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ABSTRACT 

The specific heat of four military Z =rade cellulose nitrates was measured from 

295 to 390 K by use of differential scanning calorimetry. Over this temperature range 
the specific heat may be represented as follows: Grade B, c, = (0.0184F0.7640) 
cal_g-’ K-‘: Grade C (T>rpe I). c, = (0.02OI&O.7860) cal s- I K- ’ : Grade C 

(Type II). c‘p = (0.0241~0.7910) cal g- I K- I ; Grade D (Pyoxylin), cp = (0.0256 
+O.S170) cal ,g- ’ K-l: where 0=7’1000 K. 

ISTRODUCTION 

Specific heats of cellulose nitrates used in sun prope!lants are among the physical 

properties needed by those devisin, 0 anaI_vticaI models for i,anition and combustion 

of these propellants. At present. estimates of the specific heats’ must be relied upon. 
since experimentally determined values are unavailable. We have measured the specific 
heats of four military-grade cellulose nitrates by use of differentis scanning caIorim- 
etry over the temperature range 295-390 K, in order to provide experimentally mea- 
sured specific heats and to see how they compare with the presently used estimates_ 

EXPERISIEXTAL 

Four military-erade cellulose nitrates were obtained from Picatinny Arsenal 

and are listed in Table I. The per cent nitration was determined at Picatinny Arsenal 
by the ferrous-titanous titrimetric method. The cellulose nitrate samples were dried 
at 105’C overnight to remove any residual traces of so!vent. After this initial dq-ins. 
the cellulose nitrate sampIes were stored under vacuum over anhydrous calcium 

sulphate. 
Specific heats were measured with a thermal analyzer (DuPont Model 990) 

equipped with the differential scannin g calorimeter (DSC) module. This DSC makes 

use of a constantan disc with two raised platforms for the sampIe pan and reference 

*Presented at the 4th North American Thermal Analysis Society Meeting. Worcester. Mass.. 
June 13-15, 1973. 



pan, respectiveIy_ The constantan disc sen-es as the primary means of heat transfer to 

the sample -and reference pans and also senes as one element of a tempemture- 

measurinS thermo&ctric junction. The DSC ceI1 has a calorimetric sensitivity of 

0.05 meal set- I in- * _ CaIorimeter precision is siven as 1 o/o for metal samples and as 
2 5 9/o for poI_vmeric materials’. Specific heats of polystyrene and natural rubber were 

measured to within 5% of the existing literature values”_ 

TABLE i 

CELLULOSE Ir;ITRATE SAMPLES USED FOR SPECIFIC HEAT MEASUREMESTS 

Specific heats were determined by comparing the thermal lag between the sample 

and reference systems under “sample” and --blank” conditions_ The specific heat was 

calculated by measuring the difference in the Y-axis displacement between the “sam- 

ple” and UbIank” heatins curves at a given temperature and substituting this differ- 
ence into eqn. ( I ): 

cp = 6oEAqs A Y 

Hr 
(1) 

m 

where cP = specific heat (cal g- ’ K- 1 j; E = c e calibration coefficient at tempera- II 
ture of interest (dimensionless): Aqs = Y-axis sensitivity (meal set- * in- ‘): Hr = 

heating rate (deg min- *): A Y = difference in the Y-axis deflection between sample 

and blank heating curves at the temperature of interest (in); nz = sample weight (m,o). 
The celi calibration coefficient was determined from the heating curve deflection 

of a sampIe with known specific heat obtained under identical conditions as the sample. 

A sapphire (A120,) standard is provided in the DSC accessory kit for this purpose 

aiong with a table of specific heat vs. temperature for the standard sample. 
Before any specific heat measurements could be taken, it was necessary to 

determine the interval between the star-tins temperature and the initial temperature at 

which eqn. ( I) held for each heatins rate. This interval was measured by observin_g that 

the deflection, A Y, is proportional to the ratio HrjAqs in eqn. (I)_ Heating cut-v-es of 

the sapphire standard were taken with heating rates of 3, 5, 10 and 2O’C min- ‘, but 

with the Y-axis sensitiv-ityT Aqs. changed at each run to keep the ratio HriAqs constant 

for each run. The temperature at which the heating curve for each heating rate reached 

the 2’C min- I heatins curve defined the interval between the starting temperature and 

the initial temperature at which the specific heat could be computed by eqn. (I) for 

that heatins rate. These temperature intervals for the 5, IO and 2O’C min- * are I I, 



20. and 30 ‘C, respectively. A he&ins rate of 20 ‘C min- ’ was selected for these 
experiments with a Y-axis sensitivity of 1 meal set- I in- ’ in order to obtain deflec- 
tions that were near full scale (8 in). The starting temperature was then set at - I5 ‘C 
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with a Ii-miting temperature of 13O’C to insure that the cellciose nitrate \vouId not 
begin decomposing. AI1 of the DSC runs were made in air_ 

