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ABSTRACT

As part of an effort to characterize the uncertainties
asociated  with  temperature  measurements  in  fire
environments, models of bare bead, single-shielded aspirated,
and double-shielded aspirated thermocouples were devel oped
and used to study the expeded effeds of varying the gas and
average dfedive surroundings temperatures on the percent
error in measured temperature of each type of thermocouple.
The models indicate that thermocouples respond dfferently to
changes in effedive surroundings temperature in a hot upper
layer than in arelatively coder lower layer of aroom fire. The
use of an aspirated thermocouple reduces the aror in the
measurement, but does not eliminate it entirely. The present
study is intended to provide fire researchers with a
methodol ogy for devel oping working models of thermocouples
which aretail ored to their own configurations.

NOMENCLATURE
A; = Surfaceareaof theinnermost shield for double-shielded
probe (m?)

A, = Surfacearea of outermost shield for single- and double-
shielded probes (m?)

Ci_,= Geometric oonstant defined for double-shielded model

D, = Thermocouple bead dameter (m)

hyy = Convedive heat transfer coefficient between external
gas flow and bare thermocouple bead (W/m?K)

h,y, = Convedive heat transfer coefficient between aspirating
gas flow and thermocouple bead for single- and double-
shielded probes (W/m’K)

hi, = Convedive heat transfer coefficient between central
aspirating gas flow and innermost shield for double-
shielded probe (W/m?K)

hi, = Convedive heat transfer coefficient between annular
aspirating gas flow and innermost shield for double-
shielded probe (W/m?[K)

hoy = Convedive heat transfer coefficient between the
external gas flow and probe for single- and double-
shielded configurations (W/m?K)

ho,y = Convedive heat transfer coefficient between aspirating
gas flow and shield for single-shielded probe (W/m?K)

how = Convedive heat transfer coefficient between the annular
aspirating gas flow and outermost shield for double-
shielded probe (W/m?[K)

kg = Gastherma conductivity (W/m(K)

Nu = Nusslt number

P = Percent error in measured temperature (%)

Re = Reynolds number

Ty, = Thermocouple bead temperature (K)

T, = Gastemperature (K)

T, = Innermost shield temperature for double-shielded
probe (K)

T, = Outermost shield temperature for single- and double-

shielded probes (K)

Average dfedive surroundings temperature (K)

External fire-induced flow velocity (m/s)

Aspiration velocity acrossthermocouple bead for single

and double-shielded probes (m/s)

w = Agpiration veocity in the annulus for double-shielded
probe (m/s)

CC8—|
nmn

€& = Thermocouple bead emissvity
€& = Innermost shield emissvity for double-shielded probe
€& = Outermost shidd emisgvity for single- and double-

shielded probes
vy = Gaskinematic viscosity (m?/s)
0 = Stefan-Boltzmann constant (5.67 x 108 W/m2K*)



INTRODUCTION

Measuring temperature in and around fires is important
for validating models and for gaining an empirical
understanding of their very complex behavior. The most
common way to measure temperature during fire testing is to
use bare bead thermocouples. However, the temperature
indicated by a bare bead thermocouple near an enclosure fire
differs from the true gas temperature because the bead
exchanges radiation with the room walls, the hot flame gases
and soat, and the ambient environment through doors and
windows. Radiation corredions are difficult to perform for
several reasons.  First, sdeding an effedive surroundings
temperature is arduous because of the temporally and spatialy
varying environment. In addtion, the local convedion
velocity and gas composition vary and are not usually known.
The amissvity of the bead varies with temperature and with
exposure to fire ewvironments; soat can accumulate, changing
the bead dameter and its thermophysical properties. Finaly,
convedive heat transfer correlations are based on experiments
and have high uncertainties (e.g., Whitaker, 1972. Because of
these difficulties, fire researchers often perform experiments
without considering radiation losses or gains on
thermocouples. Jones (1995 showed that large earors in
measured gas temperature are posshle when these dfeds are
negleded in fire testing.

