sectional area; the flow never be-
comes fully developed, thereby preventing the applicability of the simple relations
between @ and Ap. The following expression is often used in such situations

to describe the aggregate leakage characteristics of a building:

g = C (Ap)" (1.3)
where
C = flow coefficient
n = flow exponent

Equation (1.3) only approximates the relationship between ¢ and Ap. In
fact, the values of C' and n depend on the range of Ap over which equation
(1.3) is applied. The cracké with larger flow resistance, i.e., greater depths or
narrower widths, tend to have an exponent n closer to 1 than that for gaps with
less resistance. For openings in the shell of a building, the value of n depends

on the opening geometry, as well as on the entrance and exit effects.

Figure 1 shows a typical wind pressure profile on a building. The positive
pressure side will experience infiltration whereas exfiltration will occur on the -

leeward side or the negative pressure side.

Knowledge of infiltration and models for predicting the amount of infiltration

were very limited until the late 1970s. Earlier air leakage models used what
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is conventionally known as the crack method. The air leakage temperature de-
pends on the following parameters: temperature of the incoming air, flow rate,
heat transfer in the crack, and crack form. The crack form primarily depends on
the type of building component and workmanship. Crack deformation depends
on the change of temperature, moisture content, and time. The crack air flow is
mostly a mixed flow regime consisting of laminar, turbulent and transition fiows.
The proportion of each regime depends on the physical form of the crack and
the pressure difference. The power law form (equation 1.3) is widely used for
its simplicity. However, as Etheridge [1] points out, equations of this type lack
generality because they are not dimensionally homogeneous, that is they do not
obey Reynolds law of similitude. It is suggested that instead of equation 1.3, the

following equation might be used:

Ap = Aq + B¢ (1.4)

From the appearance, it seems this equation represents both turbulent and

laminar flow. The coefficients remain independent of the rate of flow.

One of the earliest studies which quantified air leakage in a large number of
houses was the work of Caffey [2]. Based on the measurements on 50 houses
in the Dallas area, he concluded that up to 40% of the heating and cooling cost
was due to air infiltration. The contribution of infiltration to heating and cooling
requirements varies from house-to-house, but in one comprehensive study of
infiltration, Persily [3] ascribed an average of one-third of these requirements
to infiltration. Thus, infiltration constitutes a significant part of the total space

conditioning load.

Extensive work has been done on the prediction and measurement of infil-



tration for building systems and comprehensive reviews of various methods and
models are available [4-6]. But a very scant amount of research has been de-
voted to the actual energy consumption due to air infiltration. Recently a twelve-
month workshop titled ‘COMIS’ (Conjunction of Multizone Infiltration Specialists)
was concluded at the Lawrence Berkeley Laboratory, where a multi-national
team of infiltration experts developed a reliable, versatile multizone infiltration
model on a modular base. An extensive list of areas were identified for further
investigation, but unfortunately the energy consumption aspect of air infiltration
was again ignored. Moreover, the understanding of processes, factors and rela-
tionships have been largely qualitative. An improved quantitative understanding
will enable the utilities, the consumer and the agencies to make sound decisions
that are attractive from both an indoor air quality and an energy consumption
point of view. Substantially more precise information than is now available is
needed to characterize the physical processes involved. With this background,
an experimental and analytical investigation was initiated to develop an under-
standing of the relationship between energy consumption and air leakage in

frame walls.

It has been universally assumed that the amount of energy required to heat
(or cool) infiltrating air is the same as that required to heat (or cool) outdoor |
air to the indoor conditions; this is the product of specific enthalpy difference
between outdoor and indoor conditions and the mass flow rate of the infiltrating |
air. Measurements conducted for this dissertation [7] have convincingly shown |
that infiltration can lead to a much smaller change in the energy load on a test
cell than is customarily calculated. The data obtained also suggest that the
phenomenon occurs in fuli-sized houses and that infiltration in a typical house

contributes 28 to 79% as much as is now calculated.



This investigation was initiated to gain a better understanding of the heat
exchange which occurs in building components when coupled heat and mass
transfer is present, as is the case when air leaks through the stud-cavity in
a building wall structure. Design models for building heat transfer calculations
universally assume no interaction between this heat and mass transfer. Failure to
account for this interaction results in over-estimation of heat transfer by significant
fractions of the heat loss or gain normally attributed to infiltration in houses. The
objective of this investigation is to determine the actual energy transfer occurring
while air infiltrates/exfiltrates through porous insulation in wall structures. A
procedure is hypothesized which would use data from a normal pressurization
test to estimate the actual energy impact due to infiltration in houses. A simple
theoretical model is also developed to predict the actual energy impact of air

infiltration.

This dissertation includes a review of the available and relevant literature,
design and description of the experimental facility, an analysis of the theory
behind this work and also the development of an analytical model, discussion
of the experimental results and the concluding remarks. Chapter Il summarizes
the literature reviewed for this study. The review was undertaken to ascertain
the current state of knowledge in the area of infiltration and energy consumption
and to justify the need for additional research. Chapter Ill provides the design
and construction details of the experimental test facility - the infiltration test cell
and the calibrated environmental chamber; these were built exclusively for this
investigation and the construction of the apparatus including the elaborate in-
strumentation is considered to be a part of this dissertation. The theoretical
background and analytical modeling of the phenomenon and the prediction pro-

cedure of the Infiltration Heat Exchange Effectiveness is carried out in Chapter IV.



The experimental methodology developed for measuring the energy consumption
due to air infiltration in the test cell as well as in the calibrated environmental
chamber is discussed in Chapter V. Chapter VI reviews the experimental results
for the test cell and Chapter VIl describes the test results for the calibrated hot
box. GConclusions and recommendations for future research are presented in

Chapter VIl



CHAPTER I

LITERATURE REVIEW

The International Energy Agency (IEA) Executive Committee for building and
community systems in the late 1970s highlighted areas in building science where
the level of knowledge was unsatisfactory and there was unanimous agreement
that infiltration was the area about which least was known. Historically, with that
perspective, the Air Infiltration Group was formed and consequently the Air Infil-
tration and Ventilation Center, England was started with participation by thirteen
countries from Europe and North America. Many studies and investigations of
air infiltration have been carried out during the last decade and presently there
is a large volume of information available on the general subject of air infil-
tration. Most of this information is related to the measurement techniques and
mathematical models for prediction of infiltration. The available literature on the
energy impact of infiltration is quite limited and has been focused on two major

areas:

() dynamic insulation and (i) energy consumption due to infiltration.

DYNAMIC INSULATION

Before any studies were carried out on the actual energy impact of in-
filtration, dynamic insulation systems were in existence. This type of system
is referred to as dynamic as compared to static, corresponding to a classic
configuration with no air flow. Since the same thermal phenomenon is involved

in both cases, a review of the available information on dynamic insulation is
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useful. Research on dynamic insulation goes back to 1978, when the first pro-
totype experimental building [8] was completed in France. This was followed by
a second prototype ~ with improved design and more extensive instrumentation
- built in 1981 and commissioned late in 1982. Several definitions of dynamic
insulation can be found in the literature; simply stated, it is a means of reducing
building heat loss significantly without the use of massive thermal insulation. It
is achieved by recycling the heat conducted through the fabric or reducing the
temperature gradient across the wall section by means of a suitable heat trans-
port fluid - usually air. Most of the structures that have been built and tested
are in Sweden, France, Finland and Canada, and significant improvements over
classic insulation methods have been reported. The physical phenomenon which
occurs when an airflow circulates in the wall of a building can be described
as heat exchange which takes place between the material of the wall and the
air. The conductive flow through the wall is modified, and the airflow leaves the
wall at a generally higher temperature (in a winter configuration when it is cold

outside and warm inside).

A formal classification of generic dynamic insulation system has been re-
ported in the literature [9] and the three types which can be associated with

building applications are enumerated below.

Parietodynamic Insuiation

In this case, ventilation air needed for the building circulates along the wall;
this air can be either fresh or used air. In the first case, fresh air from the
outside is preheated before it enters inside (Figure 2a). In the second case,

used air warms up the wall, and consequently, conduction heat losses are
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decreased (Figure 2b). This circulation requires the creation of one or two air

gaps (Figure 2c). It is applicable to double or triple glazed windows [10].

Permeodynamic Insulation

Ventilation air needed for the building circulates through the walls; more
precisely the air flows through a permeable porous medium, generally mineral
fiber (Figures 2d and 2e), which acts as a heat exchanger. As in parietodynamic,
the circulation air can be either used or fresh air; the last case (Figure 2d),
where air flows in a direction opposite to the conduction heat flow, is sometimes

referred to as counterflow or contraflux insulation.

In both cases, the air flow changes the local temperature within the porous
medium. In counterflow, temperature will decrease compared to a situation with
no air flow. The slope of the temperature profile at the cold side is lower and
consequently heat losses are reduced. Similarly, the slope at the hot side is

higher but a certain amount of prewarmed air is brought inside.

Thermodynamic Insulation

Parietodynamic and permeodynamic systems are involved only if ventilation
air is needed. This is generally the situation, and in addition the ventilation
requirements correspond to an air velocity compatible with good working con-

ditions of the system.

However the present trend to reduce the ventilation flow rates has led to a

third kind of dynamic insulation, named thermodynamic. It is in principle similar
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to permeodynamic (counterflow configuration) but the air circulates in a closed
circuit independent of the ventilation system. A heat exchanger is required to
recover what is gained by the air as it flows through the porous medium. In
practice, for appreciable gains, this heat exchanger is the evaporator of a heat

pump (Figure 2f).

Arquis and Langlais [9] reported a theoretical model and an efficiency
parameter for evaluation of dynamic insulation systems as compared to ‘con-
ventional’ insulation. Limitations of such systems, where ventilation air circulated
through a permeable porous medium which acts as a heat exchanger, and their
most feasible applications were also discussed. It was concluded that the con-
ventional insulation techniques were still competitive for houses, but dynamic

insulation systems offered greater possibilities for industrial buildings.

In a study to demonstrate the concept and operation of a building ventilated
by dynamic insulation in cold weather and strong winds, Timusk [11] reported
that there would be energy savings for such an operation. Discussions were
presented on related problems, e.g., the effect of dynamic insulation on indoor
air quality, whether the slow infiltration of air into the building increases the

moisture levels in walls.

Bailly [12] presented a comprehensive and informative review of dynamic
insulation in general, where such systems were compared to the operation of
an air-to-air heat exchanger. Transient models and experiments were used
to evaluate the performance of dynamic insulation systems during the heating |

season and energy savings of the order of 7 to 14% were reported.

Dubois [13] reported some data on energy efficient building walls which
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incorporated dynamic insulation. This formed part of a retrofitting project which
produced significant energy savings. The beneficial effect of dynamic insulation
increased with increase in specific airflow rate and a nominal 10% reduction in
energy use was achieved when fresh air flowed through the wall and into the

apartment.

