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Abstract

A lump-capacitance heat transfer model was developed to model the operation of a slug
calorimeter constructed of metal with a Curie point. The resulting formula has been
successfully used to infer total heat flux to a metal structural member in a fire by temporally
monitoring the internal temperature rise during the heat-up phase of the metal member (slug)
with embedded thermocouples. The formula derived is applicable to slug calorimeters made
from metals with or without a Curie point.
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Glossary

A
Cv

Cp

effective heat transfer area of the slug (m?)

specific heat capacity at constant volume of the slug (J/kg-K)
specific heat capacity at constant pressure of the slug (J/kg-K)
mass of the slug (kg)

pressure (Pa)

total absorbed heat flux into the slug (W/m?)

heat interaction between the surroundings and the slug (J)
specific entropy of the slug (J/kg-K)

temperature of the slug (K)

time (s)

specific internal energy of the slug (J/kg)

specific volume of the slug (m*/kg)

total surface emissivity of the slug (dimensionless)

Stefan-Boltzmann constant (= 5.670 x 10 W/m?-K*)
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1. Introduction

A slug calorimeter, as the name implies, is a block of metal (slug) with embedded
thermocouples to measure the slug temperature. The slug could be in the shape of a
rectangular slab or a cylinder. A slug calorimeter is typically coated with a flat black paint
with high absorptivity across the visible and infrared to keep the absorbed flux as close to the
incident flux from a fire as possible. It is the incident flux which is generally the quantity of
interest since the calorimeter is a substitute for some other real object exposed to the fire, and
one wants to know the heat load on that object. One infers the average heat flux to the slug
surface from its temperature rise history. These slug calorimeters are expected to heat up
rapidly in a fire, approaching the effective radiation temperature of the surroundings. Thus,
they can only provide heat flux information in a fire test until the effective radiation
temperature is reached.

This short note provides a detailed analysis of a slug calorimeter constructed of a type of
metal that has a Curie point. The constant-pressure heat capacities for most metals vary
continuously with temperature. However, for some metals (e.g., steel or nickel, the latter
being preferred in slug calorimetry for its higher thermal conductivity), there exists a Curie
point at which the heat capacity changes abruptly (see Figure 1 for illustration). A fire could
easily heat the slug well beyond the Curie temperature, so this needs to be accounted for in
the data analysis.

In this note, we derive an expression for the total heat flux to the slug (averaged over its
surface), which could be applied equally well to cases with or without a Curie point in the
cp — T curve.

Curie temperature

T

Fig. 1. An illustration of a ¢, — T curve with a Curie point.



2. Analysis

The analysis is based on the application of a lumped-capacitance heat transfer model [1] to
the slug. Figure 2 is a schematic of an arbitrarily shaped slug with a uniform, time-dependent
temperature. The following treatise follows closely to that given in Bird et al. [2]. The First

Law of Thermodynamics applied to the system in Fig. 2 gives'.
mdu =060

From the fundamental equation of thermodynamics [3],

du = 6_u ds + a_u dv=Tds— Pdv
os ; ov .

Also,

ds=| 25 ar+ 25 av=Sqr+[ 2P 4
orT ) ov ; T oT )

Totalabsorbed heatfluxinto the slug
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Radiative flux from the slug surface

Fig. 2. A lump-capacitance heat transfer model.

! The symbol § is used here to denote a differential change of a path function, whereas d is for a differential change of a state function.



Substituting Eq. (3) into (2),

du = l:—P+T(a—PJ }dv+ ¢, dT 4)
oT ),
Substituting Eq. (4) into Eq. (1),
m{—P+T[a—Pj }dv+mcvdT:8Q (5)
oT ),
Since
a 2
7| v
c,=c, +—F——<—
v P Q
oP ).
For metals, the last term in Eq. (6) is very small. Hence, ¢, ~ ¢,, and dividing Eq. (5) by dz,
m|—P+T op 2+mc d_TZS_Q (7)
oT ) | dt e de

Assuming the thermal expansion coefficient of the slug is small, the slug volume can be
considered constant, and Eq. (7) becomes

dT 50
_— 8
“r dt dr ®)

or

mcp(jl—th:A[q'"—eaTq 9)

The first term inside the bracket on the right-hand side is the total absorbed heat flux onto the
slug, which consists of radiative and convective fluxes, and the second term is the radiative
flux from the slug surface. Hence,

"= {%cpi—j; }gaT“ (10)



By measuring the temporal variation of the slug temperature, the total absorbed heat flux
onto the slug can be obtained using Eq. (10)2. This equation finds its application in extracting
the total heat flux from the average rate of internal temperature rise of a slug calorimeter with
or without a Curie point exposed to a fire. Equation (10) has been successfully used to infer
the total heat flux from a fire to a structural element [4]. Since Eq. (10) was used in [4]
without any derivation presented, we feel that in retrospect, detailed analysis should have
been provided in view of current interest in measuring fire exposure to structural elements
and other slug calorimeter applications. This note is to fulfill the purpose.
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Appendix A: Supplemental Materials

In the analysis, if one were to directly express the internal energy of the slug simply in terms
of the product of mc,T and to expand its time derivative into two terms to account for the

temperature dependence of ¢p.

dle,T dle,T d
m (<, ):m (¢, )d—szT % 4T | e 9T (A1)
dz dr dr dT dr " de
In this case, Eq. (10) would be derived incorrectly as
d
o |mLC MG AT (A2)
A dT A |dt

In addition, there is a problem in using Eq. (A2) if the system being heated has a Curie point.
A sign change in dcp/dT occurs, which would result in a sudden unrealistic decrease in ¢”
beyond the Curie point. The above detailed analysis clearly shows that the term that contains
dcy/dT in Eq. (A2) does not exist. The incorrectness of Eq. (A2) is further masked by the fact
that Eq. (10) is recovered from Eq. (A2) for constant ¢,. The correct expression for ¢" should
be Eq. (10), which applies irrespectively of whether ¢, is a function of 7 or not (with or
without a Curie point).
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