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ABsiRAcr 

The dynamic characteristics of an isoperibo1 solution caIorimeter with electrical 
heating are discussed on a theoretical basis, 

The design requirements of a solution calorimeter are briefly reviewed. A 
calorimeter which satisfies these requirements was constructed and is described here_ 
The dynamics of solution heating by an electrical heater are mathematically deveIoped 
and computer generated heating curves are compared to experimental curves. 

Traditionally, calorimeters have been divided into adiabatic and isothermal 
(isoperibol) types with the distinction being reJated to the manner of temperature 
control of the environment of the calorimeter_ The preferred method for maintaining 
a uniform temperature environment around the calorimeter invohres the so-&M 
“submarine” technique in which the calorimeter ceII is submerged in a tank con- 
taining a thermostated liquid with mechanical stirring_ A second method used only 
for isothermal calorimetry employs a thick insulating jacket, usually of a plastic 
foam, around the cell White’, in his classic text on caiorimetry, treated in detail 
many other aspects of solution calorimetry. A recent review by Chumey et al.’ 
further defined the requirements of solution calorimetry_ In these references, $ransient 
behavior and the dynamics of the change in bulk solution temperature during and 
immediately after the main period of heating are ignored. Ignorance of the response 
dynamics can Iead to erroneous appIication of solution calorimetry especiaIIy in 
the study of reaction kinetics_ Here, we describe a caIorimeter which is sufficiently 

compact for use in a fume hood, is operable with readily available temperature 
controllers, and is sufficiently stable to permit 2-6 parts-per-thousand precision for 
measurement of total energy change in the range of i-15 caL A theoretical examina- 

l Present addrcssz Corporate Rcearch, UOP Inc. Des PJaincs, III_ 60016, (U.!%A_)_ Author to whom 
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tion of the dynamic response of the solution bulk temperature to electrisa heating is 
gjven using linear methods to obtain a usefd mathematical solution. 

Solution caI0rimctr-y is a diversified area of research and stan-OR of 
equipment design has not yet been attained’- This results, no doubt, from diffting 
requirements and opinions of the workers involved. Sunner and Wad& discussed the 
general requinemtnts of isoperiil caforimeters, Chr+stensen et al5 eiaborated on 
these requinzments and a commercial unit was constmcted according to their desig&. 
Both groups of workers decided early that a submarine isoperiil calorimeter is 
best snited for sohrtion calorimetry of short duration (-z 1 h)_ Sunner and Wads6 
came to the correct conchzsion that the design of the calorimeter lid has a great 
a&&et on the dynamic caIorimetric behavior. Christensen et aL7 apparently also 
urperien~ di;l[ficuty in obtaining a uniform temperature field above the solution 
as witnessed by the Iid modification proposed_ Two f&or-s are of special importance 
in iid design: the means for attaining a uniform temperature field across the lid and 
the method by which mounting probes can be suspended into the calorimeter vessel 
so that heat conduction along the probes is minimized_ lf mater%& with low thermal 
conductivity are used for the entire calorimeter lid, large radial temperature ,eradients 
can develop even when the Iid is submerged with the celI in a constant temperature 
bath, The quantity of heat flowing into or out of the soIution in the cell via the probes 
depends on the type of material in contact with the solution and the total submerged 
area, The volume of the submerged portions of the probes wih also affect the dynamic 
response of the solution temperature because of interference with convective heat 
transport in the sdution. A very low heat-loss moduIus was reported by Christensen 
et al,’ which undoub~y resulted from their use of Teflon tubing around probes 
into the solution and their efforts to miniaturize the probes_ 

We suggest two requlirements for the design of solution calorimeters in addition 
to the five -given by Sunner and Wads@: (I) Mixing of the solution in the calorimeter 
should he uniformly turbulent throughout the bulk; (2) bulk suIution evaporation 
and uptake of gases from the vapor space above the soiution should be minimized. 

Popular stirring devices are propellers, magnetic stirring bars, and vibrating 
rods, Problems common to the first two types are vortex formation and spraying of 
the soiution onto the calorimeter wahs and lid at high stirring speeds_ Highly vo’latile 
or toxic materials must be handled in a completely closed system for which magnetic 
stirring is the onIy option. Stirring by a smooth rotating disk has not been d&cussed 
ahhougb it was apparently used by Johansson 8_ It is our experience that a rotating 
disk provides rapid solution stirring, and a uniform flow pattern around a thermistor 
placed just helow the plane of the disk. We have found that positioning the disk at 
a depth of a/4 f, provides adequate stirring with Rio vortex formation, minimal gas 
uptake, and no spraying- It is a common misconception that a great amount of vi&k 
surface disruption is indicative of rapid solution n:ixing. The movement of a large 
volume of fluid is aiso not equivalent to eficieut mixing- Needed is uniform tur&uIent 
ff ow snch that eddies 8ct small and, hence, thermal and mass diffusion can he effective 
for climin&ng spatial diurontinui&s in temperature and concentration. As expected, 
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a compromise must be reached between efficient stirring and the maximum heat of 
stirring which can be toIerated. 

