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Abstract
Infiltration has traditionally been assumed to affect the energy load of a building by
an amount equal to the product of the infiltration flow rate and the sensible enthalpy
difference between inside and outside. However, laboratory and simulation research has
indicated that heat transfer between the infiltrating air and walls may be substantial, reducing
the impact of infiltration. In this paper, two- and three-dimensional CFD simulations are
used to study the fundamental physics of the infiltration heat recovery process and a simple
macro-scale mathematical model for the prediction of a heat recovery factor is developed.
CFD results were found to compare well (within about 10 percent) with limited published
laboratory data corresponding to one of the scenarios examined. The model, based on the
steady-state one-dimensional convection-diffusion equation, provides a simple analytical
solution for the heat recovery factor and requires only three inputs: the infiltration rate, the Uvalue for the building, and estimates of the effective areas for infiltration and exfiltration.
The most difficult aspect of using the model is estimation of the effective areas, which is
done here through comparison with the CFD results. With proper input, the model gives
predictions that agree well with CFD results over a large range of infiltration rates. Results
show that infiltration heat recovery can be a substantial effect and that the traditional method
may greatly over-predict the infiltration energy load, by 80-95 percent at low leakage rates
and by about 20 percent at high leakage rates. This model for infiltration heat recovery could
easily be incorporated into whole-building energy analysis programs to help provide
improved predictions of the energy impact of infiltration.

Nomenclature
ai = dimensionless flow rate (-)
ao = dimensionless flow rate based on total building surface area (-)
2
A = building envelope total surface area (m )
2
Ai = effective areas for heat recovery model (m )
e = external wall faces for conduction terms in model development
f1 = effective area ratio for infiltrating wall (-)
f2 = effective area ratio for exfiltrating wall (-)
k = thermal conductivity (0.025 W/m K)
L = wall thickness (m)
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m = infiltration mass flow rate (kg/s)
Pe = Peclet number (-)
qo = heat energy conducted through wall in model (W/m2)
Q = actual total (conduction and convection) building energy load (W)
Qcond = conduction energy flux through envelope in simplified model (W)
Qconv = convection energy flux through envelope in simplified model (W)
Qinf = actual energy load due to infiltration (W)
QinfC = conventional energy load due to infiltration (W)
Qo = pure conduction energy load with no infiltration (W)
T = temperature (K)
Ti = inside air temperature (298 K)
To = outside air temperature (274 K)
U = wall U-value (W/m2)
ε = infiltration heat exchange effectiveness or heat recovery factor (-)
Γ = generic diffusion coefficient (kg/m s in this paper)

1. Introduction
Infiltration, accidental air leakage through building envelopes, is a common
phenomenon that affects both indoor air quality and building energy consumption. Infiltration
can contribute significantly to the overall heating or cooling load of a building, but the
magnitude of the effect depends on a host of factors, including environmental conditions,
building design and operation, and construction quality. A small number of studies regarding
the energy issues of infiltration have been found in the literature. (4,9,10,11), and all
concluded that the impact of infiltration can be sizeable.
Q infC = mc p (Ti − To )

(1)

The conventional method of accounting for the extra load due to infiltration is to add
a simple convective transport term of the form mcpT to the energy balance for the building.
For single-zone building models the conventional infiltration load, QinfC, shown in equation 1,
is the product of the infiltrating air mass flow rate, the specific heat capacity of air, and the
temperature difference between inside and outside. This relation does not include the effects
of moisture in the air and is strictly valid only if the leaking air does not interact thermally
with the building walls. In reality, leaking air exchanges heat with the walls as it enters and
leaves the building, which changes the thermal profile in the walls and warms or cools the
infiltrating/exfiltrating air. This results in different values for the conduction, infiltration, and
total heat losses than are predicted by the conventional method. Some studies have shown
that this effect could be substantial suggesting that the conventional method over-predicts the
energy impact of infiltration (1,2,5,6,7).
An improved prediction of the energy load due to infiltration can be made by
introducing a correction factor, the infiltration heat exchange effectiveness, ε, or the heat
recovery factor (defined by equation 2), into the expression for the conventional load
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(equation 1). In equation 2, Q is the actual total energy load of the building with infiltration
and Qo is the conduction load when there is no infiltration. This heat recovery factor,
introduced by Claridge and Bhattacharyya (6), accounts for the thermal interaction between
leaking air and building walls. The actual infiltration load, Qinf, is calculated using the heat
recovery factor as shown in equation 3.

