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ABSTRACT

Thermal conductances (U-values) and thermal resistances (R-values) are discussed throughout
the literature as the appropriate parameters for characterizing heat transfer through walls.
Because the quoted numbers are usually determined from handbook values of material properties,
they have several drawbacks: (1) they do not take into account degradation effects, (2) they ignore
construction irregularities, and (3) they do not take into account multi-dimensional heat flow.
This paper examines the use of field measurements of heat flow and surface temperatures to deter-
mine the U-values of walls. The effects of thermal mass on measurements of wall U-values are
described in detail, using two data interpretation techniques to estimate the U-values of insulated
and uninsulated cavity walls, with and without brick facing. The errors in U-value estimation are
determined by comparison with an analytical model of wall thermal performance. For each wall,
the error in the U-value determination is plotted as a function of test length for several typical
weather conditions. For walls with low thermal mass, such as an fiberglass-insulated cavity wall,
it appears that, under favorable test conditions, a 6-hour measurement is adequate to measure the
U-value within about 10% uncertainty. For masonry walls, the measurement time required is
considerably longer than 6 hours. It is shown that for masonry walls, and in general, the optimal
measurement time is a multiple of 24 hours due to the effects of diurnal weather fluctuations.

KEY WORDS

Wall conductance, heat flow meter, periodic heat flow, data interpretation
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INTRODUCTION

The thermal conductances of building envelopes are often the basis for comparison of build-
ings throughout the country, the quoted numbers usually determined from the individual U-values
of the components of the building envelope. The U-values of walls, which represent a significant
fraction of the total thermal conductance of a building, are usually determined from handbook
values of material properties. Because U-values determined from material properties do not taice
into account degradation effects and ignore construction irregularities, field tests are sometimes

used to verify the computed values.

As with determining U-values from handbook material properties, there are several draw-
backs to using field tests to determine the U-value of a wall. These drawbacks are associated
both with the required measurements of heat flux through the wall and temperature difference

across the wall, as well as with the interpretation of these measurement,s.l’2

In addition to the accuracy limitations of the sensors themselves, field measurements intro-
duce uncertainties due to interference between the sensors and the heat fluxes being measured.
Because the sensor represents an additional thermal resistance in series with the Yvall thermal
resistance, the heat flux through the wall section under the sensor will be reduced, implying that
the surface temperature must be measured directly under the sensor. Even if the thermal resis-
tance of a heat flow sensor is small relative to the total transverse resistance of the wall being
measured, the sensor can change the surface resistance, causing lateral heat transfer at the sur-
face. Changes in surface resistance are caused by mismatches of either convective heat transfer
coeflicients, or infra-red or solar emissivities. Because a given sensor can not conform to the radi-
ative properties of all surfaces (especially in the solar spectrum where color is important) and
because the effects of a sensor on convective air flow are often difficult to define, using a general-
purpose heat flux meter can cause additional measurement uncertainties. A related problem with
heat flux measurements is that of making good thermal contact between the sensor and the sur-
face being measured. ldeally, the meter substrate material should be supple, so as to conform to
surface irregularities, but should maintain its thermal resistance characteristics under the required
deformations. In practice, such a material is hard to find; most materials represent some

compromise between the two requirements.



Another problem with heat flux measurements is that of measuring a flux that is representa-
tive of the entire wall rather than a local perturbation of thé heat flow. In practice, heat flow
through walls is not uniform, especially in walls with thermal bridges (such as stud walls, or sec-
tions of walls near windows or doors). This implies that sensor placement can be important, and
that depending upon the size of the heat flow sensor, it may be difficult to determine the thermal

resistance of some wall systems.

These problems associated with making heat flux measurements have been discussed exten-
sively in the literacure.3’4 The purpose of this paper is to explore the errors associated with inter-
preting heat flux and temperature measurements, rather than the problems associated with the
measurements themselves. The focus is on the interaction of the thermal mass in walls with the
normal fluctuations in heat fluxes and temperatures that occur during field tests. Two data
interpretation techniques are examined, and the measurement time required to make accurate

determinations of the U-values of several walls are computed.

