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Measurement Errors with Surface-mounted
Heat Flux Sensors
H. TRETHOWEN*
Surfnce-mounted heat j u x sensors (HFSs) have been increasingly used for measuring thermal
performance in buildings. These measurements are inherently subject to some error, but the size and
sources of these errors has been uncertain. This paper offers comprehensive, quantitative predictions of
the magnitudes of the errors and of their relative injuences. It concludes that there are three
(predictable) regimes in which such HFSs may operate, each having very different sensitivities to
particular physical environmental factors. There are some unexpected consequences in how these
devices should be selected and used, particularly that large sensors have both accuracy and stability
advantages, and that sensitivity to surface heat transfer coefficient depends on the operating regime,
being most acute with small, low-resistance sensors.

1. INTRODUCTION
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HEAT flux sensors (HFSs) were suggested by Houghten
and Wood [I] in 1921, and have been used at least since
1924 when Nicholls [2] described their use. In essence,
HFSs are formed from a wafer of some material across
which a temperature difference is measured. Except during
transients, the temperature difference so measured must be
a function, usually a linear function, of the heat flux.
Unfortunately, because a temperature drop must exist,
HFS devices must always be subject to some error and a
disturbance to the heat flow conditions is inevitable. In
practice this error can be made quite small, but normally
with reduced sensitivity, and often reduced robustness and
response time as well. The literature is rich in advice on
what to do, but there is a lack of quantitative information
on the importance of the various error sources. This paper
aims to reverse this so that HFS devices can be optimised
for the wide variety of task that they are used for.
This paper considers only surface-mounted sensors,
with and without edge guards, and offers methods for
predicting and avoiding measurement errors. These lead
to some unexpected conclusions concerning selection and
use of such sensors.
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2. SCOPE

.
I

This paper addresses the measurement error of surfacemounted HFS devices for building heat flows under
various physical and operating conditions. It attempts to
do this largely by use of dimensionless parameters, based
on finite-difference computer predictions. The correlation
so obtained is then compared with previously reported
measured errors and with an independent analytical
solution.
The measurement errors the paper seeks to explain are
those attributable to the presence of a sensor-the sensor
itself is assumed throughout to be perfectly calibrated. The
effects of various surface heat transfer coeffic!ents are
*Building Research Association of New Zealand, BRANZ
Private Bag, Porirua, New Zealand.

allowed for, but the heat transfer coefficients themselves
are not examined.
Only steady-state conditions are considered here. This
is partly to avoid undue complication, but for many
purposes it may be sufficient. Ifdynamic measurements are
needed, response can be approximated in one dimension.
The characteristics of heat flow around a HFS are
illustrated in Fig. 1. There are two interacting systems,
one system being the distribution of heat flows within
the structure being measured, the other system being the
surface heat transfer conditions around and over the
sensor. The measurement error is seen as being made up of
two parts, one being attributable to reduced heat flux
where the sensor is located, the other part attributable to a
portion of that reduced heat flux spilling around the edges
of the sensor and thus not detected. The latter part is
referred to below as 'edge spill'.

3. REVIEW OF LITERATURE
A substantial body of literature now exists on surfacemounted HFSs. This literature is reviewed below with
respect to three specific topics: (a) calibration, (b)
measurement errors, (c) sensitivity to lateral temperature
difference. These are chosen simply because it is in these
areas that the literature seems to be weakest.
The measurement errors considered here are largely
those which are an unavoidable feature of the use of these
devices. For this purpose all HFSs are considered to have
been perfectly calibrated, i.e. their output is exactly
interpretable to the corresponding mean flux of heat
through the sensor. That heat flux will differ from the value
which would have occurred in the absence of the sensor
and calibration should aim to duplicate the same
condition. Many references advocate the use of the
guarded hotplate equipment for HFS calibration, but
usually bypass the issue that (unless the guarded hotplateis
built specifically for the HFS) there is a size difference
between the HFS and guarded hotplate. The recommendation, of course, is to surround the HFS with a mask
of 'similar material'.
This advice, though sound, raises the practical difficulty
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Fig. I. Heat flow around a heat flux sensor, from finite-differencemodel