One way to reduce the dfed of radiation exchange on the
measurement is to use an aspirated thermocouple, which
consists of a thermocouple enclosed in one or more g/lindrical
radiation shields. The gas to be measured is pulled through
the shields using a pump or other aspiration device The
shields reduce the radiation exchange between the
thermocouple and its surroundings, while the rapid flow
increases the mnvedive exchange between the thermocouple
and the gas. Theresult isthat the temperature indicated by an
aspirated thermocouple is closer to the true gas temperature
than that indicated by a bare thermocouple bead of similar
size.

While using an aspirated thermocouple favorably reduces
the influence of radiation on the measurement, temporal and
spatial resolution are sacrificed. In addition, aspirated
thermocouples are wmbersome. For example, during a recent
study at the Nationa Ingitute of Standards and
Technology (NIST), a rather large ice bath, two dry carbon
dioxide traps, and two glasswod filters were necessary in each
aspirated thermocouple sampling line to proted the vacuum
pump and rotameter from water damage and soat
clogging (Pittset al., 1999. This is espedally constraining
when many thermocouples are used simultaneously, which is
generdlly desirable for fire studies. Because aspirated
thermocouples involve tradeoffs in resolution and ease of use,
the individual researcher must dedde if the improvements
offered by their use justify the extra effort to use them. Theam

of this paper is to describe engineeing models developed to
help researchers evaluate the dfediveness of aspirated
thermocouples.

BACKGROUND

Several papers have been published on the design of
aspirated thermocouples, also known as auction pyrometers,
for use in furnaces, gas turbines, and other practical
combustors (Schack, 1939 Mulliken, 1941 Mulliken and
Osborn, 1941 Land and Barber, 1954 Land, 1956
Baker et al., 1961 Hills and Paulin, 1969 Chedaille and
Braud, 1972 Magidey and Lysakov, 1975 Morillon and
Perthius, 1974 Khalil et al., 1976 Wojtan and Jones, 1981
Goldman, 1987 Heitor and Moreira, 1993. Schack (1939
published a model based on steady-state thermocouple and
shield energy balances for singlee and double-shielded
aspirated thermocouples. Constant convedive heat transfer
coefficients for internal and external convedion to the probe
surfaces and constant metal emissvities of 0.7 were assumed.
Schack linearized the fourth-order temperature terms in small
intervals of temperature, but the model was then limited to
application in the pre-sdleded intervals. The modding of
Land and Barber (1954 employed the asaumptions of constant
convedive heat transfer coefficients for al shields at a given
aspiration velocity, negligible heat transfer by convedion on
the external surface of the probe, and differences between gas
and surroundings temperatures of lessthan 200K. The latter
asaumption alowed Land and Barber to linearize radiation

heat transfer, with a heat transfer coefficient equal to ch3.

The authors presented simplified charts and tables to guide
designers of aspirated thermocouples for  furnace
environments.

The previoudy mentioned papers emphasized appli cations
where (1) the temperature of the surrounding walls is lower
than the temperature of the gas, and (2) the gas and
surroundings temperature do not differ appredably. In aroom
fire, which often consists of a reatively cod lower gas layer
and a generally hot upper gas layer, these two conditions are
not always stisfied. For example, in the lower layer, the
effedive surroundings temperature is higher than the gas
temperature, and their difference @n be very large. Thus, the
behavior of aspirated thermocouples in fires might differ from
that in practical combustors, and further work is warranted.