A typical run was performed as foIIows_ The DSC cell wzx cooled to below 
- 20 ‘C \sith Iiquid nitrogen, then heated to the starting temperature of - 15.X in the 
isothermal heating mode until steady-state conditions were reached. The thermal 

analyze; was then switched to the heating mode at the pre-selected rate of 30 ‘C min- ’ _ 

When the limiting temperature was reached. the thermal analyzer was switched to the 
stand-by mode which switchec off the heater to conclude the run. At the end of runs 
with ceIIuIose nitrate samples, 5e sample was weighed and the run repeated until the 
sample weight was constant. This usually took three runs. The chanse was attributed 

to residual sol\-ent or moisture still adsorbed on the cellulose nitrate. After constant 
sample =-ei,oht was reached, a final run KIS made which sened as the heating cun-e 

used in the calculations. The cellulose nitrate was removed at the conclusion of this 
run and the empty aluminium pans were run to obtain the blank heating cun-e_ 

SPECIFIC- HEAT OF CELLULOSE SITRATE SXSlPLFtS 

The cell calibration coefficient was determined as the mean of six runs with the 
sapphire standard provided in the accessory kit. The mean cell calibration coefficient 
E was calculated from eqn. (I ) for each of ten temperatures as shown in Table 2. 

TABLE 2 

CELL CALIBRATION COEFFIClEhT FOR CELLULOSE XITRATE 
DETERMINATIOSS 

29s 0.185 3.5s 1.04 
310 0.1911 3.71 1.0-t 
320 0.1957 3.79 1.04 
330 02002 3s5 I.05 
340 0.2004 3-90 1.06 
350 o.zos3 3.94 1.07 
360 O.‘l” _ __ 3.97 1.0s 
370 0215s 4.00 1.09 
x0 0.2193 4.03 1.10 
390 0.“‘4 ___ 4a-t 1.11 

The specific heat of four or five sampIes of each gade of cellulose nitrate was 
determined at ten degree inten-aIs over the temperature ran_ge 25X3-390 K_ The results 

for each of the four cellulose nitrate samples are presented in Tables 3-6. The various 
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-I--4BLE 3 

SPECiFIC HEAT DETERMISATIOKS OF 12.246 X CELLULOSE XITRATE’ 

29s 0.244 0.153 029s 0.29 1 0.253 

310 0.255 0.361 0.313 0.302 0.263 

310 0.264 0.166 0.323 0.310 0.273 

330 0275 027 1 0.33 1 0.315 02s 1 

32-a 0239 027s O-337 0.3’6 029 1 

350 0.297 0.X55 0.343 0.333 0301 

360 0.305 0.19 1 0.350 0.313 0.312 

3iO 0.310 0.298 0.357 0.352 0.324 

380 0.312 0.305 0.364 0.363 0.334 

390 0.317 0.313 0.370 0.373 0.340 

a Specitic heat in units of cd g- * K- I_ b 19-95 mg sample_ c 2511 mg sampIe_ * 36.50 mg sample_ 

c 21.63 mg sampls. i -%?_I-% rng sampie_ 

TABLE 4 

SPECIFIC HEAT DETERhliNATIONS OF 13.1540 N CELLULOSE X:ITRATE* 

298 0.243 0.284 0.245 0.145 

310 0.353 0.795 02.53 0.255 

3’0 0.261 0.303 0.260 0.263 

330 0.268 0.311 0.268 0.271 

340 0275 0.320 0.175 0.377 

350 02s3 0.32’5 0.X3 0.x7 

360 0.19 1 0.3X 0.289 0.291 

370 0.299 0.345 0.297 0.303 

3so 0.305 0.351 0.306 0.311 

390 0.316 0.360 0.313 0.31s 

a Specific heat in u’nks of cd g- * K- *_ b 42.16 mg sample. c3Z.03 mg sample. d 33.76 mg sample. 

c 25.13 mg s;lmplr_ 

TABLE 5 

SPECIFIC HEAT DETERhIINATiONS OF 13.25 o-k X CELLULOSE KITRATE” 

Tentp_ (K) c b P 

298 0.260 0.251 0.28-I 0.246 

310 0.269 0.160 0.195 0.256 

320 0.175 0.267 0.300 0.266 

330 0.28-I 0.176 0.308 0.273 

340 0.292 0283 0.316 02s 1 

350 029s 0.29’ 0.32-I o_xs 

360 0.305 0.299 0.332 0.296 

370 o.t:z 0.307 0.341 0.303 

350 O-319 0.316 O-349 0.312 

390 0.33s 032-I 0.355 0.31s 

c = 2 

a Specific heat in units of cal g- * K- ‘_ b 39SO mg sample. c 27.74 mg sample. d 36.35 mg sample. 

c 37.83 mg sample. 



TABLE 6 

SPECIFIC HE-AT DETERMINATIOSS OF 13.4?& K CELLULOSE NITRATE” 

Temp. (K) 

198 0.13 I 0.273 024S 0.242 
310 0.240 0.253 0256 0.25 1 

320 0.247 O.‘SS 0.263 0.257 
330 0.251 0.796 0269 0.265 

3-H) 0.261 0.307 0.276 0 ‘7.; .” 