None of the authors made an attempt either to derive a general expression
to calculate the actual amount of heat transferred by the fluid flowing through

the porous insulation or to investigate the heat transfer experimentally.

ENERGY CONSUMPTION DUE TO INFILTRATION

All computer models used for calculating energy consumption of buildings
assume that infiltration increases the heating/cooling load on a building by an
amount equal to the mass flow rate of the infiltration times the enthalpy difference
between the inside and outside air - with the latent portion of the enthalpy
difference sometimes neglected. The energy consumption due to infiltration is

usually calculated using the simplified equation:

Qinf = me(Ti e To) (21)

where:

Qiny = energy consumption due to infiltration (Btu/hr)

m = infiltration rate (lbm/hr)
C, = specific heat of air (Btu/lbm — F)
T; = indoor temperature (F)
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T, = outdoor temperature (F)

This practice is followed in simple models such as the Modified Degree-Day
Method and the Variable-Base Degree-Day Method [14] as well as the most com-
plex hourly simulation programs used for research and difficult design problems,

including DOE-2.1 [15] and SERI-RES [16].

Observations have shown that attic temperatures are often higher than pre-
dicted by resistive models of attic insulation. This was first reported by Beyea
et al. [17] followed by Harrje et al. [18], who conducted careful experiments on
a group of townhouses in Twin Rivers, New Jersey. Claridge et al. [19] found
that attic temperatures in nine of a group of 25 houses examined in the Denver
area had less than half the temperature drop expected across attic insulation.
These higher attic temperatures are due to air flow into the attic which bypasses
the insulation. The overall loss coefficient calculated for 20 of these houses
was 27 to 54 percent higher than values regressed from gas consumption data

[20].

Consideration of the combined problem of conduction through insulation
and air flow into the attic shows that total heat loss through an attic under
these conditions is less than the conductive loss plus the normal exfiltration
loss. The attic serves as a heat exchanger and the exfiltrating air reduces
the “conductive” loss by increasing the attic temperature. Anderlind [21,22]
has shown that this phenomenon is more general and that energy loss due
to infiltration can have a maximum value given by the inside/outside enthalpy

difference for the infiltrating/exfiltrating air. He suggests the use of a multiplier
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R (0 £ R <1) in combination with the coefficient, (UA);,s, customarily used.

The energy lost by infiltration is then given by:

Qi'n._f = Rme(Tl - To) ) (22)

When air leakage enters a wall at one point and travels several feet through
the wall before entering the house, it is termed “diffuse” ieakage; that which
directly enters the building such as through cracks around a door is termed
“concentrated”. Air infiltrating into a building affects the temperature distribution

inside the walls of the building, especially when the air leakage is diffuse.

A new non-dimensional factor Infiltration Heat Exchange Effectiveness, IHEE,
(¢) is introduced here. IHEE is the degree of effectiveness of the heat exchange
process occurring while the infiltrating/exfiltrating air diffuses through the wall
system. |HEE is directly related to the reduction factor, as defined by Anderlind

[21], and is given by:

e=(1-R) | (2.3)

The total heat lost through the walls due to transmission is reduced by diffuse
air leakage. This reduction is properly described if the air leakage heat losses
are multiplied by a factor, (1 ~¢) (0 < ¢ < 1) and the transmission losses
are calculated in a normal way (i.e. assuming a linear temperature distribution

across the walls). Accordingly, the energy lost by infiltration is given by:

Qinj = (1 - €)Tth(Ti - To) (24)
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The value of the factor ¢ depends primarily on the relative amounts of diffuse

and concentrated air leakage which enter and leave the building envelope.

To explain the concept of the IHEE, a simplified and hypothetical example
of a two-dimensional house with specified insulation values is illustrated here
(Figure 3). The building has an infiltration rate of 55.6 cfm and the ambient
temperature is 40 F whereas the indoor temperature is maintained at 70 F. In
the conventional estimates using a simple resistive model, the attic and crawl
space will be at 46 F and 55 F respectively. The energy loss due to infiltration
is 1800 Btu/hr and the total energy loss due to conduction and infiltration is 4500
Btu/hr, using customary calculation procedures. But if it is assumed that the cold
air first enters the crawl space which acts as a heat exchanger and subsequently
performing energy balances (Figure 4), the crawl space temperature decreases
to 51.5 F; similarly, the modified attic temperature is 50.7 F. With these modified
temperatures, the total energy loss for the house is now reduced to 3822 Btu/hr.

Hence the effective infiltration loss is:

Qing! = [1800 — (4500 — 3922)] = 1222 Btu/hr

where Q! = (1 — €)mC,AT. Thus in the current example ¢ has a value of

0.32.

In design heating ioad calculations, the infiltrating air is assumed to enter
the room at the outside temperature. Kohonen [23-26] has reported that the
infiltrating air warms up due to the heat transfer between infiltrating air and the
wall structure along the air leakage path. Defining a Nusselt Number (Nu) as the

ratio of the heat transfer on the control surface (a wall section) with and without
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Fig. 3. A Hypothetical Example to Demonstrate |IHEE (Classical Loss)
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Fig. 4. Infiltration Example with Modified Calculation Procedure
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convection or leakage flows, it was shown that for typical leakage routes, Nu is
about 0.6 — 0.8; which means that the combined heating load of infiltration air and
transmission is commonly overestimated in the design heat loss calculations.
Both simulation and experiments were carried out to investigate the thermal
effects of air flow on the thermal performance of wall structures. An equation
to take into account the interaction of air flows and conductive heat transfer in
structures was suggested (assuming the exterior envelope of the building as the

control surface boundary), and is given below in a schematic form :

Q= (=> mT,+> meTe + (3 mi‘ZmE)Tr)Op+zNukaAk(T' —T.) (25)
H e i [4 k

where:
Nu, = Nusselt number which takes into account the thermal effect of
leakage flows as well as internal convection flows of structures
Q = heat transfer rate across the building envelope
T

= temperature

>
n

overall average thermal transmittance of the structure
m = air flow rate
and subscripts :
1 = infiltration
e = exiltration
o = outdoor
r = indoor

k = conduction
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It can be observed that several factors present in equation (2.5) are hard to
determine, and accordingly, the heating load estimation becomes a complicated
and empirical procedure. But if it is possible to predict the Nusselt number for
a particular structure, the value of the transmission heat flow without infiltration
should be multiplied by Nu in order to have the correct (valid with infiltration)
transmission heat flow, i.e., in order not to overestimate the heat load of trans-

mission and infiltration.

Theoretical and experimental analyses of heat transfer rates for permeable
insulation systems which sustain infiltrative-exfiltrative air intrusion effects have
been reported by Berlad et al. [27,28,29] who made an attempt to estimate
the effective ‘R’ (thermal resistance) value for such systems. It was concluded
that the intrusive airflow can serve to degrade the insulating value of various
permeable insulator systems; but here the analyses included part of the con-
vective heat transfer in the conductive fraction and thus failed to note that the
combined loss due to convection and conduction is less than the customarily

calculated value.

De Gids [30] studied the effects of building tightness, wind velocity, temper-
ature, wind direction, surroundings and degree of exposure on infiltration loss
and concluded that the relationship between airtightness and the heat loss due
to infiltration was not linear. Investigations of the energy consumption due to
infiltration have been reported [31,32,33], but they fail to bring out information
as to how the actual energy consumption can be estimated or why the current
estimates are not accurate for certain configurations. Michell et al. [31] con-
ducted studies on houses in Melbourne, Australia (single story timber framed

houses with an external wall of single brick, tiled roof and lined internally with
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plasterboard) and quantified savings that occurred when the buildings were tight-
ened to specified conditions. Heidt et al. [32] in a similar study conducted in
the Federal Republic of Germany estimated energy-saving potential of houses
through air-tightening and pre-heating of ventilation air applying waste-heat recov-
ery. Nantka [33] carried out investigations on energy consumption in the Polish
building sector. The work, carried out from 1980 to 1985, aimed at developing
methods for measuring air flows and their influence on heat consumption in
typical Polish dwellings. The basic criteria for the correct design of dwellings
were formulated and ventilation heat loss reduction was estimated to be as high
as 45% to 70%. Generally these studies, indicate that about one-third of the

total energy consumption is due to air infiltration.

Persily [34] tested a residential air-to-air heat exchanger for effectiveness
of heat recovery. Some of the data obtained during experiments to account for
the heat loss due to air infiltration indicated that the actual infiltrative loss was
less than that estimated by the conventional procedure of using the enthalpy

difference between the indoor and outdoor air.

To demonstrate retrofit effects and to develop mathematical models of the
physical processes, Nagda et al. [35] carried out a highly controlled experimen-
tal and analytical investigation on the relationship among air exchange, energy
consumption and key indoor poliutants in residential buildings. Reduction in air
infiltration rate and energy use in the retrofitted buildings was quantified ; but no
effort was devoted to the investigation of the energy impact of infiltration, and

their energy modeling employed the customary procedure (equation 2.1).

Although a number of researchers have recognized the importance of air

infiltration and its energy impact in building systems, mostly general discussions
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and theoretical modeling of the heat transfer phenomenon in porous vertical
cavities exist in the available literature [36-40]; a practical application oriented
modeling approach for the energy consumption due to air infiltration in buildings
has not been reported. Since accurate measurements of the actual energy
impact of air leakage has not been undertaken, this study was initiated as
an attempt to fill in that void from the experimental point of view. But this
dissertation still does not offer a complete modeling work for this phenomenon.
Furthermore, this work embodies measurements taken for building components
under laboratory conditions only; outdoor test house data and real building data

will not be reported here.
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CHAPTER 1l

EXPERIMENTAL FACILITY

A series of experiments were devised to characterize the dependence of
Infiltration Heat Exchange Effectiveness on the four key parameters: 1) leakage
type; 2) flow rate; 3) leakage path iength; and 4) pressurization exponent. The
experimental investigations were carried out in two phases. Initially a small test
cell was designed, built and used for preliminary testing and confirmation of the
hypothesis. Then a more sophisticated apparatus was used for testing a single
stud-cavity. A modified calibrated hot-box with the associated instrumentation
was designed and constructed for the stud-cavity tests. Both test facilities were
assembled and operated in room 405 (T) of the Engineering Physics Building.

The design and construction details of each facility are described below:

INFILTRATION TEST CELL

A set of experiments was designed to measure the energy impact of con-
trolled amounts of infiltration air in a small test cell. The test cell was constructed
using standard frame construction for the six wall, ceiling and floor surfaces.
This construction was:

¢ 3/8 inch plywood sheathing

e 2x4 (1.5 in x 3.5 in) studs

¢ R-11 fiberglass batt insulation between the studs

¢ 3/8 inch plywood sheathing
The external measurements of the test cell are 56.5 inches wide by 48 inches

high by 96 inches long. Each surface was constructed separately, and then, all
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six surfaces were bolted together and caulked; this form of assembly permits
replacement or rebuilding of individual surfaces as needed. One of the 56.5
inch by 48 inch end-walls contained a removable 24 inch square window glazed
with 3/8 inch plexiglass. This aperture also served as the door to the test cell
between experiments. All joints between the walls and all visible cracks in the
wood were tightly caulked to minimize uncontrolied air leakage. The test cell

was supported by six large casters to provide portability.