U-VALUE DETERMINATION

Using heat flux and temperature measurements to determine the U-value of a wall is often
considered to be ahalogous to using electric current and voltage measurements to determine the
electric conductance of a circuit element. Using such an analogy, the relationship between the

measured flux, temperature difference, and wall conductance is:
v =-2
AT )

Equation 1 ignores all transient eflects in a wall, implying that the wall must be at steady-state
conditions when the measurement is made. However, because all walls contain some thermal
mass, and because surface temperatures and fluxes are always fluctuating, true steady-state condi-

tions are virtually impossible to attain in the field.

An alternative technique for determining the U-value of a wall from hgat flux and tempera-
ture measurements would be to integrate the heat flux and the temperature difference for an
extended period. Because most of the transient effects in a wall are periodic (e.g. furnace cycling
and diurnal weather variations), integrations for sufficiently long time periods will have the effect

of filtering these transient effects from the data (the integral of a periodic function over an



integral or infinite number of cycles is equal to zero). If the integrated (i.e. filtered) temperature
differences and heat fluxes are substituted for the instantaneous values in equation 1, the U-value

estimation becomes:
¢
Jo(e )t

U'(t) = +—— (2)

far( )at
[}

Theory

As a means of quantifying the effects of the thermal mass in walls, and the effects of the
dynamic temperature changes inherent in any field measurements, we shall return to the basic

physics of heat transfer in walls.

The differential equation for one-dimensional heat transfer in a homogeneous isotropic solid

whose thermal conductivity is independent of temperature is:0

2T 1 6T
22 ot (3)

We shall use the solution to this equation for a solid bounded by two parallel planes under

steady periodic conditions. As we are only interested in the fluxes and temperatures at the two

surfaces, the solution can be written in matrix formzﬁ’7

)-8 x (5] z
where
A =cosh(dViw/a) . (5.1)

sinh(d Viw/a)
kvViw/a

C=kvViw/asnh(d Viw/a) (5.3)
D =cosh(dViw/a) : (5.4)

B =




The temperatures and fluxes in equation 4 should all be in the form of periodic functions, includ-
ing pure sinusoids, as well as more complex functions expressed in the form of fourier series. The
solution for steady-state temperatures and fluxes is obtained by substituting zero for w in equation

5, and using 1’Hopital’s rule for equation 5.2.

The expressions for A-D in equation 5 can be used in equation 4 to determine the indoor tem-
peratures and fluxes from the outdoor temperatures and fluxes for a single layer wall. This solu-
tion can be extended to a multi-layer wall by matrix multiplication of all the component layer
ma.t,rices:8

. T,
B)-(£ ) Bs)x(m) o

L)

Because matrix multiplication is not commutative, the component layers must be put into equa-
tion 6 in exactly the order that they are in the wall. A purely resistive layer can also be added

into equation 6; its matrix elements are independent of frequency:

A=1 (7.1)
B=d /k=R (thermal resistance) (7.2)
C =0 (7.3)
D =1 | (7.4)

For the purposes of this report we would like to specify the indoor and outdoor surface tem-
perature fluctuations and determine the flux response on the wall surfaces. To accomplish this,
equation 4 can be rearranged to give the indoor and outdoor fluxes as a function of the indoor and

outdoor temperatures:

R ) N S S
Qm B (w) Tm B (w) Tost (8'1)
= Yiu(w) T - Y, (w) Tou (8.2)

~ 1 (AW
Qou - B(w) Tsn B(w) Tou (83)
= Yc (w) Tl ~ Lot (W) Tost (84)

The admittances (Y’s) in equation 8 depend on the thermal properties of the component layers of

the wall, and on the frequency of the periodic boundary conditions. They are complex numbers,



and can thus be represented as a magnitude and phase at each frequency.

