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AB!!Acr 

A new type of calorimeter has been developed that continuously monitors the 
rate of heat emission from a heat source by following the rate of convective air flow 
induced by the emitted heat. For this purpose a thermistor version of a hot-wire 
anemometer connected to a strip chart recorder is positioned to measure the flow 
of incoming air. Details are given for the construction, calibration, and operation 
of a form of the calorimeter designed for studying the upward burning of unrestrained 
fabric samples under conditions closely approximating natural burning. 

tSlRODUCilON 

Techniques for measuring the heat emitted from a solid or liquid substance as 
the result of chemical or physical processes have almost invariably depended on the 
transfer of this heat (or a portion of it) to some predetermined target or heat sink. 
in most cases, heat transfer is monitored by following the change in temperature 
of such a target, one exception to this being the classic phase-change calorimeter of 

Lavoisicr and Laplace *. When the process of interest is combustion, heat transfer 
methods are complicated by the generation of products other than heat (i.e., rises, 
smoke) which are likely to interfere with the heat transfer measurement in an un- 
controllable manner. 

Another limitation of conventional combustion calorimetry is that the in- 
vestigator seeking accuracy in determining the total amount of heat produced must 
do so at the expense of restrictions on the choice of combusion conditions and on 
response time. Total heat evolution is usually measured by monitoring the tempera- 
ture rise of a relatively large heat sink surrounding the combustible sample. This is 
the basic principle of the oxygen bomb and other non-isothermal types of calori- 
meters’. In both cases, the response of the heat sink (i.e., the temperature rise) is 
too slow tc produce useful rate data, and conditions of combustion, such as sample 
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sizie_ mounting, and wmf.Ration, arc limited by the lleaSity of having to Jocatc the 
sampk within the heat sink’, 

TIE altcmativr to this approach is to arrao,g: for a ff uid (gas or liquid) to pass 
in amtact with the sampJe, and to monitor the rise in temperature of this fluid at 
some point downstream of the sample*. Such fiow CaJorimcters can be designed to 
have short time c~ustants if the temperature detectors used are of smaJJ mass and the 
fluid Row--wte i; sufkientty high. Of course. this flow-rate must be controlled and 
known in crdcr for the temperature rise data to be translatable into &at tmnsfer 
quantitis The primary response, temperature rise as a function 0; time. can be 
integrated to gi~c the total heat transf~rai. but such intcgtation dues not give ~uJfs 
as ac8xate as born-+t)lpt claforimctry_ 

For wmbustion stud& the obvious fluid for a Bow calorimeter would be air 
or oxygm- This QJE of experiment has been used to study t,he flaming combustion 
behavior of org;inic solids (i.e., polymers)‘, but the limitations caused by the coinci- 
dent generation of combustion products has inhibited gencraf usage, and the rcquire- 

ment that theailr flow must be reguhtcd makes the results unrellatablle to what happns 
during natural f>uming under unrestricted convective air fJow. 

Ilu prexing need for a realistic, sensitive, and accurate laboratory method 
for monitoring: t,he burning behavior of fabrics has Ied to the development of a new 
type of dynamic calorimeter which appears to have certain advantage over other 

approaches to the problem. 1I-his instrument can m-sure, directly and continuously, 
the r;ltr of heat emission from a burning material over the entire period of combustion. 
It does not dcprmd on any direct measurement of temperature rise and can be carried 
out without imposing artificial environmental conditions during the combustion 
procas. This pa.pcr describes the principfcs of the method. and the design, calibration, 
and uu: of an a;J_naratus suitable for burning fabric samples, The concept, however, is 
g~nczd and cart bc wsafed up or down for studies on any system that produces heat, 
that is, it is not restricted to flaming combustion studies_ 

The technique depends on the phenomenon of induced convective air flow, 
which occurs wJxncver a focafized heat source is present in any ventilated environ- 
ment. The vs in the immediate vicinity of the hcrt source bccomc hwtcd above 
ambient tcrolpcraturc and rise, forcing cooler air to move in from betow and producing 
a continuous upward fJow_ If the heat sounx is placed in a vertically oriented en- 

closure (t-g, a chimney) and there is an owning at the base of this enclosure-that is, 
beJo= the location of the heat source-the convective Row will bc enhanced, and its 
rate will respond diWJy to tk rate at which heat is emitted. Thus, if one can arrange 
to measure thij convative air flow-rate, it becomes possible, with appropriate 
caJibration, to monitor tht fate of heat emission from the source_ 
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APPARATUS 