To the author’s knowledge, Newman and Croce (1979
published the only study focusing on aspirated thermocouples
for fire research. They developed a prototype aspirated
thermocouple which featured a 1.8-mm-diameter thermocouple
bead enclosed in a 6.4-mm-diameter sted shied. Their
mathematical model consisted of nonlinear, steady-state energy
balances on the bare bead, aspirated thermocouple bead, and
shield, with varying convedion coefficients. Combining



spedfic experimental results with their modd equations, these
authors demonstrated in various ways that the model
adequately described the behavior of the aspirated
thermocouple.  The authors tested their instrument by
increasing the flow through the probe until the measured
temperature approached a value which was independent of
aspiration velocity. Based on this technique, they concluded
that an aspiration velocity of about 7 m/s was adequate to
ohltain a temperature "which should correspond to the true gas
temperature." There is an intriguing dfference between the
study of Newman and Croce and previously published studies
of aspirated thermocouples, which recmmmended using
considerably higher aspiration veocities, for example,
60 m/s (Schack, 1939, 150m/s(Land and Barber, 1954
Land, 1956, and 300m/s(Khalil etal., 1976§. The
contradiction in recmmended aspiration velocities between
the fire and practical combustor literature warrants further
invegtigation to verify that 5 m/s to 10 m/s velocities are fast
enough for acaurate temperature measurement in fire testing.
Thisis espedally important because the American Society for
Testing and Materials, in the Standard Guide for Room Fire
Experiments (ASTM, 1995, recmmends that the gas velocity
within aspirated thermocouples be maintained near 5m/s,
stating that this is "sufficiently high to alow acaurate
temperature measurement based on thermocouple voltage
aone, even within flame zones" Based on this
recmmendation, fire researchers routinely use probes with
aspiration velocities of about 5 m/s (e.g., Steler et al., 1982
Lattimer et al., 1994 Dembsey et al., 1995.

The present research involves lution of steady-state,
nonlinear aspirated thermocouple energy balance ejuations
combined with convedive heat transfer correlations from
published literature. The present approach applies for a wider
range of fire onditions than the models of Schack and Land
and Barber. The modd is an extenson of the dforts of
Newman and Croce in that a parametric study is performed to
investigate aspirated thermocouples in typical room fire
conditions. Bare and single-shidded probes like those
addresed by Newman and Croce are modeled in addition to
double-shielded probes like those employed in a recent NIST
study (Pitts et al., 1999. The modeling alows an evaluation
of the order-of-magnitude difference in recommended
aspiration velocities between the fire and practical combustor
literature.

The ohjedives of this paper are (1) to describe idealized
models of bare bead and single- and double-shielded aspirated
thermocouples, (2) to demonstrate that thermocouples behave
differently in the upper and lower layers of a room fire, (3) to
describe the ways that aspirated thermocouples reduce erorsin
room fire temperature measurements, and (4) to provide
researchers with an approach for developing their own
working models of aspirated thermocouples.

MODEL DEVELOPMENT

The geometry of the double-shielded probe is depicted in
Fig. 1. The single-shielded probe is identical to the probe
shown in Fig. 1 with the inner shield removed, and the bare-
bead thermocouple @an be thought of as the instrument shown
in Fig. 1 with bath shields removed and no aspiration. The
probe and bead sizes match those used in recet NIST
experiments (Pittset al.,, 1999. The following assumptions
are used in development of the models. (1) All surfaces are
opaque, isothermal, diffusdy emitting and refleding,
graybodies with constant emissvities. (2) Gases are radiatively
non-participating. (3) Conduction through solids is negligible;
shields are infinitey thin. (4) Radiation exchange through the
tube openingsis negligible. (5) Gas properties are temperature-
dependent properties of air, calculated using polynomial
expansions of tabulated properties(Incropera and DeWitt,
1990. (6) Heat is added or removed from the surroundings in
an amount which allows them to remain at a constant effedive
temperature. (7) The gas temperature remains constant inside
and outside of the probe, and is not affeded by convedive heat
exchange with the probe. (8) Thereis an external crosslow in
a diredion perpendicular to the probe axis. (9) The
thermocouple bead is convex, is completdy enclosed in the
innermost shield, and has a surface area much smaller than
that of the inner shied. (10) The outermost shidd is
completely enclosed by the surroundings and has a surfacearea
which is much smaller than that of the surroundings. (11) For
the double-shielded probe, the inner shidd is completely
enclosed in the outer shield.
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Figure 1 Schematic of double-shielded aspirated
thermocouple.