Type T (copper-constantan) thermocouples were used to measure the test
cell temperature (including the air inlet and exit temperatures) at nine points as
shown in Figure 5. The interior locations were located close to the center point of
each wall surface. Another sensor was used to measure the temperature outside
the test cell. All temperatures were recorded by a programmable datalogger

(Omega OM205).

The pressure difference between the interior and exterior of the test cell was
measured using a pressure gage (Retrotec RDF-700 blower door instrumenta-
tion). A regulated DC power supply (Adtech Power, Brute Iii; 5-50 V and 2-25
A, 1200 Watts) and wire-wound resistors ( six resistors of 5 Ohms each, equiv-
alent resistance 3.33 Ohms) were used for heating the test cell; an AC fan was
employed to reduce temperature stratification. The power input for the heater
and the fan was determined by measuring the voltage, current and power factor
using an AC/DC multimeter. A pressurization test was performed whenever the

test cell had been opened to ensure that cell tightness was maintained.

The various holes provided in the test cell for air inlet and outlet are
illustrated in Figure 6. Air was introduced through a 1/2 inch hole (hole P) for

all the pressurization tests. This hole and a diffuse hole (hole B on the exterior)
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Fig. 5. Test Cell Schematic Showing Thermocouple Locations
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were used as the air inlets in the heating tests to calculate . The 1.5 inch
hole ‘E’ and another diffuse hole (hole A) were used as air outlets. The vertical
position of holes BO and B1 were 26 and 16 inches respectively from the floor
of the cell; holes B2, B3 and B4 were close to the floor. The horizontal position
of hole BO was close to the back wall and holes B1, B2, B3 and B4 were 3,
14, 46 and 74 inches respectively from the back wall. The air flow rate was

measured by a rotameter (Dwyer RMC series) before it entered the test cell.

CALIBRATED HOT BOX

The calibrated hot box method provides for the laboratory measurement
of heat transfer through a specimen under controlled temperatures established
in a metering chamber on one side and in a climatic chamber on the other
side. It is primarily intended for measurements under steady-state conditions
and at temperatures typical of normal building applications. The apparatus is
generally operated in a conditioned laboratory space free from localized hot
and cold sources; thus, in principle, the laboratory space acts as a guard.
Accuracy of this procedure is obtained through careful analysis of the metering
chamber wall heat transfer mechanism. This is achieved through the use of
a calibration standard section, having known thermal characteristics; hence the
name calibrated hot box. The apparatus usually consists of two large, five-
sided, boxes with highly insulated sides plus an equally well-insulated frame
which supports a test wall clamped between the open sides of the two boxes.
One of the boxes is equipped with conditioning and control equipment suitable
for maintaining a range of indoor temperature conditions and the other box

is provided with similar equipment suitable for maintaining a range of outdoor



o= A orFrusE A P
—_— Il -
—X || E
F ; w
A ;
N W
o 1 2 3 4
111 L | 1
I orFuse B
DFFUSE B
BLAN VIEW
o
E| P
. —
o] o] o)
EROFILE VIEW

Fig. 6. Test Cell Set-up Showing Different Hole Openings

28



29

conditions. Instrumentation is provided to measure the heat input on the indoor

side.

The standard calibrated hot box test [41] does not provide for mass transfer
of air through the specimen during measurements of heat transfer. The present
work modified the standard method to include air flow through the specimen.
The design of such an apparatus requires that the range of test conditions be

compatible with those naturally occurring.

Test Specimen

A single stud-cavity wall section (Figure 7) of external dimension 17.625
inches by 4.5 inches by 8 feet was constructed to serve as the test specimen.
The stud-cavity was made up of 1/2 inch plywood facing and 2x4 studs. The 3.5
inch thick cavity was filled with four pieces of lightweight blanket type insulation
(Microlite Insulation, Manville, 1 Ibm/cft density) made of fine flame attenuated
glass fibers bonded with a thermosetting resin. The thermal resistance (R) of
the insulation arrangement was 15.385 hr ft? F/Btu according to the manufac-
turer's specifications. Five layers of thermocouples were mounted between the
insulation blankets with each layer consisting of a grid of fifteen thermocouples.
The layout of these 75 thermocouples is illustrated in Figure 8. The plywood
and the studs were coated with polyurethane clear paint to seal off the pores
and thereby minimize undesirable airflow through the test specimen. Highly
dried furniture grade studs and cabinet grade plywood were used to build the

standard stud-cavity.

All thermocouples were constructed using arc welded wire and small bead

diameters. Finished thermocouples were spot checked with a precision Hg
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thermometer to see that they were all within the standard error limits of +0.75°
F. Type T thermocouples made of 30 gage wire (Omega) were used, the smaller
wire size offering greater accuracy and compactness. Thus the exit hole from
the stud-cavity and the hot box for the thermocouple bunch was kept to a
minimum thereby maintaining the stringent tightness criterion needed for the
experiment. The pressure difference between the wall specimen and ambient
was monitored by a differential pressure transducer (Setra Systems, 239 series,

-0.5 inch WC to +0.5 inch WC) connected to the datalogging system.

The design of the enclosure (Figure 9) around the stud-cavity incorporated
20 inch thick extruded polystyrene foam insulation, (Therma Foam, R-76) for
the vertical surfaces and in order to restrict the overall height of the structure,
7 inch thick poly-isocyanate board insulation (Thermacore, R-50) was used for
the horizontal surfaces. All insulation was covered internally with 1/2 inch thick
plywood and enclosed externally in a 3/4 inch plywood casing. The external
size of the box was 69.5 by 60.5 by 112.5 inches. Customarily, the hot box, the
cold box and the specimen are all built and supported separately on casters
and the three pieces are brought together during tests. This design philosophy
presented a problem for the current set-up. Since this was an infiltration test
facility, stringent airtightness requirements were adopted; hence a composite
design with swing-out door, for access to the stud-cavity and the hot and cold
space on either side of it, was incorporated. This kept the air leakage rate
to a minimum. The elevation of the calibrated hot box is illustrated in Figure
10. Better quality lumber was used to reduce deformation, warpage etc. Metal
reinforcements were avoided to reduce heat transmission. The entire enclosure
along with the door was mounted on metal casters (with provision for level

adjustment) for maneuverability.
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Heating System

A flexible rollout resistance heating element (Aztec Flexel, 84 Ohms and
175 Watts), 16 inches wide by 8 feet long, was affixed to a 1/8 inch thick
aluminum plate to serve as the radiant heating panel. The heating element
consists of fiberglass cloth impregnated with a conducting carbon graphite dis-
persion. Copper buss bars were stitched along each edge and a plastic film
was laminated to each face. This assembly was backed by styrofoam insula-
tion. A microprocessor controlled precision DC power supply (Lambda model
LLS6120, 0-120 V and 0-1.4 A) provided constant power to the heating panel
assembly. This power supply was capable of operating as a constant current
or constant voltage power source with front panel display of the voltage and

current supplied.

Cooling System

The radiant cooling panel (Airtex Corporation) (Figure 11) was made of
extruded aluminum; 5-inch wide individual extrusions were cut to 8 feet in length,
painted white and assembled to span the width of the stud-cavity. One-half inch
diameter copper tubing was then pressed into the oval saddle of the extrusions.
This mechanical process conforms the copper tubing (carrying the chilled water)
to the configuration of the saddle, maximizing the contact area and securing the

tube so that separation from the panel cannot occur during normal operation.

An elaborately designed chilled water system with a sophisticated propor-
tional control loop was used for the radiant cooling panel. A 55 gallon container

stored a 50% glycol solution which in turn was cooled by a cooling unit through
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a heat exchanger; the cooling unit was built from components for this system
only. A three way mixing valve-motor assembly in conjunction with a very ac-
curate temperature controller formed the control loop for the cooling panel. The

mixing valve assembly was formed from four components:

1. Double inlet and single outlet 3-way mixing valve (Honeywell V5013);
2. Modulating spring-return motor for controlling the valve (Honeywell M945D);

3. Valve linkage (Honeywell Q618A) used to connect the modutrol motor to

the 3-way valve assembly;

4. Transformer for the motor.

This assembly provides a proportional control system for the chilled water sup-
ply to the radiant cooling panel. An RTD measured the temperature in the cold
space and formed the control input to a microprocessor based temperature
controller (Omega CN 6071A) which in turn sent an output signal to the mod-
utrol motor for the necessary proportional opening/closing of the bypass line of
the 3-way valve. This output signal (4-20 mA) is a functipn of the temperature
difference between the set point for the space being controlled and the space
temperature being measured by the RTD. The temperature controller was pro-
grammed from the front panel and displayed the process temperature being
controlied. A magnetic drive centrifugal pump circulated the chilled water from
the reservoir to the cooling panel. The 55 galion glycol soiution container was
surrounded by a cold air-space and then finally enclosed by a two-inch thick
poly-isocyanate board envelope. The air space was kept to a temperature very

close to that of the chilled water by an auxiliary cooling unit and hence the
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heat gain by the chilled water from the surroundings was kept to a minimum.

A schematic line diagram of this system is depicted in Figure 12.

Air Flow Control System

The air supply to the stud-cavity wall specimen was metered and controlled
by a mass flow controller (Sierra Instruments Series 840 Side-Trak) which em-
ployed a large diameter thermal mass flow sensor and a proportional control
valve. Enthalpy transfer across the thermal sensor was the control parameter
which attenuates the mass fiow of the fluid flowing through the controller. A
built-in electromagnetic servo-control valve modulates the flow, set previously
by the user, within +£1% accuracy. The air coming in to the stud-cavity was
brought close to the temperature of the cold space temperature by allowing
sufficient (about 20 feet) flow length in the space inside the calibrated hot box
(CHB). Temperatures of the air at the inlet and exit to the wall specimen were

also measured.