Top and side views of the TRI convective air flow dynamic calorimeter used 
for fabric burning studies arc sketched in Fig. I. The dimensions of the apparatus 
have heen chosen. on the basis of an extensive series of trials, as the best compromise 
between demands of sensitivity and practicality for fabric samples up to 0.2 m in 
width and 0.3 m in hei@. Convective air flow is directly dependent on the vertical 
distance from the heat source to the top of the “chimney”“; therefore one could 
build a more sensitive version by makin the burning chamhcr taller. Another way 
to increase sensitivity would bc to rcducc the diameter of the air entry chamber at 
the point where the air flow-rate measurement is made (T in Fig. I ). Since this would 
impose an artificial throttling effect, it would not be desirable for fabric burning 
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Fig. 1. Top and side views of conwctive air flow dynamic calorimeter. S, fabric sample suspcndeJ 
within burning chamber; s, screens fitted into air entry chamk; T. thermistor; dl ar.d dt. a- 
doors. 
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studies; !lom, such a change would not be detrimental if air were not involved 
in the bea;t generating proas 

The burning and air entry chambers are constructai from cylindrical sections 
of stantid, IpJvaniaxJ heating duct units obtained from a local hardware supply. 
These u&s are not permanently attached to ach other* making it convenient to 
d~mbjle them for ouxional Tuning. During operation the joints between these 
sections GHT scaled with tape- 

Thnr sections, each O-6 m in Jength. make up the vertical burning chamber. 
In the fowst stcticn, the upper door d, supplies access for mounting the sample 
which is suspended from a horizontal wire by small hooks. The lower door d, is used 
for movering unburned rcsiduu TIE two upper sections are water-cooled by means 
of &Q-mm (1/44n_) O-D_ copper tubing per section; not shown in Fig. 1, Water 
ffow during measurernen~s is maintained at about 0.02 I S-‘. Water-cooling the 
burning chamber serves two purposes. It eliminates time dependence of the air flow 
response, thus grutiy simplifying calibration of the apparatus- It also aids in the 
achievement of one of the major objectives of this work, the simulation of natural 
bumins zts opposed to burning in a confined space with arbitrary restrictions. One 
aspect of natural bum- rn_e is that any heat escaping the immediate vicinity of the 
fabz+c is no torrger available to maintain the burning process~ However, if burning is 
caryied out in a chamber whose walls can get hot and redirect heat back toward the 
fabric, an artificially enhanced burning will occur. Water-cooling the walls keeps 
them from becoming sj~i~nt~y hotter than ambient temperature, and the result 
is a c&e rimuhtion of burning as it would happen if there were no walls at all. The 
instamancous response of rhc air flow defector is not altered by the water-cooling, 
indicating t-bat the induocd convection is the direct result of heat transfer to the z-as 
phase and does not depend on re-radiation of heat from the chamber wall. 

The air entry chamber is curved both for compactness and to prevent flame 
radiance lfrom disturbing the air fiow detector at T_ This chamber is horizontally 
oriented since it itself contains a heat s0urc.q namely, the the~istor, T; if the entry 
chamber were verticaS, an exlnneous air flow counter to the main flow would be 
produad.. Upstream from the air flow detector are two coarse, wire mesh screens 
which serve to smooth out tic air flow and to suppress the efi&ts of room drafts_ 

The incoming aim flow-rate is monitored by a version of a hot-wire anemometer, 
which detects the rate of air flow by the extent to which it is cooled below i& static 
operating temperatue- The unit uses a thermistor, T, for this purpose, mounted in 
the center of the air entry tube as shown in Fig- I- A second thermistor is located 
outside 01: the chamber to compensate for any changes in ambient temperature and 
humidity”_ 

The two thermistor units are part of the bridge circuit described in Fig_ 2, 
An applied bridge potential of 6.0 V senses to supply current to heat the thermistor 
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Fig_ 2. Bridge circuit for convati\T air flow dynamic calonmcler. 

units. The bridzc output is fed to a strip chart recorder with a fC&-scale range of I V. 