Concurrent with mixing is the interaction of the buIk solution in the caIori- 
meter ceII with the vapor space above the solution_ White’ stressed that the caIori- 
meter lid shouId be sIightIy warmer than the soIution in the calorimeter cell to 
eliminate condensation of solvent vapors- Minimization of the voIume of vapor space 

is also important especially for highIy volatile solvents. The eIimination of CO2 
adsorption by the solution has long been recognized as a difficult problem. Frequently, 
excess base is added to decrease the effect when pH change is not criticaL It is our 
experience from electroanalytical studies with a rotating disc erectrode that exclusion 
of O2 is more difficult in cylindrical cells with flat bottoms rather than spherical cells. 
This can be understood from a study of the fluid-flow patterns in the two cell shapes 
and the consequential de_= of disruption of the solution surface, C&s used in this 

work had round bottoms. 

Our consideration proceeds from the work of Polaczek and Lisicki9, Their 
key simplifying assumption was the combining of heat capacity and heat transfer 
characteristics of the probes with those of the cell waII. In practice, the surface area 
of the probes in contact with the bulk solution may nearIy equal the area of the celI 
wall but the heat capacity of the probes cannot be determined independent of the 
cell wall in the singIe apparatus. In this work, the separate heat transfer cocfiicients 

of the probes and waII are used with the combined heat capacity to caIcuIate the time 

constant for the cell wall. A second new consideration here is that the time constant 
of mixing T, is the value determined according to Brodkey” at r, the distance from 
the cell’s vertical axis to the electrical heater. The bulk solution temperature, T,,, 
is usually considered to be uniform throughout the solution except in the boundary 

layer of the electrical heater. The boundary layer temperature, Tb,, is equal to Tb 

before heating but is greater than Tb during heating_ The third new consideration is 

a correction for spatiai inhomogeneity of T, within the calorimeter cell. This yields 
the %0zess*’ temperature in the region of the temperature sensor. 

General equalion 
The time response of the bulk solution temperatnre can be derived from the 

heat ffux balance given by eqn (1) 

The combined heat capacity of the cell wall and stems is C, and 



144 

AtimecxwstantforthewaEisdc&zdas 

(3) 

Ccmsidcration of heat fiux at the hcatcr yieIds 

d& -=ph=hJh(Th-Td+G$ 
dt 

A time constant for the heater is defined as 

(4) 

The tcmpcratute diffmncc Tb, - Tb is expressed in terms of the time constant for 
mixing 

1 
withz, = - 

7, 

Combination of the Iaplacian transforms of cqns (I), (2) and (4) yields cqn (7) 

-+ c&~JSZT,(S) - STb(0) - TZO)] 

An initial approximatioo is made that the T,,(s) term is negligiik 
S&ring eqn (7’) for T’,,(s~ yicMs eqn (8)_ 
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The total generated heat is 

Q& = Pat 

add the LapIacian transform of Qh is 

Q,<s> = P&= 

Main period 
The initial conditions for the main period of heating are 

t = 0: Q,, = 0 
Th = Tb = Tbl = 0 

dT”dt = 0 

T, > Tb 

At2 = 0, the values of T,, for the two soIutions in the differential calorimetric system 
are equal, For alI vaIues I > 0, the equality of Tb values no longer exists. The heat 
of stirring, ySIr, and electrical heating of the solution by the thermistor, yda. are 
compensated for by use of a differential system. ‘rhe remaining heat source is ybkS 
which results because T, z- Tb- Diffkretxes in heat exchange by the caIorimeter3 
ceIIs with the environment are compensated by use of trickle heaters initially adjusted 
whent tO_ 

From the initial conditions, eqn (8) is written 

The denominators of the coefficients of Pa and T..(O) are characteristic of a 
second-order differential equation {s’ i- (2, + &)S i- Z,Z,(I + c&b)) typicaliy 
encountered for RLC circuits_ The roots of the equation are 

s = - (21 ; 23) -+ [(Zl ; “)= - Z,zyl_* c&J]‘” W) 



.Dtpinairig yi the val ucs o&Z;, 2, tid C&G $c:rootSmayb/;: +I or cornpI+ 
Ii&c cases nsdt with three cotipon~g cxpnssio_@S for api i(is), ‘, “_ 

Cast I: ‘I’hc‘am~oi of undcidampingcxists when - -- 

(13) 

where 

j =J-1 

j3 = (z.%(1+ cJc&) - (Z1 ; z3)2]11t 
Itisshowninref 11 that 

bl = 



4 = &Z2 - (2, i- Z& + Z&& + c&J 

ti = ;?Zrug - Z,(Z, i- ;z3 i- Z&(1 i- clr;c&Jp 

The coefficient of the T_(O) term in eqn (I I) is factored as 

EC.5 & + 
T+sfix+flj s-i-Z-W 
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WI 