that the thermal resistance ofthe sensor may not be known:
or even if it is known, whether the thickness and resistance
can bematched. It must be remembered that ahighquality
of match must be achieved if the guarded hotplate
calibration is to be accurate. A second difficulty is that
when surface mounted, HFSs lose heat from the edges
as well as the face. The ratio of edgelface areas is
disconcertingly large in some sensors. The guarded
hotplate purposely excludes this factor. Calibrations by
guarded hotplate may need to be adjusted for edgelface
area ratio.
A final factor looked for in this review is sensitivity to
lateral temperature gradients over the face of the sensor. If
not avoided, signals from this source can easily swamp
those due to normal heat flux.
Nicholls [2] described a series of sensors made from
various materials. The dimensions were 600 mm (24 in.)
square including a 110 mm (4; in.) edge-guard area,
1-12 mm thick. Detection was by thermopile. An extensive
discussion on calibration was provided, with calibration
by a guarded hotplate apparatus. The guarded hotplate
was built to accommodate samples of the size of the
sensors. Either by accident or design (Nicholls does not
mention the point) the wiring design gives a sensor not
much affected by lateral temperature differences. In
application of these sensors Nicholls [3] corrected for the
series resistance of the sensor, but apparently had no way

of estimatingedge spill errors. Houghten et a/. [4] used the
same sensors, presumably with the same procedures.
Huebscher et al. [5] described a thermopile type of HFS
constructed in quite a different way, in sizes 290 mm
( l l f in.) and 400 mm (16 in.) square, 1.1 and 2.5 mm thick.
Two procedures for relative or ranking calibration of a
group of sensors were'described. Guarded hotplate equipment was used for absolute calibration. However, in this
case the size of HFS was not equal to the hotplate size,
and some discussion is given on difficulties encountered in
matching mask material with HFS for calibration. This
was ultimately resolved only by going through a twostage calibration process-first to rank order the sensors
so that nearly matched sensors could be calibrated in pairs,
with 6-mm hardboard packing and microcrystalline wax
filling. In most cases no edge guarding was used.
The sensors were thin (1-2.5 mm) and had a very
small thermal resistance (0.003 and 0.005 m2 "C W-').
Huebscher comments that the wiring sequence was chosen
to minimise the effect of lateral temperature variations on
sensor signal and is the only author discovered who has
discussed this.
A considerable effort was made to show whether the
calibration was stable. One sensor was cycled between an
icebathandan85"Covenfor92cycles, 15mineach.A 3.5%
increase in output was observed after the first 18 cycles and
no further change observed. Then 100passes under a 20-kg
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roller had no effect. A second sensor was cycled between
- 57°C(10 min) and 100°C (5 min) for 35 cycles, and again
produced an increase in output of 3%. In application, the
same correction for the series resistance of the sensor was
used as by Nicholls, without attempt to account for edge
spill.
Philip [6], and later Schwerdtfeger [7] carried out
detailed analyticstudies of HFSs and both are widely cited.
However, these studies'were directed solely at embedded
sensors, and do not offer comment applicable to the
surface-mounted case.
In 1962 De Jong and Marquenie [8] described the useful
technique of producing many-junction thermopiles by
electroplating. Calibration is stated to be by guarded
hotplate but no details are given. No comment is given on
either need or method to adjust indicated heat fluxes in use.
It is worth nothing that in the coiled-coil form that this
sensor type is wound, it will not be affected by lateral
temperature gradients. This will not be true of the Schmidt
and the Hencky sensors also mentioned in the paper, or of
the linear forms of the De Jong and Marquenie sensors.
Johannesson [9] in 1976 presented quantitative data
relating to the effect of local windspeed on measurement
error, and also on the effect of thermal conductivity of the
top substrate layer under the HFS. With respect to
windspeed, he experimentally examined the effects of wind
penetration under the sensor, concluding that air gaps less
than 1 mm were not serious.
Heard and Ward [lo] offered yet another sensor, using
electroplated thermopile detectors. They achieve an
excellent job of clarifying the sensor constructions used by
earlier authors, whose own descriptions were somewhat
obfuscatory. However, they did fall into a trap their
predecessors largely avoided :their sensor would be badly
affected by the presence of any lateral temperature
gradients. Their application method was to embed their
sensor within plasterboard and the calibration method
they used was to duplicate this condition in a guarded
hotplate.
Grot [ll] in 1982 discussed surface-mounted HFSs in
general, citing feasible overall accuracies within 6%. He
recommended that only one method of calibration should
be used-to sandwich the HFS in a 'similar' material,
and then use the standard guarded hotplate technique.
However, Grot does not discuss whether or how the
indicated heat fluxes should be corrected when applying the sensors. Condon and Carroll [I21 describe the.
application of HFSs in field measurements, with an aim of
deducing the dynamic behaviour of the structure, but
again do not discuss systematic measurement error.
Haupin and Luffy [13] described an extremely robust
sensor, and introduced a completely new type of ringguarded calibration hotplate. Because of the particular
features of their procedures, they were able to show that for
their HFS, the increase in heat flow attributable to extra
surface at the sensor edges outweighed the decrease in heat
flow attributable to the added resistance. However, the
edge area in their case was 42%that of the face area, so this
is not a surprising result. A fairly extensive correction
function relating indicated to undisturbed heat flux is
included. Regrettably this data is not resolvable into
contributory parts, as essential information is not given,
including the thermal resistance of the sensor, the