DATA ACQUISITION SYSTEM

Sensor signals from the points listed in Table 1 were collected and con-
verted to engineering units by an Acurex (model Netpac) distributed data acqui-
sition and control system, which conditioned milli-volt, volt and milli-amp signals
generated at various process locations. During each scan of the data, informa-
tion collected and processed by the datalogger was transferred to an IBM/AT
compatible personal computer where it was programmed to be stored on a
hard disk on the proper directory and in a pre-configured file. The scanning

rate was adjustable and user-specified and could be varied from as small as
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TABLE 1. Description of Data Acquisition Sensor Channels

Channel Sensor Type Location
01-15 Thermocouple Stud-cavity Series 1
16-30 Thermocouple Stud-cavity Series 2
31-45 Thermocouple Stud-cavity Series 3
46-60 Thermocouple Stud-cavity Series 4
61-75 Thermacouple Stud-cavity Series 5
76-83 Thermocouple Grid | Cold-space Temperature
84-91 Thermocouple Grid Hot-space Temperature
92 Pressure Transducer | Probe in Hot/Cold Space
93 Thermocouple Air Exit from CHB
94 Thermocouple Air Inlet to CHB
95 Thermocouple Glycol Solution in Drum
96 Thermocouple Ambient Temperature
97 DC Volts Hot Side Fan Power
98 DC Amps Hot Side Fan Power
a9 DC-Watts Hot Side Fan Power

40
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a continuous scan (each scan spanning 7.5 seconds) to several hours between
scans. For this study and for all the steady-state experiments the scanning
period for the 100 channel datalogger was 30 minutes. A data acquisition pro-
gram (Netcom) was employed to acquire and store the data and also to form
the interface between the datalogger and the computer. Real time on-screen
display with tabular and graphical trends of selected variables faéilitated better
control and visual monitoring of the process during tests. After the completion
of a test (normal duration of about 12-20 hours) all the data stored in the hard
disk were analyzed and reduced; subsequent graphical and statistical analyses

were carried out as described in Chapter VII.
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CHAPTER IV

THEORETICAL MODEL DEVELOPMENT

Existing literature, as reported in Chapter Il, shows that only a few re-
searchers have modeled the actual energy consumption due to air infiltration.
One of them, Kohonen [26], adopted a modeling approach which focused on
the modification of the conductive heat transfer term and hence is quite different
from the approach used in this dissertation. Anderlind [21] used a modeling
scheme which modifies the infiltration loss term and attempted to correct for
the problem. But the model uses parameters which are hard, if not impossible,
to measure in practical situations. Thus a simplified model which helps predict
the energy impact of air infiltration using measurable parameters would provide

a useful extension to the previous work.

This Chapter briefly provides a theoretical background of the phenomenon
where a generalization of the existing theory is presented; details of the ana-
lytical modeling and the prediction procedure of the Infiltration Heat Exchange

Effectiveness is also reported here.

THEORETICAL BACKGROUND

To generalize Anderlind's [21] approach, a permeable insulating material
section (Figure 13) is considered having a cold boundary temperature 7; at
z = 0 and a hot boundary temperature 7, at £ = d. This permeable slab or
wall sustains a steady infiltrative (cold) flow from the cold boundary to the hot

boundary at a mass flow rate of m per unit surface area. The conductive part
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of the energy flow is:

dT

Qn = _/\E (4.1)

The energy flow due to mass transport (air flow) is:

Q. = mCy(T -1T,) (4.2)
where:
C, = specific heat of air
A = thermal conductivity of the insulation material
T = temperature of the wall section at x
T, = arbitrary reference temperature for the fluid

Performing energy balance, energy stored = convected energy + con-

ducted energy. Hence, Q; = Q. — Qn

Since @ is constant as a function of x and 9’};1 = (, differentiating with

respect to x results in:

) dT 2T
mCI,E bl E'z— = 0
or,
2T mCy dT
= - o = (43)

Let us define a non-dimensional parameter, a, which is comprised of the

same variables as the Peclet Number except that the conductivity used here is
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Fig. 13. Heat and Mass Transfer Across a Wall




that of the solid which is the insulation material:

_ mCy
(A/d)
Hence,
2T adT — 0
dz? ddz

The solution of this differential equation is given by:

T = Ae*® + B

45

Ignoring the surface thermal resistance, the simplified boundary conditions

are:

T=T1atz=

0
T = T,atz = d

This simplification overestimates the energy losses to a relatively small

extent [21]. Solving for A and B, finally the temperature at any position, x, is

given by:

The temperature gradient is given by:

ar  T-T

= = ﬁ(a/d)(eu/d)

(4.5)
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or,

T.-T,

et —1

T2—T1 a
e — 1(3)

Qe = mCy [Tr+ (/% — &) ] = A (e*/%)

hence, at z = d, the heat flux is given by:

Aa(Ther — Ty)

Q = d(e® — 1)

(4.7)

If it is assumed that air is penetrating through a wall (A) of surface area
(S/2) and is escaping through another wall (B) of the same surface area as
illustrated in Figure 14. If X, is the diffuse fraction of the air infiltrating through
wall A, then (1 — X,4) is the concentrated fraction flowing through. Similarly for
wall B, it is assumed that Xg and (1 — Xp) are the diffuse and concentrated
fractions of the air exfiltrating through wall B. Let Uy be the heat loss coefficient

for each of the walls.Thus the total heat loss from the building is :

S
Qrot = ‘é‘(QtB - Qu)

where

(Tz - T1 CXAG)

QtA = XAUWG eXAa_-]_ - (1—XA)CLUWT1
T, — TyeX®°
Qs = XBUWa(—l;;E_fT—) — (1 - Xg)aUwT,

The net heat loss due to air leakage is:
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Qinta = Qix — SUw(Ty —T3)

Substituting for Q;4 and @Q.p and simplifying it can be shown that:

Xa XB

Xaa_1 T Xme_1

Qinga = (S/2)(mCp)(Th — T)[ + 1 - %] (4.8)

where (5/2)m is the mass flow rate of air through each wall. Comparing

this with the IHEE equation:

Qingu = (1 — €)mCpAT

Hence IHEE can be expressed as:

2 X4 XB
€ [Z T eXae 1 eXB“—l] (£9)
APPLICATIONS
1. For equal infiltrating and exfiltrating fractions X, = Xp = X:
2 2X
E = — —
a eXe — 1

The limiting cases of this expression are discussed below:

1A. For totally concentrated leakage, i.e. X = 0, expansion of the denomi-

nator of the second term of case 1 in the form of a power series can be used
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to show that ¢ — 0 when X — 0.

1B. For totally diffuse leakage, i.e. X — 1:

e =17 - eX"——l] - (; —(e“—l))
or,
2(e® —1—a)
¢ = A (4.10)

which is the same as equation (15) in reference [21].

1C. For extremely small flow rates, i.e. ¢ — 0 and totally diffuse leakage,

ie. X —1:

2 2
€ = [- — —
a er —1

]

the ratio becomes 0/0 and thus applying L’'Hospital's rule it can be shown

that e = 1 for a — 0 and for X — 1.

2. For very large flow rates, i.e. a — oo, it is obvious from equation (4.10)
that ¢ — 0; from a physical perspective this is expected, since at large flow
rates the heat exchange process barely takes place before the fluid leaves the

insulation and it gives rise to extremely small IHEE values.

3. For fully concentrated exfiltration, i.e. in the limit as Xp — 0 and
X4+ =X, it can be shown that:

1 X
a eXe — 1

In a real building system, estimation of the diffuse and concentrated fractions
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of the air leakage is extremely difficult and the success of the modeling approach
as described above depends primarily on those estimates. To overcome these
limitations, an alternative modeling approach is adopted whereby measurable
quantities are used as prediction parameters for IHEE; the model developed is

described below.

MODEL DEVELOPMENT

It is assumed that a simple one-dimensional mathematical formulation can
be used to simulate the flow phenomenon with measurable quantities as key
model parameters. A wall section (Figure 15), simulating the single stud-cavity
test specimen, is considered here; it sustains intrusive air flow, at a mass
flow rate m through a crack. The air path traverses a vertical configuration
through the mid-thickness of the wall specimen with end effects ignored. The
air inlet side temperature is I, (typically the cold temperature) and the exit side
temperature is T}, (typically the warm temperature). The width of the specimen
(perpendicular to the plane of the paper) is assumed to be w. The heat flow
by conduction is assumed to be one-dimensional, along the thickness of the
specimen. H is the height of the wall specimen and hence is also the maximum
path length for the air flow. The air can exit the wall at any vertical height and
accordingly the path length (L) can vary from z = 0 to ¢ = H. The heat transfer
coefficient of the insulation on either side of the air path (including the surface
coefficients) is assumed to be U. U, is the conductive heat transfer coefficient
(i.e. at zero air flow) of the wall specimen including surface coefficients. Ty is

the air temperature which varies along =.

Different configurations of the air path were tested before choosing the



Fig. 15. Wall Section Model with Intrusive Air Flow
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configuration described above for further investigation. Performing an energy
balance on a differential air element for a steady state condition:

Energy Lost = Energy Gained

mCpdT; + (wde)U(Ty —T.) = (wdz)U(Ty — Ty) (4.11)
or,

dT;  wU

W = T2 (4.12)

Substituting for the constant terms, let 4 = % and B = %M hence

equation (4.12) can be written as:

dT
S 4 AT, = B (4.13)
dz

Equation (4.13) is a non-homogeneous differential equation with constant

coefficients. This equation can be solved using an integrating factor given by:

([ 4dz) _ (42)
Equation (4.13) when multiplied by e4® yields:

= e** ATy = ¢*°B (4.14)

or,

Ex_(TfeA:c) — eA:cB
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Integrating,

where C is the constant of integration. Thus the air temperature is given by:

B
Ty = 5 + Ce 47 (4.15)

Using the boundary condition, at z =0, Ty = T, thus C = (T. — £). Hence the

solution to equation (4.13) is given by:

B B
Tf = Z + (Tc - Z)G—Ax (416)

Substituting for A and B the temperature of the air at any = is given by:

Th+T. (Th- Tc)e—(zwuz)/(mcp)

T, =
s 2 2

(4.17)

To calculate Infiltration Heat Exchange Effectiveness, €, an energy balance
on the whole building must be performed. Diffuse infiltration through wall A and
concentrated exfiltration through wall B is assumed. Heat transfer in the vertical
direction is neglected; i.e., no heat transfer takes place through the floor and
through the ceiling. Indoor temperature is 7, and outdoor temperature is 7.

Total heat loss = Q4 + Qg

where subscripts refer to the walls. The wall heat losses will have two compo-
nents each, conductive and convective. If the actual conductive loss at wall A

is designated by Q. 4, then the total heat loss Q... is given by:
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Quoss = Qe,a — MCH(T3(L) = Tres) + UoS(Th — Te) + mCy(Th — Trey)

where S is the surface area of the entire wall. Also from the definition of IHEE,

the total loss is given by:

Qioss = UoS(Th — Tc) + UoS(Th — T2) + (1 — e)mCy(Th — Tv)

where the first two terms are the customary conductive loss terms for walls A
and B, and the third term is the modified infiltration loss term. Hence, equating

these two heat loss expressions:

(‘1 - 6)T5’LCP(T)1 h Tc) = Qc,A + rhC,,(Th — Tf(L)) - UoS(Th — Tc)

the IHEE is given by:

Ty(L) - T, c + (U,S
€ = f( ) _ - Q!A ?".(0 ) (4..18)
Th. - Tc me(Th - Tc) (mOI‘)
Now the actual conductive heat loss from wall A, Q.4 has to be found:
L .
%4=%w—mmn—nygéwmn—n@yz (4.19)

On simplification,

(To —T.) | #G,

Qes = Uo(H-L)w(Th—T.) + wUL 5 7

(Th — T,)[1 — e~ (BwU=)/(nCs )

(4.20)

Hence, from equation (4.18) and (4.20), ¢ is given by:
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TH(L)-T. wl U 1 —(2wUz)/(x
= Uy — —) — 2[1 — ¢~ (2wUz)/(7nCy) 4.91
€ T, T, +mc,,(° 7))~ gll-e ] (4.21)

Thus knowing the path length of the air crack, dimensions and thermal
resistance values of the wall section, the air flow rate and the temperatures,
the Infiltration Heat Exchange Effectiveness, ¢, can be predicted. The air exit

temperature, T;(L), in the above expression is given by equation (4.17).