Application to U-value determination

Equation 8 can be used to estimate the expected error in the U-values determined with equa-
tions 1 and 2. By computing the admittances of a sample wall from handbook thermal properties,
the flux response of that wall to a specified surface temperature distribution can be determined
with equation 8. These surface temperatures and fluxes can then be inserted into equations 1 and

2, and the resulting U-values compared with the known U-value of the sample wall.

Because of the wide variation in weather conditions and wall characteristics to be expected
when performing field measurements, it is not possible to determine a single number or general
expression for the expected error when using equations 1 or 2. However, we can show the general
trend in the expected errors by simulating several walls under representative test conditions. The

conditions we chose for our simulations are:

1) A steady outdoor temperature sine-wave with frequency w,, (e.g., a 24 hour cycle) and

amplitude AT,, (simulating diurnal temperature cycle);

2) A steady indoor temperature sine-wave with frequency w;, (e.g., a one hour cycle) and ampli-

tude ATy, (simulating furnace cycling); and
3) An average indoor-outdoor temperature difference of AT .

Under these assumptions, and further assuming that the indoor and outdoor sine waves are in

phase, the temperatures can be expressed as a function of time:
Tu'n (t) = Tl'n + ATin sin (wl'n t) (9.1)
Tou (t ) = Tout + AT,y 8in (wo't t) (9.2)

Substituting equation 9 into equation 8.2, we can éxpressvthe inside heat flux as:
Qu'u (t) = },l'n (O)T‘ID + ‘ ),l'u (wl'u ) ‘ ATv'u sin (wl’n t+7|'n ) (10)

- Ya (0) Tod - | YA (wod ) | ATout sin (wo-t t+7, )



Taking the limits of the admittances as the frequency goes to zero, using I'Hopital’s rule it can be

shown that:
Y (0) = Y, (0) = U, (11)
Thus, we can re-express equation (10) as:
Qin(t) = UoAT + | Yia(win) | ATiq 80 (win t +in ) ‘ (12)
= | Ya(wout) | AT out sin(wout £ +74)

Substituting the instantaneous surface temperatures and inside heat flux into equation 1, the

estimated U-value of the wall can then be expressed as a function of time:

Y (w; AT, Y ATou .
1+ I [(jwn)l N 8!"((0;,.!-*—"{;,,)-— ' a((‘]"’m)l ATt am(wmt+’7¢)
0 0
U(t) = U AT; Tout
n . o :
1+ AT sin (w.-,s ¢ ) - AT Sln(woit ¢ )

(13)

Substituting the instantaneous surface temperatures and inside heat flux into equation 2 and

performing the integrations, the estimated U-value of the wall can also be expressed as a function

of time:
* i-N
U{t)—-Uol_D (14)
where
N | Yalia)| ATi [cos (wint +7in)-cosvia] -
- Uo AT Win ¢
_ | Ya (waut ) | ATM [COG (wolt t+'f¢ )—COS"“] (142)
Uo AT w“‘ t
ATy, [cos(wiy t )1 AT, c08 (wyq £ )-1

AT Win t AT Wogt ¢



RESULTS

Equations 13 and 14 have been be used to quantify the difference between the estimated U-

values computed with equations 1 and 2, and the known U-values of four typical residential walls.

The U-values based on equation 1 are determined from the instantaneous values of indoor surface

temperature, outdoor surface temperature, and indoor heat flux, whereas U-values computed with

equation 2 are determined from integrated values of the three simulated measurements. All four

walls are 4 cm by 8 cm cavity walls: 1) with plywood facing, 2) with R-11 insulation and plywood
facing, 3) with 20 cm brick facing, and 4) with R-11 insulation and 20 cm brick facing. The heat
flow through each wall was simulated by ignoring the effects of wooden studs, ostensibly

corresponding to measurements made on the cavity sections centered between the studs. The U-

values and admittances of each wall are presented in Table 1.