Itisshowninref. 11 that 

& = r2exp(- j0,) 

where 

(22) 

r2 = [(a~* + (bJ'-j"' 

- c, 
a2 = 2(Cb + C,) 

- aC, 

b2 = 2fiCb i- C,) 

8, = arcs,*> [bJr2) 

Finally, eqn (11) for T,(s) becomes 
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+ =I+ je,*p(- fa + BJ)f))l 
ThcvahzdTJdratt = 0 in cqn (24) is the background heating rate, ybkr 

Evaluating the uponcutial terms in j, 

C&e II: The condition for criticaI damping is 

(24) 

md a singft root for s in tbc second-order differcntiaJ equation is obtained, Eqmtion 
(11) can hcwrittal 

Tds) = zzz3 6 + =t*) p 

G s*(s -I- Z&s 4- a)* 1 b 

Tbc cocffiticnt of Pa in cqn (I I) is factored as 

K,* &B 
S2 

F Ko + ho 
s + z, (S + a)2 s (s + a) 

(27) 

(28) 



2,& 
I!& =- 

g(Z2 - a) - (2, - a)(3z2 - 2~2,) 

cb cc4(Z, - a)= 1 
The eoeflieient of T,(O) in eqn (11) is factored as 

where 

(30) 

(31) 

(321 

(35) 

The inverse transform of eqn (11) for the criticaNy damped system is 

Tb(t) = 2 F + G(z, - GkxP{--Z,+ 

Z,(a - Za2 

Case III: The ease of an overdamped system occurs when 

(38) 

The coefficient of & is f-red as 

&5 + RI6 K17 &S 

S2 (s + Z2) + (s + a + a) + (s C a -. a) (?9> 



Rx7 = - z;z;(Z* --a- 4 
2d& + G),‘(Z2 - a - a) 

(42) 

(43) 

The coefkknt of T, (0) is factored 

Kl9 K K 21 

s +Q-+a2~cr)+(s-+- a - u) 

where 

Km = 
GW%Jr 

C,(a + a)(a - a) 

K2i = 2vLC, 
25C& - a) 

K21 = 
G&C, 

2crCb@ - a) 

The invmse transform of eqn (11) is 

Z2Z3(Zl - a - ~)exp(- (a + GIL) 
2c@ i- a)TZ2 - a - CT) 

i- 
Z,z,(zf - a + o)exp(- (a - a)t) 

Za@ - aj2(Z2 - a -f- a) 1 
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The anterior period begins at the time in the main per&d for power cut off, 
t = 2,. ?limt at cut off is designated f = 0 for mathematical consideration of the 
anterior period, The general equation applies with the recognition that dQ,Jdf = 0 
when t > 0 

The denominator of each term contains the second-order differential equation con- 
sidered above as a function of the system damping. 

Case I: When the system is in an underdamped condition the coelikient of 
Z&(O) can be written as 

where 

f L 
si-a-_-j Ho 

5= c, + c- 

and a, j3, rl and BI were defined previously_ 
The cicrcfficimt of the r,(O) tcfin cifn bc titter& as 

LS L6 + r, 

s+s+tx+pj s-i-a--j 



L, s+ L9 f LIO 
s+a+j3j sta-_j WI 

where 
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The t23dZicient of the T;(O) term can be written as 

L -+- 
s + a? jJj 

L i- 
s +k- j?j 

where 

05 = arc shl(b&) 

Equation (49) now becomes 

W2ewij@21 Chlzexp( - 321 
-(Cb~C_Xs+a+~~-(Cb~CCIXS-i-a-~ 1 

Thi9) Gm 

The initial conditions for the anterior period correspond to the conditiks at 
I = t, for.the main period_ Provided the main period is of sufficient length the heater 
is at a steady-state temperahue 



capacity terms, C, and C, 

InequaIity of TT(0) and T{(O) must be accounted for because at t = t, T,,(Oj # 
Tb(0). The background correction term is died ybkr and 

From eqn (2) 

and 
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- 2r@xp(-- as) co&?2 

Case Ii: For critical system damping, 

and eqn (49) is written 



1% 

Lo r;s -+ Lx9 

S (s + a)’ + (s i- a) 

L 18 = 
Z&3 

a3 

L - wr - a)@, - a) 
19 = a 

ho= 
4Z1 + 2, - 2zj - (2, - a)@53 - a) 

c2 

The coeffitient of the T;(O) term can be written 

_s+. bz k3 

s (s-f- a)' * (s-i- a) 

- 21 

The coefficient of T.(O) can be written 

I26 _L + J&5 
S (s +- a)’ + (s -I- a> 

where 

(84) 