ε ≡1−

Q − Qo
Q − Qo
=1−
mc p ∆T
Q inf C

(2)

Q inf = (1 − ε ) mc p (Ti − To ) = (1 − ε ) Q inf C

(3)

2. Objectives and Problem Formulation
In this paper, two- and three-dimensional computational fluid dynamics (CFD)
simulations are used to investigate the basic physics of the infiltration heat recovery process.
We choose to start with a fairly simple physical representation (only conduction and
convection are considered for transport) so that an understanding of the phenomenon can be
developed from first principles. Additional processes, like turbulence or radiation, can be
added progressively if necessary. Also, a one-dimensional mathematical model is developed
that can be used to determine the extent of heat transfer between leaking air and walls,
represented quantitatively as the infiltration heat recovery factor. This macro-scale model,
based on the steady-state one-dimensional convection-diffusion equation, provides a simple
analytical relation for the heat recovery factor. Predictions from the model are compared
with results from detailed CFD simulations and limited experimental results from the
literature.
The cross-section of a hypothetical test room under a general infiltration scenario is
shown in figure 1. Small holes in the outer sheathing of the building envelope (plywood in
this study) allow air to leak into the wall cavity and flow through the wall from outside to
inside for the infiltrating wall and vice-versa for the exfiltrating wall. The driving force for
leakage is a pressure differential due to wind and temperature differences between inside and
outside. Four wall configurations, shown in figure 2, are examined under various
environmental conditions. Wall geometries 1 and 2 have insulation in the wall cavity, while
geometries 3 and 4 have empty wall cavities. Leakage rates through the wall are varied and
the inside/outside temperature difference is fixed at 24 K.
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Figure 1: Cross-section of a hypothetical test room showing the general infiltration problem
(wall geometry 1 shown). The infiltrating and exfiltrating walls have a conduction and
convection energy flux, but all other walls have only a conduction flux.

Figure 2: Wall geometries 1-4; 1 & 2 are insulated and 3 & 4 are empty.
3. CFD Simulations
In the first part of this study, computational fluid dynamics (CFD) simulations are
used to examine the basic physics of the infiltration heat recovery process in detail. The
individual contributions of conduction and convection to the total heating load are determined
without making fundamental simplifications as in previous work (1,5,6). These components
of the total energy flux are used to calculate the infiltration heat recovery factor.
The walls are modeled as two- and three-dimensional systems in the CFD
simulations. Flow and energy transport in the air are determined via the Navier-Stokes and
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energy equations. A laminar representation is used for the flow, and solutions show this to be
a valid assumption, as the highest calculated Reynolds number inside or near the wall is only
about 2000, based on wall thickness. It is possible that turbulence could have some effect
even at these moderately low Reynolds numbers, so this will be examined in future work.
The plywood sheathing is represented as an impermeable, solid material. Energy transport
within the sheathing is calculated via the conduction equation. Insulation, if present in the
wall, is represented as a porous material. Air flow through the insulation is determined via
Darcy’s Law, a common model for flow through porous media (3,7). Energy transport
through the insulation is determined via a modified form of the energy equation, in which an
effective conductivity is used in the conduction flux term and the thermal inertia of the solid
component is included in the transient term. A fundamental assumption in the validity of this
relationship for this application is local thermal equilibrium between the fluid and solid
phases in the porous media. This assumption was tested and found to be accurate. The
governing equations and other CFD issues are detailed in previous work by the authors (2).
3.1. CFD Results
Figure 3 shows the heat recovery factor for wall geometries 1-4 determined from twodimensional CFD simulations. The variable on the horizontal axis of the graph is the
dimensionless flow rate (a o), defined in equation 4. It was found to be a useful independent
variable when comparing the heat recovery for different cases because it collapses the data
showing the universal trends. In all cases, the heat recovery factor approaches a value of one
at very low flow rates and decreases with increasing flow rate. Heat transfer is lower at high
flow rates because there is less time for energy to be transported from the walls to the
infiltrating air resulting in lower heat recovery.
ai =

mc p
U i Ai

(4)