The energy balance for the bare thermocouple bead with
no shields or aspiration is

T, [€40] + To[hou] = [sbch“ + thTg] = 0. (1)

The thermocouple bead is modeled as a sphere in crosdlow,
and the mnvedive heat transfer correlation recommended by
Whitaker (1972 isused to evaluate hyy. The uncertainty of the
sphere Nusslt number is + 25% (Whitaker, 1972.

For the single-shielded model, the thermocouple bead
energy balanceyields

T, [€00] + To[Nuu] - [sbcT04 + hbuTg] =0. (2)
The shield energy balanceyields

T04[Eoo-] + To[hou + hoU - ( 3)
[soch“ +(hy, + hoU)Tg] =0.

The mnvedive heat transfer coefficient between the aspirating
gas and the shidd, h,, is computed primarily using
correlations for developing laminar and fully turbulent flow.
For developing laminar flow, the Seider-Tate crrelation for
combined entry lengths (Eq. 20 in Whitaker, 1972 is used.
This correlation yiddds Nusslt numbers accurate to within
+ 2%%. For turbulent flow, the crrelation developed by
Petukhov, Kirillov, and Popov, and modified by Gnielinski
(Egs. 8.62-8.63in Incropera and Dewitt, 1990 is applied for a
smoath tube. Nusslt numbers for turbulent pipe flow are
acaurate to within + 10%. For the probe eterna flow, a
cylinder-in-crosdlow correlation (Eq. 7.57 in Incropera and
Dewitt, 1990 is used to evaluate hyy. The uncertainty in this
Nusslt number based on cylinder diameter is+ 25%.

For the double-shielded probe, the bead energy balance
yields an equation identical to Eq. ( 2) with T, replaced by T;.
The outer shield energy balanceis

T.[Croo(A/AL) +£40] + To[ (o +ha)] - (4)
[Coo(A /AT +2,0T. " + (h,, + by )T,] =0,

and the inner shied energy balance beaomes

Ti4[Ciaoo-] +Ti[(hiu +hiw)]_ (5)
[Ci o1+ (h, + hiW)Tg] =0.

The onstant C;_, exists because the surface area of the inner

shield is not small compared to that of the outer shield, and is
defined as
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In the central region of the innermost shield, heat transfer
coefficients are modeled using the methods described for the
single-shidlded thermocouple. In the annulus, h;, and h,, are
asumed equal, and are alculated using the pipe flow
correlations discussed abowe based on the annulus hydraulic
diameter.

The abowe nonlinear algebraic eguations are solved
simultaneoudy for each configuration using first order
Newtons' methods. The @lculations were performed for metal
emissvities between 0.2 and 1.0. While the erors computed
for the bare bead, single-shieded, and double-shielded
thermocouples increased with increasing €, the relative trends
between them did not change. Representative results for
€ =0.8 are presented in this paper. The external flow velocity
was assumed to be U= 0.5 m/s. The T,, used in the analysis
represents the dfedive radiation temperature of the potentially
multi -temperature surrounding environment. The discussons
in this paper are limited to temperatures below T, = 1400K
becuse thisis areasonable estimate of the maximum effedive
surroundings temperature in an enclosurefire.

The percent error in measured temperature, P, used to
evaluate a particular thermocoupl€'s effediveness is defined as

(r-T)/m

The governing equations were kept in dimensional form
for the present study. While nondimensionali zation minimizes
the number of parameters to be varied when analyzing a
problem, it proves to be difficult when equations have bah
fourth-order and first-order terms, and when heat transfer
correlations depend on local conditions in a complex way.
Keguing the modd equations in dimensional form allows the
present study to be focused on regions of room fires (upper and
lower layers) which are physicaly identifiable using absolute
values of the gas and surroundings temperatures.