(8s) 
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Equation (49) can now be written 

+ 
z, 
a% + 4s + a)’ - d(s f a) 1 

z3(z, - ZXh 

(a - Za’C& + &j 

+ 
C&,2, a(a - 23 - (Zr - &Z2 - 22) 

C&i + a) a2(Z2 - a)2 )1 
T,(o) 

Tdcing the inverse transform of equ (94) 

I z,Z, _ (Z, - a)(Z3 - dt exp(- at) 
2 a 

( 4-G + z3 - Za) - (2, - axZ=, - a) 

a2 ) exp{- m) - 1 

~1~3~&xP( - Qf) a2Cb pbtco c, + c, - pa + Ybkr 
z,(cb+cw) & 1 

E 21 -2 a 

7 
- Z,)t exp(T at) _ 2, exp( - at) 

a 2 I[~'pC,l 

( (2 - @&I - (Zi - aXZ2 - W 
a2(Z2 - a)'Cb ).. expt_ Qtj _ 

1 
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Case IIk For the case of over damping the coeffitient of Th(0) can be written 

s 

L= 

Ls= 

L29= 

%30= 

G&MZ, - a - 4 
C&fa + a(z, - a - 0) 

The coetient of Tb<O) can be written as 

(101) 

b3 =z: VI - agcX7aj- a + d 

The coefficient of T,(O) can be written 

(1W 



The cxdkient of T_(O) can be written 

Ls 139 
(S + a + U) + is + K - a) 

where 
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ilO7) 

i1w 

i1w 

(110) 

Wf) 

(112) 



Ta(t) = L 
GG 

(m + axa - a) + 
(2, -a - axZ, -a - u)exp(-(a + b)Z) 

Ma+a) 

+ 6% - a f a)& - a i- aj exp(- (a - c)t) 

Mn--a) , 1 Lp:%l 

Vdluesoftheiimeconstants~~~andr,mustbe accuraMy computed to 
account for the various mshanisms of heat conduction and oonwction occurring 
at the heakr, disc stirrer, and cell wall. The geometry of the heater is cylindrical with 
a hemispherical tip_ Terms in preceding equations for z, 



which do not account for differing rates of heat transport over the surface of the 
heater are repIaced by 

The value of /I~ is calculated by the equation of Scadron and Warshawskylz given 
below. 

h&$ = 0*2x4 [ (~) ws~~]“-50 [~I”‘” [~I 

The value of C, was calculated assuming the metaLfilm resistor to bel3 essentially 
Al,OJ. Thus, 

c, = m,c, + mc&cn 

The equivalent thermal conductivity of the electrical heater is given by 

Heat gain by stem ~ndu~on of the probes is computed with the conduction 
of the cell wali 

7, = GUtb% --I- &mAmJ 

Ail solution probers are considered to be of equal size and composition and to be 
positioned at identical distances from the center of the cell, The cakutation of h,,, 
must account for stirring effects of the rotating shaft and the disc of the stirrer_ This 
is done by using weighting factors 

me Vah’es “fk,cm, ears and krap, disc are caIcuIated by the equation of %km&asz4 
given here for Ii,-_ -‘. 

hmc = 0.135 (117) 

Equation (117) is particuIarfy suited for cylinders with diameters greater than 0.25 in, 
whereas the equation of Scadron and Warshawsky” is applicable to cylinders of 
smaller diameter. The value of h_ is calculated from the equation of Nagata et al.15 
for an u&a&d vessel containing a cooling coil 

h_ = OX28 
[ 0.63~~~~~]~*~~’ [ ~~~1~~’ [~I --O-=’ [~]‘-~‘_ 
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(118) 

Efficient soWion mixing in the cell results from uniform turbulent flow. The 

time constant of mixing, 7,, used for derivations described here was defined speci& 
caIIy in terms of the rate of heat trausport across the thermal boundary layer of the 
heater (see eqn (6)). The surfaoc of the rotating disc and, to a lesser extent, the 
surf&z of the shaft provide the stirring- Stirring by the disc results when fluid is 
pumped from the fluid bulk in an axial direction to the surface of the disc from whence 
it fiows radiaIIy over the surf&ces of the probes_ Stir&g by the shaft also results 
from radial aud angular fluid ffow- The net value of r= is taken to be the harmonic 
mean of individual time constants computed for stirring by the disc and by the shaft. 

The v&es of zW. dis and z=, -r were calculated from the fi uid velocity at the position 
of tire heater by application of equations derived for turbulent mixing in pipe ffow 
d&bed by Brodkey I0 The choice of anaIo= between mixing at the heater and - 
that for pipe fIow was made of necessity since rigorous treatment of turbulent m’ixing 
to our knowfedge has been aacompfished only for pipe ff ow_ The radial fluid velocity 
at the rim of the disc is corrected by the Pai power series to give the velocity at the 
position of the electrical heater_ The radical assumption is then made that this velocity 
is analogous to the mainstream velocity of the pipe flow treated by Brodkey. The 
value of r, weak.Iy reflects variation of the Schmidt number- AIthough the Schmidt 
number for O-01 M ekdrofytc solutions is more than 3 x that for water (fO00 vs, 
300), rpI differs by onIy about 10%. 