Two distinct trends can be seen in figure 3. One trend is that the walls with holes in a
high/low configuration, walls 1 and 3, have a significantly higher heat recovery factor than
the walls with holes that are straight through. This is partly because the high/low
configuration has a longer leakage path and, for a given flow rate, the air remains within the
wall cavity for a longer period of time. This allows for greater heat transfer and higher heat
recovery compared to the straight through case. However, these straight through geometries
still show a significant heat recovery effect. The other trend is that data points for the
high/low configurations fall roughly on a single trend line, and the same is true for the
straight through configurations. That is, insulated (1 & 2) and empty walls (3 & 4) with the
same hole configuration have about the same heat recovery when plotted against the chosen
independent variable, ao. This suggests a universal behavior that may be applicable to all
leakage scenarios.
Three-dimensional simulations are performed for walls 1 and 2 and the results are
shown in figures 5 and 6. The 3D simulations give nearly the same values and show the
same trends for the heat recovery factor for a given hole configuration as the 2D simulations.
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This suggests that it may be sufficient to use 2D simulations to study a given wall geometry,
which means a large savings in time and effort compared to 3D simulations.
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Figure 3: Heat recovery factor determined from 2D CFD simulations for walls 1-4. Solid
symbols show data for walls with a high/low hole configuration (1 and 3) and hollow
symbols show data for walls with a straight through hole configuration (2 and 4). Notice the
two distinct trends—one for each hole configuration.

3.2. Experimental Comparison of CFD Results
The only experimental data available for comparison is that of Claridge and
Bhattacharyya (6). Their case with a diffuse inlet and outlet (inlet B4, outlet A) is similar to
walls 1 and 3 in this study (high/low hole configuration). They calculated a heat recovery
factor of about 0.80 when ao is 0.05 and about 0.65 when a o is 0.25. As figure 3 shows, CFD
results for wall 1 give a heat recovery factor of 0.90 when a o is 0.05 and about 0.72 when ao
is 0.25. There are no CFD data available for wall 3 at these low flow rates, but the trend is
the same. Considering the rough nature of the comparison, the experimental and CFD results
show good agreement. There is only about a 10 percent discrepancy in the heat recovery
factor at both points. This suggests that the CFD results are qualitatively, and, most likely,
quantitatively accurate. Also, this suggests that processes which occur naturally in the
experiment but that are not represented in the simulations (turbulence, radiation) may not
have a strong effect on the heat recovery.
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4. Development of the Simplified Infiltration Heat Recovery Model
In the following work, a simple macro-scale mathematical model is developed for the
infiltration heat recovery factor. The model should provide a simple, yet accurate, means for
calculating the heat recovery factor, ε, under a variety of environmental conditions, building
designs, and leakage scenarios. The starting point is the steady-state one-dimensional
convection-diffusion equation (12). This simple representation is used because we believe it
includes the most important physical mechanisms and will help provide insight into the heat
recovery process more easily than a complex representation. If the effect is sizeable and the
topic merits further investigation, additions can be made to the model in future work, if
necessary, to help provide more accurate, realistic results and to make it suitable for use in
network codes.