emittance of sensor surface and guard plate, and/or the
surface heat transfer coefficients. This means that Haupin
and Luffy's data can not be compared with the predictive
methods developed in this paper.
Flanders [I41 in 1980 discussed in some detail the use of
time-varying field heat flux and temperature data to derive
R-values. He did not discuss HFS output correction, but
noted that '. . . field . . . measurement techniques need
improvement . . .' In 1982 [IS, 161 he made further
comment in the same vein. However in 1985 Flanders [17]
discussed measurement errors directly and described a
correction factor for a set of sensors, based on supplementary temperature difference information. He assessed
the various sources of measurement error concluding
that differences between the convective surface heat
transfer coefficient over HFS and elsewhere were likely
to be the dominant source of error for his conditions.
De Ponte and Maccato [I81 discussed the possibility of
errors due to inplane heat flows in HFS, although their
discussion is confined to the calibration process in guarded
hotplate and similar apparatus. They show that calibration errors from this source can readily exceed I%, and
point out hotplate design features to minimise such error.
Wright et al. [19] presented a description of laboratory
attempts to account for errors due to sensor contact
resistance with two types of commercial HFS. The stated
resolution of temperature measuring equipment used (0.4
and 0.5 K) was barely adequate for the task, and represents
worst-case uncertainties of 15-70% in derived heat fluxes.
The reported discrepancies are greatest when the temperature differences are smallest, as is to be expected if
measurement resolution is lacking. The paper shows that
the thermal resistance of the sensors examined was small
(0.05 mZ"C W-I), and that bonding agents are unreliable
but excellent when they work.
Darnell et al. [20] in 1983 described another carefully conducted experimental series which carried out
essentially two programmes. In one, they compared
manufacturer's calibration data from two HFS suppliers
with independent guarded hotplate tests, and noted
differences of 1 7 4 % . They also noted that the manufacturer's calibration often forecast the observed heat
flows more closely than the independent one. Perhaps
the manufacturers were aware that field results require
adjustment and had anticipated it. In the second program
the Darnel1 team mounted test 'panels' of single-layer
material in a guarded hotbox pair and compared indicated
and undisturbed heat fluxes. They used supplementary
temperature measurements to assist in interpreting and
correcting their indicated heat fluxes. However, their data
is fairly complete and therefore valuable for testing any
predictive model.
Trethowen 1213 described the use of a heater-foil
method of calibration which could cope with a wide
range of HFS sizes. A preliminary attempt to correlate
measurement errors by dimensionless parameters was also
described.
To summarise the literature :over 20 papers dating from
1921 onward have been examined. In regard to calibration
most have used the guarded hotplate and only two have
used other methods. One author commented on 'considerable difficulty' in using the guarded hotplate with
sensors of a non-matching size. No author has commented
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on the effect of the edgelface area ratio of HFSs, although
this ratio ranges from 1% or so to over 70%.
With regard to interpreting/correcting indicated heat
fluxes, five authors have corrected for relative resistance
only, three have attempted to correct for edge spill as well,
and 13make no comment at all. Experimental dataagainst
which predictive correction methods may be tested is very
sparse, with only four authors offering data, and of these
only two give sufficiently comprehensive data to permit
comparison with the predictions presented here.
Only two authors have considered sensitivity to lateral
temperature gradient worthy of comment, even though
four of the sensors described have designs which avoid this
problem, and six are almost certainly at risk ofmajor errors
if lateral temperature gradients are encountered.
4. PREDICTION OF MEASUREMENT
ERROR