56

CHAPTER V

EXPERIMENTAL METHODOLOGY

There are a number of variables which presumably affect the infiltration heat
exchange effectiveness with the most significant parameters being: (i) flow rate,
(ii) crack length, (iii) crack diameter, and (iv) the pressurization exponent of the

cell or specimen (which represents the crack characteristics also).

A procedure for measuring these variables along with IHEE was established
to ensure the repeatability and reliability of the test data. The procedure followed

for these tests and the tests performed are described below.

EXPERIMENTAL PROCEDURE FOR THE TEST CELL

The test cell was heated by a measured electrical input which powered the
heater and the fan which was used to reduce stratification in the test cell. Prior
to the experiment, the cell pressurization characteristics were determined by
pressurizing the unheated cell and measuring the air flow required to maintain
pressure levels ranging from 10-60 Pa [42, 43]. This data was then used to
determine the flow constant, k, and the flow exponent, n, of the cell according
to the equation:

g = k(AP)" (5.1)

where ¢ is the air flow rate in m®/s and AP is the pressure difference in
Pa. This equation has been shown by many investigators [44] to describe
the relationship between infiltration flow, g, and pressure difference, AP. On

physical grounds, it is expected (and has been observed) that the flow exponent,



57

n, should be between 0.5 (for orifice flow) and 1.0 (for fully developed, long pipe
laminar flow). It has been observed [44] that some tight buildings exhibit values

of n closer to 1.0 than to 0.5.

The test cell was then heated until steady state conditions were obtained
for various inlet flow rates. The temperatures 7; were values measured at
different positions within the test cell as indicated in Figure 5. The temperature
T, was the temperature measured in the room near the test cell. The average
temperature, T, within the test cell was taken as the average of all T, values.

The value of the overall UA for the test cell and air flow was calcuiated as

UA = — (5.2)

where @ is the heating power which is the sum of the heater input and the fan
power, U is the overall heat transfer coefficient of the test cell and A is the

total surface area of the test cell.

The experimental procedure has been used to test several configurations
of the test cell, i.e., different sizes and positions of inlet and outlet holes. The
initial experiment was the base case for which infiltration was negligible. In this
configuration, the gate valve at exit E was kept closed, and no air was injected
into the test cell. For the tests to determine ‘¢’, the following configurations

(Figure 6) comprising different air entry and exit arrangements were used :

1. Entry : through hole ‘B4, exit : through hole ‘A’.
2. Entry : through hole ‘B0’, exit : none.

3. Entry : through hole ‘B1’, exit : none.
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4. Entry : through hole ‘B2’, exit : none.

5. Entry : through hole ‘B3, exit : none.

6. Entry : through hole ‘B4’, exit : none.

7. Entry : through hole ‘B4’, exit : through hole ‘E’.

8. Entry : through hole ‘B’, exit : through holes ‘E’ and ‘A’
9. Entry : through hole ‘P’, exit : none.

10. Entry : through hole ‘P, exit . through holes ‘A’ and ‘B’.
11. Entry : through hole ‘P’, exit : through hole ‘E’.

12. Entry : through hole 'P’, exit : through holes ‘A’, ‘B’ and ‘E’.

Air flow through holes ‘A’ or ‘B’ is termed diffuse, and flow through hole ‘E’
or ‘P’ is considered concentrated. When the exit listed is ‘none’, there will be
a smali amount of diffuse leakage through the walls of the test cell. This will
also be present in parallel with the other openings used. The explicit diffuse
leakage site (hole A or B) consists of two 0.75 inch diameter holes created
in the same wall; the first hole was drilled in the exterior plywood, while the
second hole was drilled in the interior plywood near the opposite corner of the
wall. Thus when air was forced through the exterior hole, it flows inside the
wall and enters the test cell through the interior hoie. Hole ‘E’ consists of a 2

inch length of 1.5 inch ID tubing.

The base case UA represents the steady-state conductive heat loss co-

efficient of the test cell. Using measured temperatures and heating power in
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equation (5.2), for the base case, UA = 22.44 Btu/hr-deg F. This value is con-
sistent with the calculated value UA = 20.93 Btu/hr-deg F. Corner and edge
effects were ignored in the calculated value. Throughout this dissertation It is
assumed that in absence of any infiltration, UA = 22.44 Btu/hr-deg F and that
e = 0. For all other cases, the value of ¢ is calculated from the measured U A

value and the injected flow rate m as:

_UA=(UA)o

(T A (5.3)

e=1

The difference [(UA— (U A),] represents the measured infiltration U A value,
while the term (UA)iny = (mCp) is the infiltration loss coefficient as is usually

calculated.

EXPERIMENTAL PROCEDURE FOR THE STUD-CAVITY

The methodology for testing the single stud-cavity specimen in the maodified
calibrated hot box is fairly similar to the procedure described above for the
test cell. The temperature difference in this case is defined by the cold and
hot space temperatures on each side of the stud-cavity. The calibration of the
hot box was done in a very elaborate pattern. |Initially a 8-piece composite
specimen was built out of 1/2 inch thick polystyrene boards and this was used
to investigate heat conduction by the thermocouple leads across the stud-cavity.
The outcome of this test was instrumental in a major change of thermocouple
layout inside the stud-cavity. At every thickness location in the stud cavity, the
thermocouples were laid along the width instead of running them parallel to

the thickness. This was followed by the actual calibration procedure where a
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4 inch thick extruded polystyrene insulation of known thermal resistance (R-20)
was subjected to a set of steady state tests with various temperature differences
across the calibration specimen attained by modulating the power input to the
heater panel. Hence, to generate a dataset, measurements were made to record
the hot space temperature, the cold space temperature, the ambient temperature
and the power input to the heater panel. Since the thermal resistance of the
calibration specimen was known, the energy flow through the specimen could
be estimated accurately; thus the rest of the energy input to the heater panel
would constitute the heat loss from the hot side to the ambient and also from
the hot side to the. cold side through surfaces other than the specimen. Multiple
linear regression conducted on this dataset generated a heat loss model which
sufficiently describes the energy flow from the hot enclosure to the ambient and
to the cold space (flanking loss). This loss quantity does not include the heat
flow through the test specimen, i.e. the stud-cavity wall specimen. Additionally,
the hot and the cold enclosures in the hot box were continuously monitored
for air tightness by carrying out pressurization tests to estimate the infiltration
loss from the hot space during these calibration tests. When the stud-cavity
wall section was used for actual experiments, these energy loss quantities were
used to calculate the (UA), or the base (UA) value of the stud-cavity with no

airflow through it (4 being the surface area).

The energy loss model, regressed from the calibration test data and which
adequately describes the heat transfer from the hot-space to outside and to the

cold space, is given by:

Qoss = 1.0249(T, — T.) + 2.3075(T — T,) (5.4)
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where Qi.., is in Btu/hr and 7, and T, are the hot and cold space temperatures
in deg C. The base (U A) value of the stud-cavity wall specimen is then given

by:

(UA) = ———(Ci;’ih'_%fc")“) (5.5)

where @), is the total power input, which is the sum of the heater power and the
fan power. The Infiltration Heat Exchange Effectiveness is calculated as given by
equation (5.3) for the test cell case. The direct-current power quantities delivered
to the electrical heater and the fan were determined by computing the product
of voltage and current supplied to each electrical device. The fan current was
determined by measuring the voltage across a 30 +1% precision shunt resistor
(Dale, 3 watts, metal film resistor) and computing the current from Ohm's law.

These voltages were measured by the Netpac data acquisition system.

The base case UA represents the steady-state conductive heat loss coef-
ficient of the stud-cavity. Using measured temperatures and heating power in
equation (5.5), for the base case, (UA)y = 0.87 Btu’hr-deg F. Whenever the
test specimen was removed or changes occurred in the experimental set-up
these measurements were repeated to check for any modification in the value
of (UA)o. Only in the case of configuration 5 (described later) was a change
observed and a modified (U A), of 0.79 Btu/hr-deg F was used in data analysis.
The value 6f e was calculated from the measured base case (UA), value and

the injected flow rate m as:

Qiﬂ - Qloas - (Th - Tc)(U-A)O
(Th = Te)(U A)ing

e =1 —
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The numerator of the fraction represents the measured infiltration UA value,
while the term (UA);,y = (mC,) is the infiltration loss coefficient as usually

calculated and T; is the air inlet temperature in deg C.

Prior to the experiment, the test specimen pressurization characteristics
were determined by pressurizing the unheated stud-cavity and measuring the air
flow required to maintain pressure levels ranging from 10-60 Pa. This data was
then used to determine the flow constant, k, and the flow exponent, n, of the cell
according to equation 5.1. The stud-cavity was then subjected to hot and cold
temperatures on either side simultaneously until steady state conditions were
obtained for various air flow rates. The experimental procedure has been used
to test several configurations of the wall specimen, i.e., different positions of
inlet and outlet holes. For the tests to determine ‘¢’, the following configurations

(Figure 16) with different air exit arrangements were used :

Entry : through hole ‘1’, exit : through hole ‘2'.

Entry : through hole ‘1’, exit : through hole ‘3.

A

B

C. Entry : through hole ‘1’, exit : through hole ‘4’

D. Entry : throug‘h hole ‘1’, exit : through hole ‘2’, ‘3’ and ‘4’.
E

Entry : through hole ‘1’, exit : through hole ‘5'.

As can be seen from the arrangements, all the inlet-exit configurations that have
been used were diffuse in nature, except for configuration E which exhibited a

more concentrated flow regime.



Fig. 16. Various Test Configurations for the Stud-Cavity
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CHAPTER VI

RESULTS: TEST CELL

Steady state tests were run on the test cell and the results are presented
here in this chapter. Pressurization tests accompanied each experiment for
every configuration to provide a quantitative measure of the degree of diffuse

leakage for each configuration.

Table 2 shows the results of pressurization measurements for the test cell
in various configurations ranging from extremely tight to the leakiest configuration
tested. It also shows the leakage coefficient, &, and the air changes per hour
for the cell if pressurized to 4 Pa. The units of k provide air flow in m®/s when
pressure difference is measured in Pa. Each pair of n, k& values corresponds
to the average resulting from two to six pressurization measurements of the
configuration shown. The standard deviation of n is typically 0.03 while that of
k is 0.02. The 4 Pa results shown are frequently used to approximate the rate

at which natural infiltration might occur.