A spatial temperature function was derived to describe inhomogeneities of the 
bulk solution temperature which were disregarded in our initiaI discussion_ The 
e1ectrica.I heater is sufficientIy small compared to the total volume of the calorimeter 
to be considered a point source of heat Depending ou the location of the temperature 
sensor reIative to the ekectrical heater, the temperature sensor may be in a region of 

“excess” or “deficient” temperature, Considering E to be the angle between the center 
point of the eIectricaI heater and the longitudinal axis of the calorimeter and x to be 
the angle between tire eIectricaI heater and the temperature sensor, it can be shown 
that there is a temperature difference function of the foIIowing form- 

where Z& is cousidcred to be the ceil asymmetry factor and or, the shielding parameter 
which describes the shierding of the temperature sensor by the stirrer and is given by 



163 

Apparaius 
A photograph of a new compact isoperibol calorimeter of the submarine type 

with variable heat shields above and around the Dewar cells is shown in Fig. 1. A 
photograph of the calorimeter probes is shown in Fifg Z_ The design avoids the 
disadvantage of Ieaky seals which commonly plagre eompletefy submersed calori- 
meters by utilizing a lid with its own system of enclosed chambers for circulation of 
a thermostated liquid- The temperature of the lid can be maintained at a vafue 
independent of the Dewar cells by use of a separate thermostatic bath and circulation 
pump. The cefl is unique in that no gaskets, flanges, or other parts need to be re- 
assembled each time the calorimeter is used, Instead, the calorimeter cells are raised 

or lowered on a laboratory jack and can be moved to one side to facilitate addition 
of solution by pipetins or removal by aspiration_ All manipulations including cleaning 
are accomplished quickly with minima1 chance for component damage. 

Two Aladdin IO-at Dewar flasks (No, 02OA) are mounted in four l-l poly- 
ethylene bottles by means of the rubber rings and plastic base plates supphed with 
the containers for use as repIacement fillers for vacuum bottles_ A 24-ft, coil of 0_25-in_ 
copper tubing for ~r~?ation of thermostated fhrid sits on a cork rins trimmed to lit 
the bottom of the polyethylene bottle- There is approximately OS-in, clearance on 
each side of the coil, The Dewar eelis are held in place by Plexiglas rings which also 
enclose the top of the polyethylene bottles. Mineral oil is placed in the bottles as a 
medium far heat transfer between the Dewar cell and the copper tubing. Circulating 
thermostated water is provided by a Forma Temp Jr. bath and circulator (No. 2095-2) 

Fig I. Photqgraph of caiorimeter. 



Fig_ z Photograph of calorimeter probes- 

EZZ! Brass 
ED Teflon or Nylon 
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which provides temperature control to &0_02”C, The temperature ffuctuatiqns of 
water from the Forma Temp Jr_ were satisfactorily damped by passing the water 
through a 50-fL coil of O-38-in, polyethylene tubing placed-in a 12-1 mineral oil bath_ 
The polyethylene bottles sit in laminated Styrofoam cases in a plywood box. 

A detailed scale drawing of the calorimeter head is given in Fig. 3. A massive 
aluminum bfock with channels cut for the fIow of thermostat&g fluid provides a 
large heat sink above and ‘beyond the edges of the calorimeter cells_ A thin coat of 
Dow Coming silicone rubber sealant is applied to prevent leakage when the large 
discs and main plate were bolted together_ The tops of the calorimeter cells are ground 
Kat so that a small amount of sealant -grease applied to the Teflon cell covers provides 
a nearly vapor-t&&t seal, The calorimeter head is covered by a I-in_ thickness of 
Styrofoam on the sides and bottom_ The top and sides of the head are covered addi- 

tionally with pIywood. The aIuminum discs projecting below the block are covered 
with epoxy, Tygon tubing surrounds the four bolts used to connect the head and the 

mounting frame_ When the calorimeter box is raised into position below the head, 
there are a series of interlocking seals made at the contact of the box and head, 

Careful inspection of Fig 3 reveaIs that the upper bearings of the calorimeter 
stirrers are mounted in aluminum blocks thermally separated from the main head 
block The stirrers are driven by a single pulley with bearings mounted on the main 
head bIoek and turned by a belt connected to a step pulley on a T-Line motor (No, 
105) from Talboys Engineering Carp 