This paper develops asuggestion by Trethowen 1213,for
the quantitative prediction of measurement errors with
surface-mounted HFSs. The term 'measurement error' is
used here to refer to the difference between the heat flux
which passes through the sensor and the heat flux which
would have existed in the absence of any sensor.
Two methods are given here. The first is a dimensionless parametric method, empirically fitted to computer
simulations. The second is an analytical method due to
Weir [22]. Previously reported experimental data is then
compared with the dimensionless parametric model.
The computer simulations for the parametric model
have been obtained from two independent programs.
Most (173 cases) were derived from a finite-difference
program (HFSIM) written specifically for this situation,
and described by Trethowen 1211. HFSIM can handle
either two or three dimensions. A further 33 cases were
derived using a DECUS finite-element program HEAT,
which handles two dimensions only. The details of these
simulations are listed in Tables 1 and 2.
From the data in Tables 1 and 2, the predicted
measurement error was correlated empirically. First,
multiple regression showed the relative influence of the
physical variables. These variables were then forced into
dimensionless groups, with the results shown in Fig. 2 and
equations (1).
Firm top and bottom limits to the measurement error
can be simply derived, corresponding to effectively zero
and effectively infiniteedge spill, respectively. If there is no
edge spill (e.g. edge guards are present) then the error E
must obviously have the value in equation (la). On the
other hand, if lateral heat flow is unimpeded, and the
substrate is therefore isothermal, then equally clearly
the error must have the value in equation (lb)

subject to :

+

R, = (R', R,, - R,)
where
E = 1-QJQo
Qi = indicated heat flux
Q, = undisturbed heat flux
1, according to the sign of R,)
s = sgn(R,)(=
c = fitted constant = 2.1136
n = fitted constant = 0.465
R', = HFS series resistance (including contact resistance)
R,, = surface resistance over HFS
R, = surface resistance over undisturbed structure
R, = total thermal resistance of test structure
k = thermal conductivity of top substrate layer
t = thickness of top substrate layer
L= length or breadth of square HFS
= 2AB/(A+ B) for rectangular HFS
(this hydraulic radius formula diverges a little for
very small sensors).

In Tables 1 and 2
ti = thickness of insulation layer
ki = conductivity of insulation layer
tg = thickness of surface layer (= t )
kg = conductivity of surface layer (= k)
R, = thermal resistance (usually zero) between insulation and constant temperature source (see Fig. 1).