P=100% x (7)

RESULTS AND DISCUSSION

Figure 2 depicts the percent error in the measured
temperature predicted for a1 mm bare bead thermocouple, as a
function of T, for a few gas temperatures between 300K and
1400K. The region where Ty is higher than T, is termed the
"upper layer," remgnizing that the region includes but is not
limited to the @nditions generally found in the upper layer of



aroom fire. Similarly, the region where Ty is lower than T, is
termed the "lower layer." The ovals are printed on the figure to
indicate that upper layer (Tg4> T.,) conditions generally occur
on the left side of the graph and lower layer (Tg<T.)
conditions occur on the right side. Figure 2 shows that a bare
bead thermocouple behaves differently in the upper and lower
layers of aroom fire. In the upper layer, the percent error for a
given Tyisreatively insensitive to T.,, deaeasing gradually to
zero as T., approaches Tg. In this region, the percent error
increases with increasing Tg. In contrast, in the lower layer, the
percent error is a strong function of bath T4 and T, increasing
more and more rapidly with increasing T., when the latter
value is rdatively high. In this region, the percent error
deaeases with increasing T4 The behavior in bah regions is
controlled by the fourth order dependence of the radiation heat
transfer rate on T... The most extreme erors ocaur in the lower
layer when Ty isat its lowest assumed value (300K) and T, is
at its highest (1400K), which would most likdy be
encountered during afully involved room fire.
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Figure 2 Effect of surroundings temperature on the
percent error in measured temperature for a bare bead
thermocouple with diameter D, =1 mm, emissivity & = 0.8,
and external flow velocity U=0.5m/s, with gas
temperatures of 300 K, 400 K, 650 K, 900 K, 1150 K, and
1400 K.

Figures 3 and 4 dpict the predicted percents error in the
measured temperature for the single- and double-shielded
thermocouples with aspiration velocities equal to 5 m/s.
Figure 3 demonstrates that the single-shielded probe behaves
similarly to the 1 mm bare bead thermocouple, except the
errors in the upper and lower layers are reduced for a given Ty
and T.,, and theregion of rapidly increasing error in the lower
layer is difted to higher T.. This ift is expeded to deaease

the likdlihoad that the region of high error will be encountered
in an actual room fire test. This conjedure is based on the
asaumption that the likelihood that a thermocouple placed in
the lower layer will experience a given T, deaeases as T
increases to 1400 K and abowe. The figure shows that the
percent error of the single-shielded thermocouple is bounded at
about 12% for Ty=1400K in the upper layer, which
compares with 20 % for the bare bead thermocouple. The trend
is gmilar for the other gas temperatures. Thus, the single
shield reduces the bare bead error to about half of its maximum
value in the upper layer, and deaeases the likdihoaod that large
errorswill ocaur in the lower layer.
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Figure 3 Effect of surroundings temperature on the
percent error in measured temperature for a single-
shielded aspirated thermocouple, with bead diameter
Dp =1 mm, shield diameter D,=8.6 mm, emissivities
& = & = 0.8, external velocity U=0.5m/s, and aspiration
velocity u =5 m/s, with gas temperatures of 300 K, 400 K,
650 K, 900 K, 1150 K, and 1400 K.

Figure4 shows that the double-shielded thermocouple
behaves gmilarly to the single-shiedded thermocouple, except
that errors in the upper and lower layers are reduced further,
and the region of rapidly increasing error in the lower layer is
shifted to even higher T... This dhift dramatically deaeases the
likelihood that extreme erors will occur in the lower layer,
since the shift is toward unredligtically high T, for typical
room fires. For the double-shielded probe, the upper layer
error isbounded at 6 % for Ty = 1400K, compared to 12 % for
the single shield and 20% for the bare bead. Thus, the double-
shielded probe represents a significant improvement over the
single-shielded probe, bath in the upper layer where the eror
bound is deaeased to half of the single-shield value, and in the
lower layer where arors are reduced and the likelihood of
ocaurrence of large earor is lesened. The improved