TABLE 1: Admittances of Simulated Walls
Wall U'Vd2ue Y (“"iu ) Y, (“’ou ) Yin (win ) Ya (“)oct )
[W/m?K] (W/m?K] [W/m?’K] [rad] [rad]

Cavity 1.5 6.0 1.5 0.34 -.24
Insulated

Cavity 0.42 6.3 0.41 0.35 -.35
Brick-face

Cavity 1.5 5.9 0.60 0.34 -1.9
Brick-face
Insulated 0.41 6.3 0.12 0.35 -2.1

Cavity




Simulated Instantaneous Measurements

‘ Figures 1 through 4 contain plots of the fractional error in U-value that occurs when equation
1 is used to determine U-values under two sets of simulated conditions. The errors corresponding
to simulated instantaneous measurements are plotted for a 24 hour period; the error cycle repeats
itself every 24 hours. Figures 1 and 2 are error plots for outdoor temperature fluctuations of 5.56
K, indoor temperature fluctuations of 1.11 K, and an average temperature difference of. 22.2 K,*
Figure 1 for insulated and uninsulated cavity walls, and Figure 2 for insulated and ;minsulated

brick-faced walls.

The errors in Figures 1 and 2 show several important effects: 1) the influence of the diurnal
temperature swing and that of the indoor temperature variations (the short, superimposed oscilla-
tions) are easily distinguished, 2) the short-term temperature swings are significantly more impor-
tant for insulated walls, and 3) the diurnal temperature swing is relatively unimportant for the
walls without brick facing (i.e. without significant thermal mass). For the uninsulated cavity wall
in Figure 1, the estimated U-value differs up to 25% from the true U-value, whereas for the insu-
lated wall the errors in estimated U-value are as high as 100%]. Figure 2 shows that the diurnal
temperature swing has a more significant effect on the instantaneous U-value for brick walls. The
increased error due to the low-frequency outdoor temperature fluctuation is a result of the thermal
mass of the brick wall. As for the cavity wall, the effects of the indoor temperature fluctuation is

accentuated by the addition of insulation to the brick wall.

Because of the large amplitudes of the U-value errors associated with fluctuations in indoor
temperature, simulations that assume smaller fluctuations in indoor temperature were performed.
These tests correspond with efforts to control the indoor climate more carefully (e.g. a thermostat
with a smaller deadband). In figures 3 and 4, the errors in the estimated U-values are plotted for
the same walls for an indoor temperature fluctuation of only + 0.28K. The errors in the
estimated U-value show considerably smaller maxima and minima, but display a pattern similar
to that shown in Figures 1 and 2. These results suggest that better control of indoor tempera-

P
tures can significantly reduce the uncertainty in the estimated U-value for all of the walls.

The experiments were performed in °F, therefore quoted temperatures in K are not exact. The actual temperature
differences are 10 °F, 2 °F, 40 °F.
| Unlike the simulations, in an actual test the indoor and outdoor temperatures will not be pure sine-waves and the ap-
parent U-value will not quite display such a regular pattern.



A close examination of Equation 13 provides some trends in the errors that occur when deter-
mining the U-value of a wall from instantaneous measurements. We find that the estimated U-

value at any time is likely to be furthest from the true U-value for:
a) well insulated walls;
b) large indoor and outdoor temperature fluctuations;
¢) small average indoor-outdoor temperature differences;
d) thermally massive walls.

The first three trends are directly apparent in Equation 13, whereas the fourth trend (thermal
mass) appears indirectly in the admittances. As the thermal mass of a cavity wall is increased
(see the brick-faced walls in Table 1), the phase angle (v, (w,e)) at the diurnal frequency is

increased, thereby increasing the error.