It can be observed that when the test cell is sealed and the only leakage
occurs through naturally occurring cracks and holes (hole opening = none), n
is large, indicating primarily diffuse leakage as expected. The air change rate
at 4 Pa is about 0.25 ACH, indicating tight construction. Addition of the diffuse
holes (hole opening = BO, B1, B2, B3, B4 or AB) increases the leakage
appreciably and also lowers the flow exponent, since the flow through these
holes is apparently less diffuse. Addition of the large hole (E or combinations
of E and A,B) increases the leakage by an order of magnitude and drops the

flow exponent to 0.50-0.53. The air change rate is somewhat larger than that of
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TABLE 2. Pressurization Test Results (Air Entry Through Hole P)

Exit Hole n k ACPH

Opening (average) (average) (4 PA)

None 0.7520 | 8.90 x 10~% | 0.250 \
BO 0.6982 | 9.64 x 1075 | 0.252
B1 0.7165 | 9.52 x 107% | 0.255
B2 0.7300 | 9.71 x 107% | 0.265
B3 0.7400 | 9.38 x10™° | 0.260
B4 0.7500 | 8.90 x 10~% | 0.250

A and B4 0.7144 | 1.23 x 10™* | 0.329

E 0.5120 | 1.31 x 1073 | 2.640

B4 and E 0.5030 | 1.42 x 1073 | 2.830

A Bdand E| 05288 |1.34 x107% | 2.780 |

typical houses, although it should be observed that the surface to volume ratio
of the test cell is approximately three times that of a typical house, so direct

comparisons can be misleading.

INFILTRATION HEAT EXCHANGE EFFECTIVENESS

The measurements show that the Infiltration Heat Exchange Effectiveness
(IHEE) depends on the flow rate for any configuration. It is useful to define a

normalized flow parameter

(6.1)
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where (UA), is the total loss coefficient of the cell in the absence of air flow
into/out of the cell. Hence a is zero for no air flow and is unity when the air flow
rate gives an ‘infiltration loss coefficient,” mC,, as large as the “conductive”

loss coefficient, (U A)o.

¢ is shown as a function of the normalized flow rate a for different flow config-
urations in Figures 17-28. For the range of flow rates examined, ¢ appears to
be an essentially linear function of a within measurement error. Consequently,

for purposes of this discussion, ¢ is approximated by
e = €¢(0) + ma (6.2)

where m is an empirical slope coefficient determined by linear regression. The
values €¢(0), m and the range of a used to determine ¢(0) and m are summarized

in Table 3.

It can be observed that in all cases except one the slope m is negative
and 0 < ¢(0) < 1 as expected; the measured positive slope is very small and
may be due to measurement error. Examination of Figures 17-28 also shows
that 0 < ¢ < 1 for all values of a for which measurements were conducted. This
appears to be the most significant result of these measurements. The values
of IHEE are greater than zero for every case measured, indicating that the
standard procedure for calculating infiltration loads systematically overestimates
infiltration loads. Furthermore, the measurements verify that significant Infiltration

Heat Exchange Effectiveness can be measured in frame construction.

The data shown in Table 3 and Figures 17-28 can also be used to construct

other hypotheses which should be investigated. These include the following:

1. For cases where the flow into or out of the test cell is highly diffuse, the
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TABLE 3. Linearized Dependence of ¢ on a for Different Flow Configurations

Inlet Outlet | €(0) | m Range of
a Measured

B4 A 0.87 | -1.00 | 0.05 - 0.25
BO None 0.76 | -0.51 | 0.08 - 0.20
B1 None 0.75 | -0.59 | 0.08 - 0.18
B2 None 0.81 | -0.58 | 0.05 - 0.18
B3 None 0.76 | -0.66 | 0.06 ~ 0.20
B4 None 0.82 | -1.54 | 0.05 - 0.16
B4 E 0.76 | -1.61 | 0.08 - 0.25
B4 E&A 0.60 | -0.56 | 0.06 - 0.25
P None 0.63 | -2.53 | 0.04 - 0.17
P A &B4 | 059 -1.10 | 0.05 - 0.26
P E 0.08 | 0.111 | 0.07 - 0.28
P |A B4 &E | 021 -0.09 | 0.05 - 0.28
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Fig. 27. IHEE vs. a for Concentrated (P) Inlet and Concentrated (E) Outlet
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slope is much larger than for concentrated flow; however, the range of a
measured was small for these cases since the cell was tight and larger
values of flow would have required pressures above 60 Pa, the upper limit

used in the tests.

2. In about half the cases, the slope m is less than the value of ¢(0). On
physical grounds, it is expected that m will be less than ¢ for large values
of flow and hence expect that the dependence of ¢ on a would become

non-linear at larger flow rates.
Dependency of ¢ on Flow Exponent

The values of ¢ at a particular value of a, as obtained from the best fit
linear regression, were correlated to the average values of n obtained from the
pressurization tests. Each pair of ¢ and n corresponds to a particular air flow

pattern which is characterized by a configuration identification and hole opening.

Figures 29 and 30 present the results of these correlations for the diffuse
and concentrated entry configurations, respectively, in the low flow limit (a =
0.05). Figures 31 and 32 likewise show the pattern of variation of ¢ with n at
moderate flow rates (¢ = 0.2). The important observation is that ¢ increases
as n increases. Kiel et al. [44] measured n for a sample of 711 houses in
Canada and the United States, and the flow exponent, n, appeared to have
a normal distribution with a mean of 0.67, confirming the common perception
that the average flow exponent is between 0.65 and 0.68. However, from a
regression analysis of the IHEE data in Figures 29 through 32, ¢ assumes
values ranging from 0.21 to 0.72 at n» = 0.67. Hence, comparison of this trend

with the pressurization test data reported by Kiel et al. [44] indicates that for
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about half of all houses, a measured infiltration rate in a typical house probably
changes the energy load to only 28 - 79 percent of the calculated value of the

infiltration energy load.

To obtain greater insight into the correlation between the effectiveness, e,
and the flow exponent, n, the siope, m, of the e-a correlation is plotted as
a function of n in Figures 33 and 34 for diffuse and concentrated air entry
configurations, respectively. Each pair (m,n) corresponds to a particular air
flow pattern characterized by a configuration identification and a particular gate
valve opening. A fairly strong correlation exists for ‘concentrated’ entry, but is
less obvious for ‘diffuse’ entry. For hole configurations where air enters the
cell through hole B2 or B4, the scatter in the data may have occurred due to
the change in leakage characteristics of the test cell over the course of time
and also may be due to measurement errors. The results suggest that the
effectiveness, ¢, is probably correlated to the flow rate, m, as expected from
physical considerations. It remains to be seen whether these correlations will

be observed in normal houses.

EFFECT OF INFILTRATION PATH ON IHEE

It may be observed that the heat exchange effectiveness, ¢, depends on
the physical construction of the building and specially on the path along which
air infiltrates into or exfiltrates out of the building. Five different configurations
of the test cell (configurations 2 through 6 as mentioned before) were chosen
to investigate the effect of leakage path length on ¢. For each configuration,
a series of experiments were conducted to determine the ¢ — a variation. The

values of ¢ measured range from 0.55 to 0.80 with the parameter a varying
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from 0.05 to 0.2. As noted earlier, effectiveness decreases with increasing a.
But most importantly, ¢ increases with the leakage path length. This result is
expected since the air flowing through the crack will have more contact with the
warm surfaces (i.e. the leakage path) and increased heat transfer will occur for
longer path lengths. Figure 35 shows this trend clearly where ¢ is plotted against
a non-dimensional path length L;/L, characterizing each configuration and for a
constant value of a = 0. The path length L; is defined as the minimum distance
between the exterior opening and the interior opening on the wall for a particular

leakage path ‘’; the normalizing parameter L, is the leakage path length for
configuration B4. However, it is not obvious, at this stage, that this distance
represents the actual length that air traveled before entering the test cell. It is

simply assumed to be a parameter to quantify the length of the leakage path.

HOLE-SIZE EXPERIMENT ON TEST CELL

To evaluate the effect of crack size (i.e. diameter of the hole in the current
context) on the IHEE, a series of steady-state tests were carried out on the
test cell. Air was introduced through three wall surfaces and air escaped out
through the holes provided in the other three wall surfaces. All the six flows
through the six wall, roof and wall surfaces were diffuse in nature, in the sense
that air entered the wall insulation through the plywood, then it traveled along
the surface dimensions and finally it left the wall through the other end of the
wall. Four different hole sizes were attempted; diameter of the holes being 11/64
inch, 1/4 inch, 3/8 inch and 1/2 inch on all the six surfaces and the leakage
path length remained the same in all the four configurations. The Infiltration

Heat Exchange Effectiveness for the four hole sizes is presented in Figures 36-
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39. As is evident from the plots, the flow becomes less diffuse as the hole
size increases and hence the effectiveness decreases. ¢ at a=0.25 is shown
against hole diameter in Figure 40 and the trend is clearly illustrated there. Also
with the hole diameter increasing, the ¢ — a plots become flatter indicating the

decreasingly diffuse nature of the leakage path.

The results presented in this chapter clearly show that air flow through
frame construction can exhibit significant heat exchange, substantially reducing
the energy requirements on the test cell due to infiltration. Infiltration heat

exchange effectiveness increases as :

a) flow rate decreases;
b) flow path length increases;

c) hole/crack size decreases.

Infiltration Heat Exchange Effectiveness values as large as 0.8 have been mea-
sured, which indicate that for very tight construction, it is possible that conven-
tional estimates of the infiltration load based on air exchange estimates could
be in error by as much as a factor of 5. For the range of values of the pres-
surization exponent, n, typically measured in houses, values of IHEE measured
in the test cell were smaller but still suggest that estimates of infiltration load
based on air exchange rates are likely to systematically overestimate infiltration

loads by an average of 20 percent or more.

Examination of the dependence of IHEE on flow rate and flow exponent
suggests that for typical flow rates, the flow exponent may provide useful pre-
dictive information regarding the size of IHEE and can be incorporated into a

procedure for modifying infiltration load calculation procedures for houses after
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CHAPTER VI

RESULTS: STUD-CAVITY WALL SECTION

This chapter discusses the results obtained from the stud-cavity wall section.
A parametric comparison of the simplified model and the data is also presented
in this chapter. Steady state tests were run on a stud-cavity wall section which
served as the test specimen; pressurization tests accompanied each experiment
for every configuration. The objective was to quantitatively investigate the degree
of diffuse behavior of the stud-cavity for several configurations. Five different
configurations, each having a unique air inlet and exit combination, were tested
at various air flow rates and a base case experiment was performed with no air
flow. Details of this experimental methodology have been presented in Chapter

V.