4.1. Convection-Diffusion Equation
The one-dimensional convection-diffusion equation, shown in equation 5, represents
transport by combined convection and diffusion in a steady flow varying in one spatial
direction. φ represents any scalar flow variable, e.g., temperature or concentration, and Γ is
the diffusion coefficient for that variable. An analytical solution is given by equation 6 for
the variable φ as a function of the length coordinate x for ρ, u, and Γ constant and for
prescribed boundary conditions and x = 0 and L. The subscripts 0 and L represent the bounds
of the domain, i.e., the wall thickness, and the parameter Pe is the Peclet number, given by
equation 7.
d
d dφ
( ρuφ ) = Γ
dx
dx dx

x
exp( Pe ) − 1
φ ( x) − φ0
L
=
φ L − φ0
exp( Pe ) − 1

,

(5)

Pe =

x


 exp( Pe ) − 1 
L

T ( x ) = T0 + (T L − T0 ) 
 exp( Pe ) − 1 





ρuL
Γ

(6), (7)

(8)

Taking φ to be temperature, equation 6 can be rearranged to provide a simple
relationship for the temperature at any location between the two bounds, as given by equation
8. This relationship will provide the basis for the heat recovery model. At this point, Γ is left
as a generic diffusion coefficient. Later in the model development it will be given a
prescribed value, via input, so that it takes on an effective value to represent the composite
wall structure.
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The next step is to apply equation 8 to a generic building envelope (shown in figure 4)
under arbitrary conditions to determine the energy flux through the walls. Areas of the
envelope that are affected by leaking air are represented by A1 and A2 (infiltrating and
exfiltrating, respectively) and have both a convection and conduction energy flux. These
sections represent parts of the wall in the vicinity of the leaking hole which undergo thermal
changes due to infiltration and could potentially represent the entire infiltrating or
exfiltrating walls. Areas that are not affected by leaking air are represented by A3 and A4
and have only conduction heat transfer. The six individual flux components shown in figure 4
are used to determine the infiltration heat recovery factor.

Figure 4: Energy flux through the simplified building envelope used in the model
development. Sections A1 and A2 are affected by leaking air and have both convection and
conduction terms. Sections A3 and A4 are not affected and have only a conduction term.
The outer faces of the left and right walls form the system control volume boundary.

4.2. Convection Terms
The total energy flux through the building walls has two components, one due to
convection (Qconv) and another due to conduction (Qcond). Each component will be determined
across the control volume boundary via equation 8. There is a convection flux only through
the two “effective” areas A1 and A2. These areas do not correspond to the physical area of a
hole in the envelope, but to the surface area of the envelope that is affected by infiltrating air.
The actual values for these effective areas, the only parameters not directly input into the
model, will be estimated through comparison with CFD data.
Q conv = Q conv 2 − Q conv1

(9)

Q conv = mc p T ( x = L) − mc p T ( x = 0)
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Q conv = mc p To − mc p To
Q conv = 0

(11)

(12)

The net convective energy flux across the effective areas, A1 and A2, is determined in
equations 9-12. Equation 9 states that the net convective flux is the flux at the exfiltrating
wall minus the flux at the infiltrating wall, as shown in figure 4. Note, in this analysis,
energy flow out of the building is considered positive. The air temperatures and mass flow
rates at the control volume boundaries, i.e., the external face of the building envelope, are
used in equation 10. The temperatures at the external boundaries are by definition the outside
air temperature, as equation 11 reflects. Finally, equation 12 gives the interesting result that
the net convective flux across the chosen control volume boundary is zero. Therefore, the
total effective energy flux due to infiltration in the effective areas will be incorporated into
the conduction terms.
4.3. Conduction Terms
The total conduction energy flux across the control volume boundary is given by
equation 13. It states that the flux is equal to the dot product of the temperature gradient at
the control volume boundary (the external wall faces, denoted by the subscript e) and an
outward-pointing normal vector multiplied by the effective area and the wall thermal
conductivity summed over the entire boundary. Equation 14 gives the expanded form of
equation 13 when applied to the building envelope shown in figure 4.
4