The characteristics of equation (1) are illustrated in Fig.
2, which forms the key part ofthis paper. It should be noted
that there are three zones in Fig. 2, these will be discussed
further. These will be referred to as follows:
-the 'power-law regime', described by equation (1)
-the 'insulation-controlledregime', described by equation (la)
-the 'surface-controlled regime', described by equation
(Ib)
If H,,, and H,,, are the values of Hcorresponding to Emin
and Em,,, respectively, then the pattern in Fig. 2 can be
normalised as in Fig. 3.

4.1. Example
As an example, consider the sensor used by Darnell
et al. [20] over 50-mm expanded polystyrene board.
Reconstructing from the paper we find (assuming no edge
guarding is included) :
Sensor size
Sensor + contact
resistance
Surface resistance
Total sample resistance
Conductivity of surface
layer
Thickness of surface layer

L

= 0.05

R"

= 0.042

R,
R,

k
t

m

m2 "C W-'
=0.07mZ0CW-I
= 1.50 m2 "C W-'
= 0.037 W m-'
= 0.014.05 m.

"C-'

(This particular sample is homogenous, and one may
consider either that the entire 50-mm sample is the surface
layer, or that some arbitrary lesser part of it is called the
surface layer. Two values have been considered in this
example.)

Table 1. Details of cases used to develop Fig. 2 (from HFSIM, three-dimensional)
Input data
ROW Case

Rm

A

B

ti

ki

Derived data
tE

kg

Rs

Rc

Rz

Qi

QO

E

H

Emin

Em,

Table I (conrinued)
Input data
ROW

Case

R,

A

B

ti

ki

Derived data
fs

k,

R,

R.

Rz

Qi

Qo

E

H

Emin

Em,

Table 2. Details of cases used to develop Fig. 2 (from HFSIM, two-dimensional)
Input data
Row

Case

R,

A

B

ti

ki

1,

Derived data
kg

R,

Rc

Rz

Qi

Qo

E

H

i

Em
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Three operating regimes are defined :Power Law Regime

-

Surface-Controlled Regime

-

Comprising the points which fall on or about
the heavy black line.
Insulation.Controlled Regime - Comprising the points to the left of the heavy
black line, and which are asymptotic towards
Comprising the points to the right of the heavy
black line, and which asymptotic towards
Emax.

Fig. 2. Correlation of predicted error, E, with dimensionless parameters (for surface mounted HFS without
edge guards).

Hence from equation (lc)

Note that

from equation (1)

Since E does not approach either ErninorE,,,, weconclude
that the HFS will operate in the power-law regime, with a
measurement error of 12-14%. Darnell's reported error for
this case was 16%.

E = 12-14%
if in the power-law regime
Insulation -Controlled

, ,

,

\

Power Law

, ,
I

\

Surface - Controlled

i
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Fig. 4. Comparison of predicted error, E, with data from independent sources.

4.2. Comparison of independent data with parametric model
Having established a model, we now endeavour to test
its validity against data from independent sources.
Firstly, the predictions from an entirely different
computer simulation program HEAT were used to test
whether there were any important errors in HFSIM. These
comparisons [see Fig. 4(a)] show that two completely
independent programs give closely similar results, and that
closely similar results are also obtained with two radically