A sensitivity and uncertainty analysis was carried out for the measured
values of the Infiltration Heat Exchange Effectiveness and the detaijls are outiined
in Appendix A. It was found that the measurement of ¢ is quite sensitive to cold
space temperature, hot space temperature, ambient temperature and the power
input since the model of the calibrated hot box was developed for a particular
set of parameters. Accordingly, all these variables were kept within an extremely
narrow band to minimize the bias caused by changes in these variables. A
typical operating condition would be a hot space temperature of 25.5 C, a cold
space temperature of 1 C and an ambient temperature of about 23 C. The
heater power input and the temperature controller for the cooling system were
manipulated to achieve such operating conditions. Air flow rate was varied within

a range, typically 4 SLPM (standard liters per minute) to 15 SLPM, where the
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pressure difference between the interior of the stud-cavity and the cold/hot space
was maintained below 60 Pa. IHEE, ¢, is shown as a function of the air flow rate
in Figure 41 for configuration A, where the air leaves the stud-cavity at a point
diagonally across from the inlet location (hole 2 in Figure 16) and thus should
utilize the whole vertical height of the test specimen for heat exchange. it may
be observed that ¢ decreases with increase in air flow rate, as anticipated. At
small flow rates, the measurement uncertainty increases dramatically coincident
with a sudden increase in the ¢ value at 4 SLPM. The maximum theoretical
value of ¢ is 0.5 for this configuration, so the large value obtained at 4 SLPM is
apparently due to experimental error. Repeatability is quite good as evidenced

by the two cases where measurements were repeated at the same flow rates.

In configuration B, exit hole 2 was plugged and a new exit hole 3, vertically
above the air inlet, was used for the experiments. Since the test specimen wall
section has a height which is much greater than its width, this configuration has
about the same air path length as compared to configuration A. The measured
e values (Figure 42) are comparable to those from configuration A and the
dependence on flow rate is similar also; IHEE decreases with increasing air

flow rate.

In configuration C, exit holes 2 and 3 were plugged and a new hole 4
was opened up at the center of the wall section. This provides about half the
air path length that was used before and hence a lower ¢ value is anticipated.
Figure 43 shows the variation of ¢ with air flow rate and a significant drop in
IHEE values is noted. The figure also shows a sharper gradient in the variation

for flow rates above 6 SLPM.

In the next configuration (D) all the exit holes used so far, i.e., exit hole 2,
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3 and 4 were opened and thus a 3-hole exit pattern was employed. Naturally, a
higher air flow rate could be used within the stipulated 60 Pa pressure difference
limit. A longer path length and/or more heat exchange area can be envisaged for
this configuration which would cause a rise in IHEE values. Figure 44 illustrates
the variation of ¢ with air flow rate for configuration D and the general trend
noted for configurations A and B is present, but ¢ values are not appreciably
different. The high measured value of ¢ at 4 SLPM again may be assumed due

to measurement error.

Configuration E represents a very short path length with the air outlet located
just across the thickness of the wall section from the air inlet. The measured
values of ¢ with respect to air flow rate are illustrated in Figure 45. A sharp
drop in IHEE values is observed relative to the previous configurations. This
is anticipated as the flowing air gets much less opportunity to exchange heat
with the porous insulation inside the stud-cavity giving rise to small ¢ values.
However, the results for this configuration are counter-intuitive; for a flow situation
with a straight-across outlet, a lower range of ¢ values might be expected since
there appears to be little opportunity for the moving air to exchange heat. But
the measured data exhibits values of IHEE near 0.2; a sharper gradient in the

plot is also observed.

The results presented clearly show that air flow through a stud-cavity spec-
imen can exhibit significant heat exchange, substantially reducing the energy

requirements on the specimen due to infiltration.

Four of the 39 measurements made show values of ¢ > 0.5, the theoretical
maximum value, and all occur for flow rates near or below 5 SLPM. An uncer-

tainty analysis was performed for the test data domain as outlined in Appendix
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A. The uncertainty for each measured ¢ is illustrated for each configuration and
air flow rate in Figure 46. The uncertainty is based on the maximum error
specified for each measurement made in the experiment. The repeatability of
individual data points and the consistent trend of ¢ values show that experimental

error is generally less than the uncertainty values shown in Figure 46.

It may be observed from Figure 46 that at low flow rates (e.g. 4 SLPM),
the uncertainty increases rapidly. The ¢ values at low flow rates have been
consistently at or above the expected values. This deviation is within the in-
herent large uncertainty present in the experimental measurement procedure at
extremely low flow rates; however, it may reflect a systematic error at low flow

rates.

TEMPERATURE DISTRIBUTION INSIDE THE STUD-CAVITY

The stud-cavity design incorporated 75 thermocouples embedded in the
fiberglass insulation inside the stud-cavity to measure temperature at selected
points forming a grid, in a 3 x 5 x 5 matrix across the inside volume. A
normalized 3-dimensional temperature distribution analysis was carried out to
better understand the air path length for each inlet-exit configuration. For each
air flow rate and each configuration, the measured temperature was subtracted
from the temperature measured at the same thermocouple location, with zero
air flow rate. This temperature difference is assumed to represent the effect of
the intrusive air flow at that particular location inside the wall specimen. After
studying the data for all nodes inside the stud-cavity, it was decided that the
temperature differences measured at the five locations across the thickness of

the stud-cavity can be averaged to give 15 temperature differences representing



IHEE

IHEE

106

s CONFIGURATIONB

8 10 12 14 18 18

FLOWRATE, SLPM

12
12
‘ ®  CONFIGURATION A 11
14
0.8 .
0.81
lr H 0.6-
W o
0.81 - I ]
0.41
04
| 02 -
0.21
o T T
) ' . . ’ . , . 2 4 6
2 4 6 8 10 12 14 18 18
FLOW RATE, SLPM
1.2 1.2
= CONFIGURATION C T
11 Lh
0.8 0.84
w [ ]
0.6 i 0.6
0.47 0.44
Jl
0.2 0.24
o . — p— , . o . :
2 4 6 8 10 12 14 16 18 2 4 B

FLOW RATE, SLPM

[ s CONFIGURATION D

|

8 10 12 14 18 18

FLOW RATE, SLPM

0.81

0.61

IHEE

0.44

0.24

& CONFIGURATIONE

0
2

4 6 8 10 12 14 18
FLOW RATE, SLPM

18

Fig. 46. Uncertainty Bars for Measured IHEE Values



| -

107

the influence of the air flow and its variation along the width and along the height
of the stud-cavity. A selection of these 3-D temperature distribution plots has

been included in this chapter and the rest of them appear as Appendix B.

Figures 47 and 48 show the temperature difference distributions for 11
SLPM and 13 SLPM respectively for configuration A. The height of the bars in
these plots depicts the influence of the air flow through the stud-cavity. In this
configuration the air inlet is near location 1C and the outlet is near location 5A.
Those locations register strong changes dﬁe to the air flow; otherwise locations
1A, 1B, 2A and 2C, near the inlet, clearly show air flow around them. Around
the exit, nodes 4A, 5B and 5C show noticeable temperature differences. Node
3A, at the middle elevation, shows a small change due to air flow. A clear
path is not completely apparent from the plot and a possible bypass around
the thermocouple stations at 2B, 3B and 3C is suggested. The temperature
differences increase with an increase in flow rate, as can be observed from
the plots. The locations where no change is observed may have experienced
natural convection flows around them in the zero air flow rate configuration and
these plots simply superimpose the air flow experiments onto the base case;
this is a possible explanation for those locations which show no temperature

change.

These graphs have been plotted to reveal the distribution of temperature
changes due to air flow in the stud-cavity when subjected to an intrusive cold air
flow and to obtain a length parameter to serve as the effective air path length
to be used in the simplified model, described in Chapter IV. An effective path

length, L.;s, can be defined as:

L.sy = (area affected / total area) x (cavity length)
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Thus, for example, if 5 of the 15 temperature differences are significant, then
the effective air path length for that particular configuration is one-third (5/15)
the total height of the test section. This definition was adopted after careful
intuitive and quantitative examination of the measured data and the simplified
1-dimensional model being employed. Following this procedure, 11 of the 15
temperature bars in Figures 47 and 48 seem to be influenced by the air flow,

and hence, the effective path length 0.733 x 8 ft = 5.87 ft.

Figures 49 and 50 show the temperature difference plots for configuration
B at air flow rates of 12 and 14 SLPM respectively. This pair of plots is very
similar to those described above for configuration A. But the change in location
of the air outlet to node 5C is evident. Some of the nodes again seem to
be unaffected by the fluid flow. On inspection, this configuration also yields an
effective air path length of 5.87 ft. Appendix B clearly shows that the perturbation

is much smaller at lower flow rates.

Configuration C uses a mid-elevation air outlet which is clearly evident in
Figures 51 and 52 which show the temperature differences inside the stud-
cavity for flow rates of 11 and 13 SLPM respectively. The upper half of the wall
section does not seem to have participated in the heat exchange process as
the traveling air escapes through the mid-exit without moving further up. The
temperature bars are most prominent around the inlet and outlet and 8 locations
out of 15 appear to be influenced by the cold air flow. Accordingly, the effective
path length is calculated to be 4.3 ft. A notable omission among the unaffected
cells is 2B which, though surrounded by affected cells, does not register any

temperature change from the zero flow situation.

Marginally higher flow rates were used in Configuration D as noted earlier.
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Figures 53 and 54 show the temperature difference plots for this arrangement
and the three different outlet locations can be identified in the plot. The entire
stud-cavity seems to be influenced by the flow and hence the total height of the

stud-cavity (8 ft.) is used as the effective path length for this configuration.

Finally, in configuration E, a short path length is encountered by the traveling
air before it flows out through hole 5 located directly across the cavity from the
inlet. Figures 55 and 56 show the temperature influence of the fluid flow at flow
rates of 10.5 and 13 SLPM respectively. It may be noted that all three nodes
1A, 1B and 1C are significantly influenced and hence the effective path length
is assumed to be equal to the inside width (the insulation filled width) which is

1.22 ft.

COMPARISON OF EXPERIMENTAL RESULTS WITH MODEL

In this section the experimental results are compared to those predicted by
the analytical model. For this comparison, the hot-space and the cold-space
temperature is assumed to be 78 F and 33.8 F respectively to match the test
conditions. The méasured U-value of the stud-cavity was used and the surface
area of the wall specimen is taken as (8 x 1.5) or 12 square feet. Surface heat
transfer coefficients have been used at the air-insulation interface and also at the
external surfaces of the stud-cavity. The surface heat transfer coefficients are
determined from forced convection correlations using the proper air velocity on
the corresponding surface; for the interior surface coefficient, a value of h; = 2.5
Btu/hr-sq.ft.-F has been used whereas for the external surface coefficient a value

of h, = 4.0 Btu/hr-sq.ft.-F has been used.
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Figures 57 through 61 show the model predictions compared with the mea-
sured values of Infiltration Heat Exchange Effectiveness, €, for configurations A
through E respectively. The model shows the tendency of ¢ to decrease in
value with an increase in flow rate. For configuration A and configuration B
the model underpredicts ¢ appreciably. The model shows excellent agreement
with the measurements for the other three configurations, namely C, D and E.
In configuration E, where small values of IHEE were intuitively expected, model

predictions using the effective path length are very close to the measured values.