Q cond = ∑ − k i Ai (∇T • nˆ ) e ,i

(13)

i =1

Q cond = k1 A1

dT
dx

− k 2 A2
e ,1

dT
dx

+ k 3 A3
e,2

dT
dx

− k 4 A4
e,3

dT
dx

(14)
e,4

The gradient terms for A1 and A2 in equation 14 are evaluated using the solution to
the convection-diffusion equation and are given by equations 15 and 16, respectively. This
leaves only terms for the inactive areas of the envelope, A3 and A4, to be evaluated. Since
these areas are not affected by infiltrating air, their conduction flux terms remain constant.
The product of the gradient term and thermal conductivity in areas 3 and 4 of the envelope
will be represented by a constant as given by equations 17 and 18, respectively. Finally, the
evaluated terms are placed back into equation 14 to give a new relation for the total
conduction flux, equation 19.
dT
dx

= (Ti − To )
e ,1

Pe1
1
Pe1
L e −1

,

dT
dx
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Pe 2 e Pe 2
L e Pe2 − 1
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q0,3 = k 3

Q cond

dT
dx

q0,4 = − k 4

,
e,3

dT
dx

(17), (18)
e, 4

Pe1
Pe 2 e Pe 2
1
= k1 A1 (Ti − To )
+ k 2 A2 (Ti − To )
+ A3 q 0,3 + A4 q 0 ,4
L e Pe1 − 1
L e Pe 2 − 1

(19)

The term Qo represents the total energy flux across the building envelope when there
is no infiltration, i.e., pure conduction. For the envelope in this analysis, Qo is represented as
the sum of four constant terms as shown in equation 20. It is assumed that there is a linear
temperature profile through the wall and the heat flux obeys Fourier’s law for heat
conduction (8). This allows the conduction heat flux terms in the wall with no infiltration, q o,
to expressed as in equation 21.
Q0 = A1 q 0,1 + A2 q 0 ,2 + A3 q 0 ,3 + A4 q 0, 4

q 0,1 = k1

dT
dx

= k1
e ,1

Ti − To
L

(20)

(21)

4.4 Heat Recovery Factor
The information from the previous sections can be used with the definition of the heat
recovery factor to provide a new relationship for this quantity as given by equation 22. The
heat recovery factor is a function of the wall thermal conductivity, active area, wall thickness,
and Peclet number for both the infiltrating and exfiltrating walls.
Pe1
Pe 2 e Pe 2
k 1 A1 Pe
+ k 2 A2 Pe
− (k 1 A1 + k 2 A2 )
e 1 −1
e 2 −1
ε = 1 −
mc p L

(22)

The next step is to recast the Peclet number in terms of quantities that are meaningful
for this application. Equation 23 shows the definition of the Peclet number. The velocity, u,
in equation 23 is replaced by the relation shown in equation 24 where m is the mass flow rate
of leaking air, ρ is the air density, and A is the effective area. The thermal conductivity, k, is
replaced by the U-value for the wall via equation 25, which makes use of the relation for
conduction given by equation 21. This step replaces the micro-scale material property, k,
with the macro-scale effective U-value for the composite wall system. The Peclet number is
transformed into a dimensionless flow rate, a, using effective values characteristic to the
system as shown in equation 26.
ρuL
m
,
(23), (24)
Pe =
ui =
k /cp
ρAi
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Ui =

q o,i
∆T

=

ki
L

ai =

,

mc p
U i Ai

(25), (26)

Using the relations in equations 23-26, a new expression is created for the heat
recovery factor and is given by equation 27. Equation 27 shows that the heat recovery factor
is a function only of the dimensionless flow rate, ai, for the infiltrating and exfiltrating walls.
When presented in this form the symmetry between infiltration and exfiltration is apparent.
ε =−

1
1
1
1
− a
+
+
2
a2
e − 1 e − 1 a1
a1

(27)

One last change is made in the expression for the heat recovery factor, a
simplification for ease of use. A value is determined for the non-dimensional flow rate for
the entire structure, denoted as ao, using the overall U-value and the total surface area of the
building, denoted as A, as shown in equation 28. Both a 1 and a2 can now be expressed in
terms of ao and the unknown effective areas can be extracted into separate parameters as area
ratios weighted by the U-values, as equations 29 and 30 show. The final form of the
expression for the heat recovery factor is given by equation 31. It shows that the heat
recovery factor for a given envelope depends on the UA of the building and the infiltration
rate, which appear as a o, and the effective areas for infiltration and exfiltration, which appear
as the effective area ratios, f1 and f2.
ao =
f1 =

a o U 1 A1
=
a1
UA
ε = −

1
e

(28)