different designs of HFS (one made from two parallel
aluminium plates, the other from a homogenous wafer of
material). Johannesson's simulations referring to various
substrate conductivities are also illustrated in Fig. 4(a).
Secondly, we consider the reported experimental data
available. Johannesson [9] reports on the effect of surface
resistance, and shows measured 'error' increasing with
local air velocity but reaching a limit at high velocities, in
contrast to his own 'predicted error' which continued to
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rise with velocity. This feature of his data fits comfortably
with the prediction of equations (1). Johannesson's tests
did however include an air space between the HFS and the
substrate, and some wind penetration under the HFS was
possible. Johannesson interpreted the whole of the error
change as due to wind penetration. However equations (1)
predict about halftheerror observed by Johannesson, even
without invoking wind penetration.
Wright et al. [I91 presented very detailed laboratory
measurements, made with an HFS mounted on blackened
copper or aluminium base plates. This enabled them to
determine contact resistances and surface heat transfer
coefficients, but it does not provide particularly suitable
data against which equations (1) can be tested. On such a
substrate, the measurement error would be operating in
the surface-controlled regime, and depend only on sensor,
contact and surface resistances. It is possible to express
their data in a form allowing observed error E to be
compared with E,,,. See Fig. 4(b). The fit is reasonably
good, but with considerable scatter, as might be expected
given that the temperature measurement resolution was
only about 0.5"C.
Darnell et al. [20] also presented very detailed
laboratory measurements in which HFSs were placed over
typical building material substrates. Most of their results
were also in the surface-controlled regime, but one case
(HFS over 50-mm expanded polystyrene) fell within the
power-law zone. Darnell's data is particularly significant
for the deliberate manipulation of surface emittances of
sensor and surrounding substrate. Such variation is
important in practice, and it can be also coped with by
the predictive methods proposed here, so Darnell's data
should provide a valuable test. However, although commenting that their data showed a different (usually
higher) surface resistance over the HFS than elsewhere,
Darnell did not provide information on the differences.
When Darnell's datais overlayed on Figs4(a)and (b),there
is excellent agreement in the one case in the powerlaw zone. In all other cases the agreement is less good,
which may be expected because of the high sensitivity to
surface resistance when the surface-controlled regime is
approached.
4.3. Analytic treatment
The general case of an insulating patch over a
conducting base has not been solved and has been
described as intractable. However Weir [22] has generated
an analytic solution to the problem of acircular HFS over
a two-layer substrate. Equations (2) are applicable
approximations derived from this solution.
This is :

=

E 1-ab*/{b[a* +2(P*-a*)Joo(/l*)]}
E E 1 -a[1+8(,9* -a*)/3n]/fl

where

for /?* > 1
for P* < I
(2)

G(1) =

k, tanh (2t2/L)+k2 tanh (2t1/L)
k,+ k , tanh (2t,/L) tanh (2t1/L)

t , , t, = layer thickness
k , , k, = layer conductivity
Z , , Z , = layer resistance (= t/k)

1 = surface layer ;
= deeper layer

L = HFS diameter
R,

= total

surface resistance at HFS
(sensor +contact + HFS surface resist)

R , = surface resistance for surrounding surface

1
Joo(p) E -(In b+0.657).
nb
The fit between equations (1) and (2) is illustrated in
Fig. 5. It may be noted that there is a general agreement
between the two predictions, but not necessarily a close
agreement in individual cases. This lack is attributed to the
fact that the G(0) and G(1) functions are themselves
approximations, but of similar size, and a [G(l)-G(O)]
term appears in the denominator of a* and b*. No
explanation is offered on why the predictions from Weir's
formulae are consistently low compared to simulated
results. Improvements to the reliability of the above
estimates are possible.

5. PRACTICAL CONSEQUENCES FOR

SURFACE-MOUNTED HFS
The relations in equations (1) and (2) carry some
important messages regarding the design and use of HFSs.
Some of these messages are already widely accepted but
others are novel. They are discussed below in four groups.

5.1. Calibration
The use of the guarded hotplate for calibration has
been widely advocated. The practical difficulties of edge
guarding an unknown HFS, and the fundamental
difficulty posed by the fact that real HFSs have edges of
finite thickness, have already been described. On the latter
point it may be noted that the ratio of edge/face areas of
HFSs described in the literature varies between 1.5 and
71%. In some commercial sensors the edge/face area ratio
exceeds 100%. Given the variety of ways in which HFSs
can be constructed and applied, it is difficult to see how the
in-service HFS edge heat losses might in general affect the
apparent calibration constant obtained from a guarded
hotplate. Simple calculations indicate an adjustment prorata to the edgelface area ratio.
For this reason, several other calibration methods
which allow edge losses from the HFS have been used.
Haupin and Luffy [I31 used a heater plate with edge
guarding, a rather elegant procedure but one which would
require new equipment for every different size of HFS
calibrated. Trethowen [21] used a heater-foil method
which can accommodate a very wide range of HFS sizes.
That method has been found to be excellent for what may
be termed 'engineering grade' calibration. There are some
as-yet unsolved difficulties which limit its usefulness for
'laboratory grade' calibration.
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Fig. 5. Comparison of error predicted by equation (2) vs Tables 1 and 2.