Titrant injection is made from 200&ml micrometer syringes driven by a vari- 
abie-speed, reversibIe motor modified from the design as described by El~ll’~_ The 
flow-rates can be adjusted in the range O-I mI/min. An electrical braking mechanism 
allows exact shut-oKat any point. TItrant soIutions are brought to constant tempera- 
ture by passage through a thermostated condenser tube_ A ICB-KQ NTC thermistor 
mounted in the tondenser jacket is used for monitoring of titrant temperature_ The 
condensers are wrapped in glass wool and pIastic tape for further thermal protection_ 
Injection of titrant into the calorimeter cells is made through 6 mm OD x 0.5 mm ID 
pyrex capillaries tapered sharpIy at the point of injection- 

Since no method is descrii in the Iiterature for seIection of matched Dewar 
cells on the basis of thermal characteristics for use in differential calorimetry, a simple 
procedure was devised based on measurement of the cell heat-loss modulus. Each of 
ten Dewar flasks was Klled with 250 ml of deionized water at ambient temperature 
(23-25X) and a Beckman pedometer centered in a No. 12 rubber stopper was 
placed in the water, After equiiibration for 20-30 min, the Dewar was placed in a 

heated mineral-oil bath (394I”Q The temperature of the Dewar contents was 
measured at I-min intervals for 30 min. The water was not stirred during the proce- 
dure The heat-loss moduli for the cells were calcnIated from the heating curve by the 
method of Gunn”, 

The effect of stirring and the calorimeter head on the heating curve was deter- 
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mined as dcscaibai above. A single Dewar JIask was seIect.ed with k .= I-2 x IW3 
min-’ _ The thermometer was inserted in the head through a port vacated by removal 
of a thermistor probe_ 

The overall heat-loss modulus of the reference cell for the assembled differential 

calorimeter was determined by two methods_ Method A: The procedure of Swicto- 
sIawski’* with temperature measurements made over a total time of 4.5 x JO’ sec. 
Metl~ocl BI The procedure of Gunnx7 as part of a determination of C, 

Bulk solvents thermostated at 2500 + O_OZ”C were pipetted using a specially 

designed 25O-ml Pyrex pipet with a drain time of 90 sec. A total dispensing time of 
100 set was used for high precision in the volume delivered, The solvent used was 
triply distilled water boiled gently before delivery to a closed container and place- 
ment in the tbexmostatic bath_ The order of solvent dispensing was as foIlows: the 

rcfucnce cell, two previously weighed polyethylene bottles, and the reaction cell. 

The polyethylene bottles were again weighed to determine the mass of water dispensed 
by the pipet T_ypica.l uncertainties in the mass of solvent delivered are approximately 
fO_Ol4 g (95% confidence for 6 trials). All masses reported here are corrected to 
vacuum. The total time expired during soIvent transfer was approximately JO min, 

Heat capacities of the calorimeter cells were determined by electrical heating 
with constant current from a Sargent Coulometric Current Source (Model IV)_ The 
current was calculated from the IR-drop across a standard resistor determined by a 
Leeds and Northrup K-2 potentiometer_ Potentials across the resistance heaters 
were measured at the banana-jack connectors by the L 8c N K-2 potentiometer_ 

Energies were calculated in calories on the basis oi the conversion factor 
4_184Jcal-* _ The mechanical counter of the coulometer was u~d for alI timemeasure- 

ments and was caltbrated by comparison with the NBS radio time sign& from Fort 
Collins, Colorado. 

The time constant of mixin& T,, for the Dewar cells was estimated from photo- 
metric measurements made with a Pyrex cell matchin_e closely the size and shape of 
the Dewar cell set in place of the reaction cell- A beam of blue light I cm in diameter 
was directed horimntahy throu@r the cell with the beam center I.5 cm from the 
longitudinal axis of the cell_ The cell contained 250 ml of water with JO drops of 

0.05% phenolphthalein- The output of a Heath 701A photomultiplier detector 
positioned to receive the transmitted light was recorded vs. time on a Sanhom 
oscillo_gaphic recorder as 0.25 ml of 50% NaOH solution was injected into the 
stirred solution. The transmittance of the solution was observed to decrease as an 

exponmtial function of time_ The value of T, was taken as the point along the time 
axis when the change in transmittance was 0.632 of the total change_ 

The theoretical model for the response of the calorimeter bulk temperature, 
d&&h& above was programmed in WATFJV and executed on an IBM 360-5 

digital computer in the Iowa State University Computation Center, A listing of the 
progam is avaiibIe on request from the authors. Further details are descrii in 
ref. II_ 



Hear-ioss mod& 
The heat-Ioss mod&k, of ten Dewar ceils were determined and the values are 

in the range 5.6 x 10V4 to 13-l x 10V4 min’ ‘_ Two cells matched within experi- 
mental error (5.6 & 0.5 x IO-” mm-‘) and were used in constructing the differential 
calorimeter_ 

The effect of the Iid temperature, lid design, and the nature of bulk stirring 
on the measured heat Ioss modulus was studied with a single Dewar cell having 
k = I.2 x 10q3 min-’ _ PIots of temperature vs. time are shown in Fig- 4, The effect 
of a heated lid to change the value of k measured is substantial, The initial slope of 

the response curve for T*id = Tb +- 16°C was a factor of I.51 -greater than that for 

T; = Tb_ This result is consistent with the conclusion of Sunner and Wadsriq that 
i:design and temperature of the calorimeter lid affects the measured value of k. 