performance of the double-shielded probe results primarily
from better radiation shieding. In summary, aspirated
thermocouples work in the upper layer by reducing errors, and
in the lower layer by reducing errors and shifting the region of
rapidly increasing error to unredistically high average
effedive surroundings temperatures. It is important to note
aspirated thermocouples reduce but do not diminate arors.
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Figure 4 Effect of surroundings temperature on the
percent error in measured temperature for a double-
shielded aspirated thermocouple, with bead diameter
Dy =1 mm, inner shield diameter D; = 5.6 mm, outer shield
diameter Do, =8.6mm, emissivities & =¢& =¢& =0.8,
external velocity U=0.5m/s, and aspiration velocity
u=w=5m/s, with gas temperatures of 300K, 650K,
900 K, 1150 K, and 1400 K.

The results presented in this sdion reveal that lower layer
thermocouple erors are generally very senstive to T, for a
given Ty A small changein afire @n hence @use avery large
change in the temperature indicated by a lower layer
thermocouple. Even aspirated thermocouples are susceptible to
this radiation effed. It is worth mentioning that the T.
experienced by a thermocouple in any region of an enclosure
fire generaly increases as the fire grows. Hence lower-layer
thermocouple erors are likely to be low initialy but increase
in magnitude as time (and fire growth) progreses. Near
flashover, room fire @nditions change so rapidly that
application of the present (or any other) models bemmes
extremely difficult.

One benefit of solving the types of equations devel oped
hereisthat unusual datatrends can be explained. For example,
thermocouples used at floor levd in the doorway of an
enclosure should indicate ambient temperature since there is
no preheat mechanism for the incoming air (Stedler, et
al., 1982. However, bare thermocouples used in these

locations often indicate temperatures higher than room
temperature (Stedler, et al., 1982 Luo, 1997). Considering
that lower layer thermocouples are very susceptible to radiation
errors of the type depicted on the right side of Fig. 2, this
experimental result is not surprising.

Figure 5 depicts lutions to the Land and Barber (1954
equations for a 1 mm bead inside a single shied with a
aspiration velocity of 5m/s. The darkened lines mark the
regions where T and T, are within 200K of each other, which
are the regions for which Land and Barber developed their
model. Comparison of Fig. 5 with Fig. 3 clearly shows that
the linearized modd is incorred when Ty differs sgnificantly
from T.. In particular, the Land and Barber modd severely
overestimates the aror in the upper layer, and does not capture
the region of rapidly increasing error in the lower layer. This
detail is emphasized here because while the Land and Barber
charts and tables are @nvenient design tods for practical
combustors, they should be used with caution by fire
researchers, since the modeling on which they are based does
not apply for all posshble fire conditions.
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Figure 5 Effect of surroundings temperature on the
percent error in measured temperature predicted using the
Land and Barber model for a single-shielded aspirated
thermocouple, with bead diameter D,=1 mm, shield
diameter Do = 8.6 mm, emissivities & =0.8, & =1.0, no
external gas flow, and aspiration velocity u =5 m/s, with
gas temperatures of 400K, 650K, 900K, 1150K, and
1400 K. The darkened lines represent the regions where Ty
and T. differ by less than 200 K.

To demonstrate the role of aspiration velocity on the
effediveness of single and double-shidded aspirated
thermocouples, Fig. 6 depicts their predicted response to



changes in this velocity for the upper-layer case when T, and
T, are 1200K and 300K, respedively, and for the lower-layer
case when these values are 300K and 1200K, respedively.
These @ses were sdeded because they represent reasonable
values for the maximum temperature differences in a room
fire. For the upper-layer case, as on as aspiration is applied,
the temperatures increase suddenly from their no-aspiration
values of 720K to 1030K for the single-shielded and to
1130K for the double-shielded probe. The temperatures then
rise gradually as the veocity is further increased. For the
lower-layer case, as on as aspiration is applied, the
temperatures drop from their no-aspiration values of 1130K to
900K for the single-shielded and to 500K for the double-
shielded thermocouple. The single-shidded temperature then
drops gradualy as the vedocity is further increased. The
double-shielded temperature drops rather abruptly to a value
very near Tg. The reason for this difference in behaviors
between the single- and double-shielded probes in the lower
layer is that the seleded T4 and T, fall within the region of
rapidly increasing error in the lower layer for the single-
shielded probe, but this behavior has been shifted to higher T,
for the double-shielded probe.
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Figure 6 Predicted aspirated thermocouple response to
variation in aspiration velocity. Upper layer predictions
are based on an assumed gas temperature of 1200 K and
an assumed surroundings temperature of 300 K.
Conversely, lower layer predictions are based on an
assumed gas temperature of 300K and an assumed
surroundings temperature of 1200 K.