5.2. Surjhce heat transfer conditions
Equation (1) indicates that the measurement error is
fairly insensitive to surface heat transfer resistance, except
in the surface-controlled regime. When HFSs are used in

I
I

I
A

Observed points,
case 21 1

I
Observed points,
ie

254

I
!e Table 2)

Normalised
Error

1.3
Edge Guard Width W m

Fig. 6. Comparison of predicted error with edge guard width.

indoor buildingapplications, the latter condition is usually
encountered only with small sensors. This suggests that for
consistent performance, large HFSs should be preferred
[see equation (1) to determine the meaning of 'small' and
'large']. This is a new suggestion which does not appear in
previous literature.
A number of authors have commented on real or
possible differences between the surface heat transfer
conditions over the HFS, and over the remaining
undisturbedsurface. Some authors(e.g. [14,15-17,19,20])
have placed major emphasis on the surface heat transfer
conditions. Others, (e.g. [9]) have reported measurements
which indicate that considerable changes in surface heat
transfer coefficient can take place without large effects on
the error. Figure 2 shows how this apparent contradiction
can arise, and that there are identifiable conditions which
lead to either low or acute sensitivity to surface heat
transfer coefficients.
In the event that the surface heat transfer coefficient over
the HFS is different to that elsewhere, this is
accommodated using (Id), to adjust the effective sensor
resistance R,. The effects are explored in Fig. 7 for typical
cases, and this illustrates that the consequences of surface
heat transfer coefficient variations are small in the
insulation-controlled regime and in the power-law regime,
but become acute in the surface-controlled regime.
The effective sensor resistance R , can even become zero
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Surface controlled regime
....................... Power-law regime
-- - - - -- Insulation controlled regime

measurement

60i

.05

/

differencein surface
heat transfer coefficient

I

R,=

2 . 0 ' ~ mZ/W

Fig. 7. Sensitivity of error, E, to differencesin surface heat transfer coefficient.

ofnegative, and this has occurred in Darnell et al.'s [20]
and Wright et al.'s [19] results.
The condition where environmental radiant and
convective surrounds difler has not been explored here.
Further transformations would account for such
differences.

I

5.3. HFS design
Whilst it has long been recognised that small values of
sensor and contact resistance are desirable to minimise
measurement error, other aspects of HFS design appear to
have been overlooked.
The first such feature is the advantage of a large size (e.g.
diameter) of HFS. This not only reduces the measurement
error, but is also likely (as discussed in Section 4.2) to move
the operating condition of the sensor into a state where
it is insensitive t o changes in the surface heat transfer
coefficients.
It should also be noted that in equations (1) and (2), the
contact resistance R, between sensor and substrate has no
special significance. The measurement error is a function of
the sum of sensor and contact resistances. If one is relying
on a very low value of sensor resistance for the required
accuracy, then of course failure to achieve a low contact
resistance would beofmajor concern. But ifa higher sensor
resistance can be used (perhaps by choosinga large sensor)
then variations in the contact resistance may become
unimportant.