Their conciusion that the short term (~2 min) dynamic response is controlled by k 

is not correct- Our results described later show the short term response is primarily 
determined by mixing conditions. Long term (> 2 min) is greatly affected by k_ 

Data used for the computer simutation of e_ vs_ f for the reference cell in the 
assembled calorimeter are given in Table 1 together with the results of calculations 
of k according to the methods of Swietslawski and Gunn- The agreement between 

, * I t L 
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Fig. 4. Heat loss modulus of caIorimcterdewar_ rr = I-63 cm. C, = rubber stopper, Nr = 0, ambient 
adt lid tunpxanm;; lg = -rcfioil stuppcr, iv!s = 0, ambient cdl Iid ranpaaturq 0 = T&on stopper, 
N$ = 1760 rev mirl. ambient 051 lid temperature; m = Teflon stopper, AG = 1760 rev tin-~. cell 
lid hcatcd to thcmxwat tempuatun; v = T&on stopper, NI = 0.~41 lid heated to thermostat 
temperatllre_ 



TABLE I 

rka = oA4cm 
rr = 2scm 
r = 2fScm 
r&em = 0.40 an 
A$&m = 18I cm* 
Ar =mcmt 
4 0.3s_an 

h = 1-6s~~ 
12 = 10.8cm 
L = 0_78.%rad 
x = 20246rad 
Cb =248_8cai"cY~(E&o) 
cilr- 333c;il "c-= 
~voftmsc=59.5mf 

iia 
6-42 x IO-3 can= se-l (r, 21) 

R 616 7-11 
SC 297 (rcf* 22) 2!i7 (ref. 23) 

CD 0998 Cd g-r T-’ (r&L 21) 0356 Cd gr’ “c-’ (cd 24) 

k ~280 x IO-=min-"(M-A) 
k =287x10-'mitt-'(MOB) 

TABLE2 
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the two vahes is excellent considering the differences in the methods employed_ Our 
values are in the midrange of those reported by TyrreI119 of 1 x IOm3 to 6 x 10e3 
inin-‘. 

Cumpurer-generured response curws 
The primary difficulty in using the mathematical model of the caiorimetric 

response to eiectricai heating is that four time constants are required and only s, 
and 7, can be measured experimentaIIy_ Values of rh and 7_ must be calculated as 
described earlier_ Experimental and calculated values of r, are given in Table 2. 
This error probabIy results from the assumption that the Pai power series which is 
used for c&uIatin~ velocity distribution in a pipe is valid for fiow in a closed cylinder_ 

The theoretical output of the bridge circuit as a function of time is shown in 
Fig_ 5 for an overall circuit &n of tOO_ The mathematical model does not give a 
compIetefy satisfactory description of the transient regions of the main and anterior 
periods_ The error is small, however, for the steady-state regions of both periods- 
For exampfe, the experimental time constant is 6.3 set when “/b = 4-92 x 10-q”C 
see-‘, Iv, = 43drpm, and ‘; = 1.63 cm. The value predicted at 400 rpm is 6.6 set_ 
The predicted charge in the circuit output, de,,, measured from star& to the steady- 
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Fi~6.FZxpc’ mlhaingsxIsves OfthcFlcftrara ctn as a function of r, Ali = 400 rev min-l. 
c+ = ttKMM mV. e- = IfXX?2 mV, Rr = l_O~mf)andCr=O_~7~F~r,rA=0_64cm,B= 127 
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Fig_& Ex pcrimcntal heacing curves of the lefiuuwr aII as a function of IV, ra = l-63 an; c+ =- 
1ooO,O mV, e- = loo02 mV, Rf = l-056 M, and Cr = 0_047 pfi N,: A = 400 mv min-lF B = 800 
rev min-1, C 3: loo0 rev min-* and D = 1980 rev m&I_ 



Fi IO* Thcomidheating- ofthci-cfkna diwithtoknc as the bulksohwzt asa function 
bfNcf8 = L63au;N~rA =&lOrevmiu-*,B = 8oorcvmiu-1-C = 12M)tevmin-1,D = 1600 
revmin-~~andE=XlOO2000min-~_ 

state region of the anterior period is 98.44 mV_ A value of 98.74 mV was observed 
experimentalIyforah~ti~~tirneof49sec, 