To use these trends to improve instantaneous measurement results, we must realize that the
only variable over which we have control is the indoor temperature. The smaller fluctuations in
estimated U-value in Figures 3 and 4 correspond to the reduced amplitude of the indoor tempera-
ture fluctuations. This simulation of better indoor temperature control essentially corresponds to
a reduction in the deaﬂba.nd of the thermostat. Although the U-value accuracy improves dramat-
ically, the accuracy remains unacceptable, especially for the more massive walls in Figure 4. The

errors are as high as 30% for the cavity walls, and as high as 60% for the insulated brick wall.

Simulated Long-Term Average Measurements

Possible accuracy improvement by using longer-term measurements is examined by plotting
the estimation errors that result when computing the U-value with Equation 14. The fractional
deviations, (U *(t) - Uy)/ Uy, for three of the walls considered previously are plotted in Figure 5.
For the same assumptions of + 1.11K indoor fluctuation, £+ 5.56K outdoor fluctuations, and AT
= 222K, we see that the influence of indoor temperature fluctuations on the U -value is lost
after a relatively short time, especially for the uninsulated walls. However, the effect of outdoor
'temperature fluctuations lingers for a long time, especially for the high thermal mass walls. The
averaging performed in equation 14 serves as a form of low-pass filter, slowly filtering out the

fluctuations, and passing only the average value after a significantly long time. Figure 6 includes
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the same information as Figure 5, except that the results are extended to tests as long as 48
hours. Focusing on the brick wall, we see that the 24 hour error oscillations decay with time,
although much more slowly than the 1 hour oscillations. From figures 5 and 6 we can conclude
that by using equation 14 under the assumed weather conditions, the U-value of the insulated
wood frame wall can be approximated within 10% in about 6 hours. It also appears that the U-

value of the brick wall can be approximated with the same accuracy within about 16 hours.

Further analysis of Figures 5 and 8 yields some additional observations. We find error peaks
in Figure 6 at t = 8 hours and t = 32 hours. Furthermore, we find that the average error in
measured average U-value is positive for all walls for the conditions considered in figure 6. In
fact, both the time of occurrence and size of the error peak, as well as the sign of the average
error are not generalizable to all walls. They are determined simply by the choice of starting time
relative to the outdoor sine-wave. In practice, this means that U-values computed with equation
14 may be biased. They will be more accurate for longer measurement times, but the error does
decay uniformly as the test length increases. Figures 7 and 8 are plots of the fractional errors in
the U-value computed Equation 14 for two different starting times relative to the outdoor sine
wave. In Figure 7 the data acquisition was started 90° after the beginning of the sine wave and
the data acquisition in Figure 8 starts 180° after the beginning. We see that the error starts off
positive and then becomes negative in Figure 7, and that the error due to the outdoor sine wave is
always negative in Figure 8. In all cases we see that the error tends towards zero at 24 hours into

the test,or after one complete outdoor weather cycle. The rules that can be derived so far are:
1) There are diurnal error peaks;

2) The magnitudes of the error peaks decrease rapidly with the length of the measurement
period;
3) For heavier walls the average U-value measured over any time less than 24 hours is likely to

be biased.

An additional consideration concerning the field measurement of U-value is the size of the
average indoor-outdoor temperature difference. As noted for Equation 13, Equation 14 also indi-
cates that the accuracy should improve with larger indoor-outchor temperature differences. Fig-
ure 8 is a plot of U-value errors obtained when using Equation 14 for conditions identical to those
in Figure 5, except the average indoor-outdoor temperature difference has been reduced from

222K to 11.1K. We see that it takes twice as long (12 hr) for the error in the U-value
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determination for the insulated cavity wall to drop below 10%. We also see that the error peak
at t = 8 hours for the brick wall reaches 80% under this small indoor-outdoor temperature
difference, compared with 30% for the larger indoor-outdoor temperature difference in Figure 5.
This indicates that the average indoor-outdoor temperature difference has a significant effect on

the minimum test length required to provide a given level of accuracy.