It may be noted that the IHEE prediction by the model is controlied by two
primary parameters: the air flow rate, which is measured directly in the experi-
ment; and the effective air path length, which is estimated from the temperature
difference data. Although this heat and mass transfer problem is clearly 3-
dimensional in nature, the simple 1-dimensional analytical model has performed

remarkably well.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

The actual energy consumption due to air infiltration in a test cell and in
a well-characterized stud-cavity wall specimen has been studied experimehtally
and analytically. The conclusions drawn from this investigation are presented
and discussed in this chapter. The benefits and limitations of this study as well

as recommendations for future work are presented.

CONCLUSIONS

Infiltration is customarily assumed to increase the heating and cooling load
of a building by an amount equal to the mass flow rate of the infiltration times the
enthalpy difference between the inside and outside air - with the latent portion
of the enthalpy difference sometimes neglected. Calorimetric measurements
conducted on a small test cell and a single stud-cavity wall test specimen with
measured amounts of infiltration introduced under a variety of conditions show
convincingly that infiltration can lead to a much smaller change in the energy
load than is customarily calculated. The data also suggest that the phenomenon

occurs in full-sized houses as well.

Infiltration Heat Exchange Effectiveness (IHEE), ¢, is introduced as a measure
of the effectiveness of a building envelope in recovering heat otherwise lost (or
gained) due to infiltration. Measurements clearly show that air flow through frame
construction can exhibit significant heat exchange, substantially reducing the

energy requirements on a test cell due to infiltration. /Infiltration Heat Exchange
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Effectiveness increases as

a) flow rate decreases;
b) flow path length increases;

c) hole/crack size decreases.

There is a clear correlation between large values of ¢ and large values of the
exponent, n, so fan pressurization results may be useful in predicting ¢ for

buildings.

Infiltration Heat Exchange Effectiveness values as large as 0.8 have been
measured, which indicate that for very tight construction, it is possible that con-
ventional estimates of the infiltration load based on air exchange estimates could
be in error by as much as a factor of 5. For the range of values of the pressur-
ization exponent n typically measured in houses, values of IHEE measured in
the test cell were smaller but still suggest that estimates of infiltration load based
on air exchange rates are likely to systematically overestimate infiltration loads
by an average of 20 percent or more. Examination of the dependence of IHEE
on flow rate and flow exponent suggests that for typical flow rates, the flow ex-
ponent may provide useful predictive information regarding the size of IHEE and
can be incorporated into a procedure for modifying infiltration load calculation

procedures for houses after further experimental and theoretical research.

Measurements for various air flow rates, and incorporating a variety of
inlet and outlet configurations on the stud-cavity test specimen, indicate similar

generalized trends for e. Infiltration Heat Exchange Effectiveness increases as:

a) flow rate decreases;

b) flow path length increases.
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A careful study of the experimental data indicated a clear correlation between ¢
and the air flow rate along with the effective path length for the flow. A procedure
has been developed for defining the effective path length for typical air flow
configurations in terms of the changes in the interior temperature distribution

within the insulation filled wall section.

A simplified model which incorporates macroscopically observable and a
characterizable feature of wall structures, viz., effective path length etc., was
investigated to complement the experimental study. The objective was to im-
prove the ability to predict the energy penalty associated with air infiltration in
a building envelope. A simplified model based on fundamental heat and mass
transfer principles has been developed; 1-dimensional flow with idealized con-
ditions was assumed. The model predicts the IHEE values as a function of air
flow rate and effective path length. The predicted dependence of ¢ on air flow
rate and effective path length for the configurations tested was consistent with
the experimental results, although the model under-predicted the IHEE values
for two of the configurations. For shorter path lengths the agreement between
the model and the test data was much closer. At small flow rates disagree-
ment between the model and the experimental data increased; however, the
experimental uncertainty increased rapidly at extremely small flow rates. For a
flow arrangement with a very short path length, the IHEE values measured were
larger than expected (intuitively), but were in agreement with the model predic-
tions. This counter-intuitive phenomenon occurred for configuration E where a

straight-across flow outlet was incorporated.
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BENEFITS

The benefits and impact of the outcome of such an investigation are ex-
pected to be quite significant in building science and in the HVAC area. They

include:

(a) better prediction of heating and cooling ioads of building systems;

(b) more accurate equipment sizing;

(c) improved building tightening criteria;

(d) more insight into the fundamental understanding of

(i) attic behavior (and radiant barriers);

(i) insulation behavior;

(e) economics of ventilation air heat exchangers vs. exhaust fans;

(f) potential indoor air quality issues;

(g) better accuracy in calibrated hot box measurements due to modified infil-

tration load.

RECOMMENDATIONS

The experiments on the well-characterized stud-cavity were quite sensitive
to the space temperatures; closer control over these temperatures is desirable

in future tests. More accurate measurement of the temperature of the air exiting
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the stud-cavity should be undertaken. The current method introduced a signifi-
cant bias toward the hot space temperature. For convenience:

i) the space around the wall section needs to be increased so that access
to several areas, viz. the inlet and outlet locations, cold side thermocouples,
circulating fans, etc., becomes easier,

ii) the sealing arrangement at the front of the calibrated hot box using polyethy-
lene sheet, caulk and plywood planks bolted into the edges needs to incorporate
a different design so opening and closing of the test apparatus become easier,

quicker and more airtight.

There are several limitations of the model that can be noted; the physical
flow pattern inside the stud-cavity wall specimen is 3-dimensional in nature and
future simulation work should incorporate a more elaborate multi-dimensional
approach. The mathematical model in its present form assumes no heat ex-
change during the horizontal travel of air inside the wall section. This needs to
be modified to a more realistic assumption. The effect of the crack size does

not appear in the current model; this needs to be introduced.

Studies on different building components have to be continued followed by
measurements on real houses and test houses in the open to confirm the find-
ings of this dissertation and also to extend the knowledge on the effect of other
parameters on e. The effects of seasonal variation and also of the simultaneous
presence of infiltration and exfiltration at varying temperature differences across
the walls are some of the parametric studies that can be undertaken in the
future. Future studies should also include extensive dynamic testing starting

from simple components and then moving on to more complex assemblies.
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APPENDIX A

A precise method of estimating uncertainty in experimental results is avail-
able in the literature [45]. The procedure is based on a careful specification
of the uncertainties in the various primary variables that have been measured
during the tests. Our dependent variable is the Infiltration Heat Exchange Ef-
fectiveness, ¢, and the primary variables are the various temperatures, the flow

rate and the heating power input.

The energy loss mode! which adequately describes the heat transfer from
the hot-space to the ambient and to the cold space by paths outside the ex-

perimental sample (stud-cavity) is given by:

Qloss = 1.0249(T, — T.) + 2.3075(Ty — T.,) (A.1)

where Q... is in Btu/hr and T, and T, are the hot and cold space temperatures
in deg C. The base (UA) value (i.e. at zero flow rate) of the stud-cavity wall

specimen is then given by:

(TA) (Tn — Ty)

(A.2)

where @);, is the total power input, which is the sum of the heater power and the
fan power. The base case UA represents the steady-state conductive heat loss
coefficient of the stud-cavity. For the base case, UA = 0.8698 Btu/hr-sq.ft.-deg
F. The value of ¢ is calculated from the measured base case UA value and

the injected flow rate m as:
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TABLE A-1. Measurement Accuracy of Different Variables
Variable Unit | Absolute Uncertainty | Relative Uncertainty
Th deg C +0.5 +0.2
T. deg C +0.5 +0.2
T; deg C +0.5 +0.2
T, deg C +0.5 +0.2
Qin Watt +0.203 +0.203
m SLPM +0.3 +0.3
e (@ 4 SLPM) +0.232 +0.0302
e (@ 10 SLPM) +0.093 +0.0122
in oas T, — Tc UA
€ — 1 _ Q Ql ( h )( )0 (A.S)

(T — T3)(U A)ing

The numerator of the fraction represents the measured infiltration U A value, while
the term (UA).ny = mC, is the infiltration loss coefficient as usually calculated

and T; is the air inlet temperature in deg C.

Let w. be the uncertainty in the result and wr, wg and w, be the uncer-
tainties in the temperatures, heating power input and air flow rate respectively.

Then the uncertainty in ¢ is given by :

Je
0T,

86 ) 56 211/2
BQian) +(%‘wm)]

(A.4)

Oe wT)2 +( O¢

T aT: wr)” +

wr)? +(

The individual measurement accuracy of the different parameters is tabu-



TABLE A-2. Sensitivity of Different Variables

Sensitivity Derivative | (@4 SLPM) | (@10 SLPM)
o 0.1315 0.031
= 0.2406 0.096
= 0.0096 0.026
= 0.3684 0.147
T 0.1485 0.060
2 0.0590 0.063

138

lated in Table A-1 and it can be observed that the uncertainty of IHEE increases

quite drastically at low flow rates. Absolute uncertainty is the maximum error

specified in the manufacturers’ specifications for the various measuring devices.

For the thermocouples, calibration tests indicated a lower relative uncertainty and

thus a relative uncertainty of 0.2 for all the thermocouples was assumed. For

power and flow rate measuring devices, the relative uncertainty was assumed to

be the same as the absolute uncertainty. The sensitivity of different variables is

listed in Table A-2 and ambient temperature seems to have the most influence

on IHEE.
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APPENDIX B

Some of the 3-dimensional temperature distribution plots were presented in

Chapter VII; the rest of them are shown in this Appendix.
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APPENDIX C

Raw data measured in the steady-state stud-cavity experiments is presented
in this appendix. Each block of data is presented for a particular test corre-
sponding to a specific configuration and a specific flow rate, as mentioned at
the top of the block. Each block of data is shown as a matrix consisting of
5 rows (A through E) and 20 columns. All temperatures are given in degree

Celsius.

A1 through D15 are the temperatures measured by the thermocouples lo-
cated inside the stud-cavity. A1 through A5, A6 through A10 and A11 through
A15 correspond to the temperatures measured by thermocouples at locations
A1, B1 and C1 in Figure 8. Similarly A16 through A20, B1 through B5S and B6
through B10 correspond to the temperatures measured by the thermocouples at
locations A2, B2 and C2 in Figure 8. The rest of the temperatures are similarly

shown.

D16 through E3 represent the temperatures measured at 8 locations in the
cold space and E4 through E11 represent the temperatures measured at 8
locations in the hot space. E12 represents the pressure difference between
the stud-cavity interior and the hot/cold space in Pascal. E13, E14, E15 and
E16 correspond to the ambient temperature, air inlet temperature, chilled water
temperature and air exit temperature respectively. E18, E19 and E20 represent
the hot space fan voltage (in Volts), fan current (in Amperes) and fan power (in

Watts) respectively.
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