UA
f2 =

,

ao / f1

mc p

−1

−

a o U 2 A2
=
a2
UA

1
e

ao / f 2

−1

+

f1 + f 2
ao

(29), (30)

(31)

4.5. Comparison of Mathematical Model with CFD Results
Predictions of the heat recovery factor made with the mathematical model, equation
31, are now compared to values determined from CFD simulations. In these comparisons,
the area ratios in the model, f1 and f2, are adjusted to provide the best overall agreement as
determined by a least-squares fit. The ratios are given equal values here because the
infiltrating and exfiltrating walls used in the CFD simulations were symmetric.
Figure 5 shows heat recovery values for the walls with a high/low hole configuration
determined from 2D and 3D CFD simulations and the model. The value for the area ratio was
adjusted to give the best agreement, which, for this case, was found to be 0.33, or 33 percent
of the wall area. The model predictions show fairly good agreement with CFD results, but do
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not match exactly. Better agreement would occur if the model predictions were slightly
lower at small leakage rates and slightly higher at large leakage rates.
Figure 6 shows heat recovery values for the walls with a straight through hole
configuration determined from 2D and 3D CFD simulations and the model. For this case, the
best agreement was achieved with a value of 0.18 for the area ratio, or 18 percent of the wall
area. Agreement is good, but, as before, agreement would be better if the model predictions
were slightly lower at small leakage rates and slightly higher at large leakage rates.
The results in figures 5 and 6 suggest that our simple model does not capture the full
physics of the problem. While the trend is generally correct, the model predictions decrease
faster at high flow rates than the CFD data does. Some of the CFD results suggest that part of
the heat recovery occurs in the thermal boundary layers on each side of the wall and part
occurs within the wall. For example, cool infiltrating air falls along the inner surface of the
wall reducing the conductive heat loss. Also, some of the air sucked into the leak from the
external boundary layer will be at a higher temperature (a smaller overall temperature
difference) and will mitigate the infiltration load. This effect would imply that even with no
heat exchange within the wall itself there would be some heat recovery. We believe these
effects contribute to heat recovery, but they are not explicitly included in our model.
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Figure 5: Heat recovery factor for walls with a high/low hole configuration (insulated
and empty wall cavities) determined from CFD simulations and the simplified model using a
constant area ratio (f=0.33).
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Figure 6: Heat recovery factor for walls with a straight through hole configuration
(insulated and empty wall cavities) determined from CFD simulations and the analytical
model using a constant area ratio (f=0.18).

5. Conclusions
In this study, CFD simulations were used to examine the fundamental physics of the
infiltration heat recovery process. Results were found to compare well (within about 10
percent) with limited published laboratory data corresponding to one of the leakage scenarios
examined. Also, a simple, robust macro-scale mathematical model was developed that can
accurately predict the heat recovery factor for air infiltrating through building walls when
supplied with the proper input. The required inputs are the building U-value, the leakage
rate, and an effective area for infiltration and exfiltration. The effective areas were
determined here for specific leakage geometries through comparison with CFD data.
These results show the potential importance of infiltration heat recovery. The extent
of heat recovery was found to be dependent on the leakage path geometry, infiltration flow
rate, and wall construction. In some cases with low infiltration rates and long leakage paths,
the heat recovery can be substantial, well over 80 percent. In these cases, the conventional
method would over-predict the extra heating load due to infiltration. According to these
findings, under typical leakage conditions for most residential buildings (ao ≤ 1) the heat
recovery could be around 40 percent.
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All possibilities have not been examined in this study, but it is clear that some
modification could be made to the conventional method for prediction of infiltration energy
loads to increase its accuracy. The model for infiltration heat recovery presented in this paper
could easily be incorporated into whole-building energy analysis programs to provide
improved predictions for the energy impact of steady-state infiltration.
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