We should also note that this analysis does not take into account the possibility of long-term
trends in the weather during an actual test. For example, if the average daily outdoor tempera-
ture is changing during the course of a test, the wall will either store or release energy, thereby
causing an error in the average heat flow in equation 14. This effect can become important for
thermally massive walls, especially when the average indoor-outdoor temperature difference is
small. The errors will be periodic as for the 24 hr cycle, but on a longer time scale and with a
smaller amplitude. The amplitude is smaller because the weather fluctuations are normally less

severe and the wall has more time to adapt to lower frequency fluctuations.

CONCLUSIONS

One of the goals of this paper was to give some insight into the minimum time necessary to
measure the U-value of a wall in the field. As a partial answer to this question, our analysis has
shown that instantaneous field measurements of surface temperatures and heat flux cannot pro-
vide accurate estimates of the U-value of a wall. Our analysis has also shown that the accuracy
of wall U-value estimations can be significantly improved if time-integrated temperatures and
fluxes are used. As an example, it appears that a 6-hour measurement of temperatures and fluxes
is adequate to measure the U-value of an insulated cavity wall within about 109 error, provided

that:
1) The indoor-outdoor temperature difference is at least 20K;

2) The daily outdoor temperature swing (high to low) is not larger than half the average

indoor-outdoor temperature difference;

3) The average indoor and average outdoor temperatures do not vary significantly over the

course of the test; and
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More generally, we have shown that the required test length for a given level of accuracy is
extremely sensitive to the size of the average indoor-outdoor temperature difference, and that by
using the long-term average flux .and temperatures, the effects of short-term fluctuations in indoor
or outdoor temperature become unimportant. We found that for masonry walls the required
measurement time is considerably longer under the same test conditions listed above. In general,
the error in U-value estimation is minimized by using an integral number of 24-hour cycles as the

test period, thereby averaging the diurnal weather fluctuations over a full cycle.

It is important to recognize that these accuracy limitations are independent of the particular
instruments used to determine the heat flux and temperatures. The point is to emphasize the as
yet unresolved questions about what one does with the heat flux and temperature data once they

are collected, and to provide some guidelines for field measurements.

The most important conclusion to be drawn from the analysis presented in this paper is that
accurate determination. of the U-value of a wall from field measurements requires more care and
understanding than is readily apparent. We have focused on quantifying the errors associated
with data interpretation. The analysis that we have used to describe the heat transfer through a
wall can help quantify the errors introduced by the normal temperature fluctuations that occur
during field tests and could be further utilized to quantify the effects of long-term outdoor tem-

perature swings.
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Figure 1. Fractional error in instantaneous U-value for insulated and uninsulated stud walls

(AT = L1IK, AT,y = 556K, AT = 22.2K).
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(AT;, = 111K, AT,, = 556K, AT = 22.2K).
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Figure 3. Fractional error in instantaneous U-value for insulated and uninsulated stud walls

(AT, = 028K, AT, = 556K, AT = 22.2K).
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Figure 4. Fractional error in instantaneous U-value for insulated and uninsulated brick walls

(AT, = 0.28K, AT, = 556K, AT = 22.2K).
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Figure 5. Fractional error in averaged U-value for insulated and uninsulated stud walls and insu-

lated brick wall (AT;,, = 1.11K, AT,,, = 5.56K, AT = 22.2K).
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Figure 8. Fractional error in averaged U-value for insulated and uninsulated stud walls and insu-

lated brick wall for 48 hour test (A Ty, = 1.11K, AT, = 5.56K, AT = 22.2K).
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Figure 7. Fractional error in averaged U-value for insulated and uninsulated stud walls and insu-
lated brick wall with test starting 90 © after beginning of outdoor sine wave (AT, = 1.11K,

AT,, = 556K, AT = 22.2K).
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Figure 8. Fractional error in averaged U-value for insulated and uninsulated stud walls and insu-
lated 