Th > Tb during eIectricaI heating and the earIy portion of the anterior period 

before a steadystate temperature is rcachcd. The location of the thermistor relative 
to the heater determines whether the thermistor is in a region of excess temperature 
(TbWK > Tb,_J or a region of deficient temperature (T& c T&J_ When the ther- 
mistor is in a region of excess temperatune, overshoot is observed at the point of 
heater cut-off_ t_. The temperature excess (Tbml - Tb,& is in the order of 7 m”C 

for 7b = 4.92 x IW4*C see-‘, N, = 200 rpm, and r-, = I.63 cm. 
3SpcrimentaI and thcorcticai heating curves are given in figs_ 6-9 for r, = 

0,64-I-85 cm_ The curyes itlIustsate dramaticalIy that critical damping of a caiori- 
meter can be achieved by proper choice ofr,and lV,_ Theconchxsion of some workers4* 6 
that k bacomcs amstan~ after 3 to 30 set, dependent only on calorimeter design, is not 

supported by our rest&s. Certalnfy C’ inffuences the response but it does not have 
the overwhehuing importance commooly thought 

The effect of changing solvent was investigated by substittiting toIuene for 
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water_ The heating auves are shown in Fig. 10. The thermal conductivity and heat 
capacity of toluene are considerably different than those of water causing the extensive 
overshoot observed in Fig_ lo_ The sudden downward phmge of e, after the start 
of the heating probably results from discarding the Tbl term in the derivation_ The 
error is on the order of 2 m “CL All results shown were corrected throughout this work 
for the offset error calculated at t = 0, The complexity of the calorimetric system 
precludes an exact derivation including the &,, term. 

surface area of electrical heater (cm2) 
area of mounting tubes in contact with bulk solution (cm’) 
surface area of calorimeter wall in contact with bulk solution (cm2) 

volume heat capacity of bulk solution (cal cm-3 C-i) 
mass heat capacity of bulk solution (cal g- * “C-i) 
heat capacity of bulk solution @.I OC-*) 
mass heat capacity of copper metal (Cal g-r “C-r) 
heat capacity of electrical heater (cal “CT’) _ 

mass heat capacity of resistive element (cal g-r “C-i) 
heat capacity of calorimeter wall (cal T-l) 

bulk solution heating rate (“C set-‘) 
heating rate of bulk solution by heat transferred through calorimeter wall 
from environment (“C see-‘) 
heating rate of bulk solution by stirring (“C see-‘) 
heating rate of bulk solution by thermistor (‘C see-*) 
heat transfer coefficient of cylindrically shaped electrical heater (cal cme2 

set-’ “C-9 
heat trznsfer coefficient of heater stem (Cal cm-2 set” T-I) 

heat transfer coefficient of heater, thermistor, mounting tubes, etc. (cal 

cm-‘Sc-r oC-‘) 
heat transfer coefficient of calorimeter (cal cm-’ set-’ ‘C-‘) 
heat loss modulus 
height of stirrer disc above the bottom of the calorimeter (cm) 
depth of immersion of stirrer disc in bulk solution (cm) 

depth of bulk solution (cm) 
thermal conductivity of bulk solution (cal cm-’ set” OC-r) 
thermal conductivity of copper me*4 (cal cm” set-’ OC-I) 
thermal conductivity of epoxy (cal cm-’ see-r “C-‘) 
thermal conductivity of electrical heater (cal cm” set-r oC-l) 
thermal conductivity of metal film resistor (cal cm-’ set-’ “C-l) 

mass of copper sheath of electrical heater resistive element (g) 
mass of electrical heater resistive element (e) 



kinematic viscosity of bulk solution (cm’ set-‘) 
stirrer rotational speed (rev min-‘) 
angular velocity of stirrer (rad xc-‘) 
electrical energy supplied for heating per unit time (cal set-‘) 

heat supplied electrically to the caforimeter (4) 

radius of calorimeter cell (cm) 

radius of electrical heater (cm) 

radius of stirring disc (cm) 

radius of stirrer sha.fI (cm) 

average radius of mounting tubes (cm) 
Laplacian operator 
dimensionless shielding parameter 
time (set) 
temperature of bulk solution (“C) 
temperature of bulk solution at the interface of the bulk solution and 
electrical heater boundary layer (“C) 
temperature of electrical heater (“C) 
temperature of calorimeter wall (“C) 

time constant of eicctrical heater (set) 

time constant of mixing (set) 

tine constant of mixing for stirrer disc (set) 

time constant of mixing for stirrer shaft (set) 

time constant of calorimeter wall (set) 

radial velocity of bulk ff uid at distance r due only to stirrer disc (cm set- ‘) 

radial velocity of bulk fluid at distance r due only to stirrer shaft (cm set- ‘) 

thickness of epoxy coating an electrical heater (cm) 

thickness of stirrer disc (cm) 

thickness of copper tubing surrounding metal film resistor (cm) 
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