350 0.270 0.31 I O.ISJ 0.28 I 

360 0.157 0.319 0292 0.290 
370 O.'SS 0.376 0.300 0299 
3so 0.393 0.337 0.309 0.307 

390 0.300 0.34’ 0.316 0.313 

024’ 

025 I 
0.59 

0.266 
0 -v- .I L 
o.zso 
0.257 
0.197 
0.305 
0.313 

’ Specific heat in unite of ca! g- I K- ‘_ b 26.59 my szmplc. c 30.36 mg sample. * 32.77 mg sampIe_ 

c 39.40 mg sample. r 33.40 mg sample. 

TABLE 7 

MEAN C-,,a AND 959; COSFIDENCE INTERVAL FOR ALL CELLL’LOSE 
NITRATE SAbf PLES 

29s 0.768 i 0.03 I 
310 0.279 + 0.033 
310 0.2’57 i 0.031 
330 0.795 + 0.034 
340 0.304 5 0.03’ 
350 0.312 io.031 
360 0x0 i 0.03 1 
370 0 ._a T’S i 0.032 
3so 0.336 e 0.034 
390 9.343 i 0.036 

0.254 i 0.037 

OXA i 0.03; 
0.272 IO.033 

o.zso i 0.033 
0.2Si i 0.035 
0.295 50.036 
0.3035 f 0.035 
0.311 5 0.036 
0.319 i 0.035 
0.327 i 0.035 

0.2605 i 0.02’7 
0.270 i 0.027 
0.278 io.075 
0.755 io.025 
0.293 i 0.026 
0.3005 40.016 
0.305 i 0.0’6 
0.316 200.027 
0.3’4 i 0.0’7 
0_3& & 0.028 

0.247 tio.019 
0.X6 & 0.020 
0.263 *0.019 
0.230 io_o19 
o.zii io.019 
o.zs5 io.019 
0.193 & 0.019 
0.301 io.019 
0.310 i 0.020 
0.317 ~0_019 

a c, in units of cai g- i K- I_ 

,orades of cellulose nitrate are identified by their per cent nitration. Mean vaIues of the 

specific heat were then computed along with 95 % confidence intervals calculated b> 
standard techniqu&. 

Maier and Kelley‘s’ equation given below was used to represent the specific 
heats dver the measured temperature .range: 

Since the specific heats appeared to vary IinearIy with temperature, the specific heats 
in TabIe 7 were fitted to eqn_ (2) with c set equa1 to zero using a least-squares program6 

to obtain a best-fit” values of a and 6. The “best-fit” values obtained for each grade 
of cellulose nitrate are listed in Table 8 followed by a comparison of the experimental 
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specific heats and the specific heats Senerated with the best-fit values of cI ana b for the 
1227; gade celiulose nitrate. Similar agreement was obtained for the other three 

grades. 

TABLE S 

CONSTANiS FOR LINEAR REPRESEYGTATIOW OF THE SPECIFIC HEAT OF 
CELLULOSE KITRATE AS A FUNCTION OF TEMPERATURE FROM 795 TO 390 K 

Ceiirdose nirrare ax IO” (calg-’ K-‘) b z-z IO (cul g- i ic- ‘) 

*CP=a t bO. where 0 = T’IOOO K. 

TABLE 9 

COMPARISON OF EXPERIMEKI-AL (‘,’ WITH c‘p CALCULATED FROM 
LISEAR REPRESEhTATIOK FOR 1 2.2 00 K CELLULOSE iU‘1TRA-fE 

Temp. (K) C, (e_rperimenKul) X IO 

29s 2.68 
310 2-79 
320 2.S7 
330 2.95 
340 3.04 
350 3.12 
360 320 
370 3.25 
380 3-36 
390 3-43 

i 
l-69 
-) 79 -- 

2.87 
2.95 
3.03 
3.11 
3.10 
3.25 
3.36 
3.44 

COMPXRISON OF EYPERIMESTXL XXD CALCULATED SPECIFIC HEATS 

The presently-used specific heats for celIuIose nitrate-s of military interest are 

calculated by means of zero-order additivity law for specific heats, which expresses the 
specific heat of a compound as the sum of atomic contributions only. Accordins to 
Federoff and Sheffield’ appropriate values for the contributions of carbon, hydrogen, 

oxygen, and nitrogen are 1.62,3.265,5.19, and 3.3S4. respectively (all in cal g-atom- ’ 

K- ‘). More recently. Cox and Piicher’ have recommended I-S, 2.6, 4.0, and 6.3 for 
the same quantities_ Specific heats caiculated with these values are given below for the 
four celiulose nitrates examined in this report. 
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Comparinz these numbers with Table 7 shows that the values of Cos and Pilcher 
produce estimates close to the experimentally measured specific heats? ahhpuph the 
additivity Iaw cannot account for the Iinearly increasing specific heat with temperature- 
The decreasing specific heat with increasing nitrogen content as predicted by the 
additivity law is reflected in the experimentally measured specific heats_ 
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