Mention has already been made of the possible effects of
the edge surfaces of HFSs. High ratios of edgelface area
tend to occur with small sensors. One may note that in a
sensor only 2.5 mm thick, the edge area is equal to the face
area for a 10 mm square sensor.
Thus a picture emerges that large (diameter) HFSs are
not only intrinsically more accurate, they are also less
affected by practical variations in contact and surface
resistances.
One may also note that thermopile-type HFSs can be
affected by lateral temperature diflerences over the area
covered by the sensor. If such temperature diflerences are
encountered, their effect can readily swamp the signal
generated by normal heat flow. This sensitivity can be
readily avoided by adopting a suitable wiring pattern. All
the early designs of HFS avoided this problem, but
Huebscher [5] is the only author to have specifically
identified it. It must be regarded as a serious deficiency of
all HFSs in which a thermopile coils in one direction only.
5.4. Edge guarding
The information in equations (1) and (2). and Fig. 4 refer
to sensors without edge guarding. The effect of edge
guardingon measurement error has also been examined by
finite-difference simulation, with the conclusion that the
width of edge guard required is a strong function of the
ratio EIE,,,. The required edge guard width reduces as
the total structure resistance increases, and as the sub-
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strate conductivity or thickness reduces, but these effects
are much weaker.
The effect of various degrees of edge guarding has been
examined for some 40 cases in Table 2. Empirical fitting
showed that virtually all of these cases followed equation
(3)with remarkable agreement-see Fig. 6. The value ofthe
exponent a varies for the different cases with a mean of 31,
standard deviation of 9. It was observed that the larger
values of exponent a were associated with cases in the
insulation-controlled regime, whilst smaller values were
associated with the surface-controlled regime.

where
w = edge guard width, m
E(w) = error at edge guard width W

E(0) = error with zero edge guarding
a = fitted constant (see above), typically 30.
This indicates that for building applications, edge guard
widths of 50-200 mm will be required to ensure that the
error E(w) is very little greater than the minimum error
Em,,.Sensors with smaller edge guards than this should be
regarded as being partially edge guarded.
5.5. Manufacturer's data
The manufacturers of HFSs face many difficulties. This
investigation suggests at least a schedule of properties that
manuf&urers should be able to supply.
Calibration constant (this should be the 'true' calibration, relative to heat flux through sensor, at a range
of temperatures) with accuracy tolerances
Physical dimensions
Physical exposure limitations
Surface emittance
Details of any internal edge guarding-or size of active
sensing area
Sensitivity to lateral temperature differences (e.g. pV per
"C edgeledge temperature difference).
Unless a sensor is being sold in a proprietary rig for specific
limited uses, manufacturers should resolutely refrain from
any claims of in-service accuracy.

CONCLUSIONS
The following conclusions are drawn in this paper, in
regard to surface-mounted heat flux sensors.
1. The measurement error is a function of the measured
structure as well as of the sensor and can not be
considered in isolation from the structure and the
surface conditions.
2. Measurement errors can be quantified with moderate
accuracy over a wide range of operating conditions.
Two methods of prediction are offered. There are
absolute upper and lower bounds to the measurement error, and three operating regimes referred to as
the insulation-controlled, power-law and surfacecontrolled regimes, respectively.
3. Contact resistances and differences between surface
resistance of HFSs and of remaining surface do not
always have to be eliminated, just known. For sensors
operating in the power-law or insulation-controlled
regimes, these resistances are of minor significance, but
for sensors working in the surface-controlled regime the
sensitivity is acute.
4. Measurement errors can be reduced by:
Increasing-size (diameter or edge length) of sensor
-surface resistance
-thermal resistance of wall under test
-edge guarding
Decreasing-sensor
contact resistance
-conductivity and thickness of surface
layer of substrate.

+

5. Large size (diameter or edge length) of HFS is predicted
to provide many advantages in reducing measurement
error, and also in stabilising these errors (e.g. against
fluctuations in surface resistance from varying air
velocity).
6. The issue of how HFSs for surface mounting should be
calibrated remains open. The use of 'true' rather than
'corrected' calibration constants is advocated, and
there is a problem of edge area of HFSs.
7. Makers of HFSs should note a need to avoid and/or
declare the sensitivity of their devices to lateral temperature gradients; to minimise the ratio of edge/
face areas; to note the advantages of large sensors;
and to declare details of edge guarding, sensor resistance, emittance and calibration procedure.
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