A heat source with a known, adjustable rate of heat emission is rcquircd to 

convert obscn-ed air flow-rates to heat fluxes. A methane gas flame has been used 
for this purpose. A T-shaped gas burner (see Fig. 3), the same width as the fabric 
sample to be studied, is mounted in the burnin g chamber at a point corresponding 
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Fig 3. Mcrh;me burna for calibration of convazive air flow dynamic ca!orimctcr. 



to the vcrticai cniklpoiot of the sample- Methane is metered to this burner at rates 
ranging from @_a)8 CO o-4 1 S-I, which c&responds to a heat flux range from about 
6.3 to 14 kJ s’-‘. This range is sdkient to cover the heat emission behavior of nearly 
ali ignitabk textile matids_ Afk a specific methane flow-rate has been established. 
the gaz+ is ignited and the air flow-rate recorded for about 1 min- A typical calibration 
run is illustrated in Fig_ 4, The apparent ‘noise” is in faa a true record of the velocity 
of the air paning the detector and is typical of turbulent gas flow. The awxagc 
voltage value can be simply obtained by eye, or by any other signal averaging method. 
A calibration curve relating the anemometer response to heat flux is shown in Fig. 5. 
This curve can kc used directly to convert anemometer output to an instantaneous 
rate of kat emission for any time during burning, 
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Fi-ig. 6. Typic11 anemometer response for a burning fabric. 

When a fabric burns, it produces an air fiow trace such as that shown in Fig. 6. 
The peak value corresponds to ihe maximum rate of heat emission achieved by the 
sample. The total amount of heat emitted by a sample can be obtained by integrating 
the rates of heat emission over the time of burning (that is, converting the area under 
the curve to heat). Numerical integration can be simplified by converting the calibra- 
tion curve in Fig. 5 to an analytical expression, which can be programmed into a 
computer so that successively entered values of anemometer output can be conve- 
niently converted to rates of heat emission and integrated over the time of burning. 

An analytical expression for the calibration curve in Fig. 5 n+,hr consist of 
two independent parts: a linear portion describing the calibration at low heat emission 
levels (for anemometer outputs less than 0.2 V in this case), and a parabolic portion 
for higher levels. The latter can be fitted by parabolic regression to an equation of 
the form 

ciq[dr = AV’ -i- BY i C (1) 

where A, B, and C are constants, and where V is the ancmometcr output. The linear 
portion of the cunfe is fitted by eye (to pass through the ori@n and be continuous 
with the curve of eqn (1)) to an equation of the form 

dqfdr = AK? (3 

where K is a constant. The total heat given oRduring burning is obtained by computing 
the rates of heat emission for small time intervals (using whichever of the above 
equations applies) and numerically integrating as follows: 

dq 
Q = ;dr = zl/2 [ $ + -$-I (At) 

* 8+I 
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A fabric sample (0.30 x 0.15 m) is placed in the burning chamber with its 

long dimensi .on ill the vextiul direction. A sheet of aluminum foil is placed in the 

bottom of the chamber to catch any unburned residue that falls. The voltage supply 
to the bridge is brought up from its minimal vz~lut to 6.0 V, and the bridge is balanced 

to produce a ZCIO voltage output on the recorder. The sample is ignited in whatever 

manner desired (:.g._ with small pilot flame), and the door is closed. Within a few 

seconds the anemometer response indicates the progress of burning and produces 
a curve similar to that in Fig. 6, from which the following values may be obtained: 

(a) The maximum heat emission rate (U s-‘) (from the peak anemometer 

r=pot=) 
(b) The time to reach maximum rate 
(cc) The average burning acceleration (kl s-‘) (a/b) 

(d) The tntxl hat emitted per gram of sample (kJ g-‘) (determi;;ed by in- 
tegrating the ovtlrall response curve) 

(c) The tolal heat emitted per gram of volatilized sample (kJ g-‘) (calculated 
on rhe basis of ttst u-tight of residue, including whatever fell on the aluminum foil). 

Subsequent runs can be made as soon as the anemometer response has returned 

to zero. 
Any configuration of fabric can be studied with this procedure. If a frame or 

any other rri4xmting a- ty with appnxiable mass is td be included in the heated 

zone- a new calibration should be carried out to amount for its thermal and gas 
Row obstruction contributions. 

The convective air flow dynamic calorimeter apmrs to have certain advantages 

when compared with other available methods for monitoring burning behavior: 
Heat emission during flaming combustion can be studied under conditions that 

closely approxirnMe natural burning. 

The only transducer is located where it will not be affected by the products of 
combustion. 

The signal producal responds quickly to any change in burning rate and 
returns to zero almost immediately aftzr flaming stops. 

Variations in sample sizlc, shape, configuration, orientation, or degree of restraint 
can be imposed without chan_ges in the basic experimental arrangement. 

The appamrus has proven to be simple to construct, operate, and maintain 

in working order. 
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