One important result from Fig. 6 is that the practical
combustor literature is corred in its asertion that the use of
very high aspiration velocities (on the order of 100m/s)
reduces the eror of an aspirated thermocouple. However,
removing the large quantities of gas necessry to achieve

aspiration velocities of 100m/sis not, in general, practical for
fire testing. The most striking result shown in Fig. 6 is that,
under certain conditions, the eror asociated with the use of
an ASTM recwmmended single-shielded  aspirated
thermocouple probe with an aspiration velocity of 5 m/s can be
very large. For the spedfic example in the figure, the 5 m/s
aspiration velocity produces an error of 60 % in the lower layer
and 10% in the upper layer. Increasing the velocity to 20 m/s
deaeases these arors to 20% and 5%, respedively; further
increase to 100 m/s deaeases them to 5 % and 3 %.

CONCLUSIONS

Heat transfer models were developed for bare bead, single-
shidded aspirated, and  double-shidlded aspirated
thermocouples. A parametric study which involved varying
the gas and effedive surroundings temperatures for a set of
thermocouples with spedfied geometry, asaimed internal and
external gas velocities, and fixed emissvities, was performed.
The study revealed that thermocouples behave differently in
the upper and lower layers of a room fire. In the upper layer,
for a given gas temperature, the percent error in a
thermocouple measurement is relativey insensitive to
surroundings temperature. In the lower layer, much larger
errors which increase rapidly with surroundings temperature
are posshle. The most extreme arors ocaur in the lower layer
when the gas temperature is at its lowest (300K) and the
surroundings temperatureis at its highest (1400K).

Whil e the absolute values of the percents error presented
here depend strongly on the nfigurations gudied and the
model assumptions, the relative trends between the different
instruments all ow general conclusions to be drawn. Aspirated
thermocouples reduce the magnitude of the arors in the upper
and lower layers of a room fire and reduce the likelihood that
large arors will ocaur in the lower layer. Double-shielded
designs perform better than single-shielded designs of similar
outer diameter. For the present configurations, the single-
shielded probe reduces the percent error in the measured
temperature to half of its bare bead value in the upper layer.
The double-shielded probe reduces the percent error by half
again in this region. In the lower layer, the single-shielded
probe, in addition to generaly reducing errors, shifts the
region of large aror to higher surroundings temperatures, and
the double-shiedded probe shifts the largest errors to
surroundings temperatures which are unrealistically high for
typical room fire conditions. These shifts reducethe likelihood
that large erors will ocaur in the lower layer. To the author’s
knowledge, the differences between thermocouple behavior in
the upper and lower layers of a room fire noted in this paper,
aong with the eplanations offered for the behavior of
aspirated thermocouples in fire ewvironments, have not been
reported previoudly.



It is emphasized that the individual experimenter must
dedde what errors are tolerable before seleding thermocouples
for fire testing. The use of an aspirated thermocouple reduces
the aror, but does not eiminate it entirdy. Researchers must
understand the limitations of bath bare bead and aspirated
thermocouples. For example, the assertion in the ASTM
standard that an aspiration velocity of 5 m/s is "sufficiently
high to allow accurate temperature measurement” will not be
corred in al cases. The present study provides researchers
with the understanding necessary to develop engineeing
models of bare bead and aspirated thermocouples, tailor them
to ther own neals, and use them side-by-side with
experiments to asesspotential measurement errors.
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