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A reactor-calorimeter is described which makes it possible to perform accurate measure- 
ments of the thermal power (rate of heat evolution) of chemical and physicochemical 
processes in essentially fluid reaction systems to be carried out a) continuousty under 
isothermal conditions, b) without interfering with the course of the reaction, c) using large 
quantities of reaction mix, d) allowing for considerable variations in the consistency and/or 
the volume of the mix during reaction, e) providing for conditions which are very close to 
those of industrial practice. In addition, the equipmeRt provides information on the heat 
transmittance of the reactor and the stirring power. 

It is well known that thermoanalytical methods are being increasingly used in 
process development in the chemical industry, to determine "technically oriented" 
reaction mechanisms wi th the respective rate laws for the optimization of reactors, 
and, at the same time, to determine caloric data for the thermal dimensioning of plants 
and to establish safety measures [1 -6 ] .  

However, conventional equipment of this type for f luid systems is of only limited 
use in obtaining sufficiently accurate data utilizable for chemical process analysis, 
since in some devices the quanti ty to be tested is very small (unrealistic surface/vol- 
ume ratio, uneven temperature distribution wi th in the test mix, etc.) and it is not 
possible to simulate technical conditions (exact starting time of the reaction, dosing 
of additional reactant as well as sampling during the course of the reaction, stirring, 
reflux, etc.). In other devices, the reaction mixture is not allowed to deposit material 
on the reactor wall during reaction, or to undergo any major change in its physical 
properties at the start of or during the measurement (volume of reaction mass, degree 
of dispersion, viscosity, density, specific heat, etc.). In other cases, the measurement 
methods are based on simplified theories [2, 3, 7 -13 ] .  

To eliminate some of these major weaknesses, manipulative methods are employed 
in the evaluation of recorded curves (use of appropriately curved reference lines, etc.) 
and/or during the measuring operations themselves (intermediate calibration, etc.). 
Such procedures can, however, only reduce the existing inaccuracy of the evaluated 
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results; even then, they may still be of l i tt le use. Beyond this, intervention during 
the measurement can lead to changes in the reaction conditions, which should remain 
constant so that the generally complex reaction can be analysed as simply and as 
accurately as possible. 

Principle of measurement 

The thermokinetic reactor TKR does not display the limitations and disadvantages 
just described. The TKR functions essentially according to the principle of compen- 
sation [14]: A reactor is inserted in a thermostat, which to be precise is an inter- 
mediate thermostat, as it is, in turn, immersed in a base thermostat (Fig. 1). The 
reactor consists of a chamber provided with a stirrer, a controlled electric heater and 
a temperature sensor. The intermediate thermostat is designed in exactly the same 
way. The temperature T O of the base thermostat is maintained at a constant set value 
via a control loop. The controlled heating power L 1 of the intermediate thermostat 
maintains a constant set temperature difference AT lo  between the intermediate 
thermostat and the base thermostat, while the controlled heating power L2 in the 
reactor maintains a constant set temperature difference AT20 between the reactor 
and the intermediate thermostat. The reactor displays the highest temperature, 
T O -I- AT10 -I- AT20, the intermediate thermostat a medium temperature, T O -t- AT10 , 
and the base thermostat the lowest (base) temperature, T O . Corresponding to the 
constant temoerature difference AT20, the heat (kF) 2 �9 AT20 flows from the reactor 
to the intermediate thermostat and, corresponding to the constant temperature 
difference AT lo ,  the heat (kF) 1 �9 AT10 flows from the intermediate thermostat to 
the base thermostat. During the course of a reaction, the fol lowing applies for the 
balance of thermal power (in control equi l ibr ium)* 

a) reactor q -t- L 2 + LR2 = (kF)2 " AT20 (1) 

b) intermediate thermostat (kF) 2 ~ AT20 + L 1 + LR1 = (kF)1 " AT10 (2) 

(kF)l and LR1 are constant; AT10 and AT20 are maintained unchanged by appro- 
priate adjustment of L 1 and L 2 via two PID control loops to the evolved thermal 
reaction power q as well as to the stirrer power LR2 within the reactor and the heat 
transmittance (kF) 2 between the reactor and the intermediate thermostat, which both 
change inevitably as a result of the changing physical properties of the reaction mix. 

Therefore Eqs (1) and (2) result in 

q(t) = [(kF) 1 �9 AT10 - LR1 ] -- [L 1 + L 2 + LR2 ] = 
(3) 

= [ L  1 - I - L 2 + L R 2  ] - [ L I ( t ) - I - L2 ( t ) - t - LR2 ( t ) ]  
prior to during 
start of course of 
reaction reaction 

* List of symbols at the end of the paper. 
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Fig. 1 Working principle 

The stirring power LR2 is determined by the current of the stirrer drive motor which is 
kept at constant rotational velocity via a control loop: the total torque D of the 
stirring equipment is proportional to the current J 

D = DI + Du = dJ 

DI consists of the internal loss moment of the motor (eddy current, bearing) and the 
fr ict ion loss of the stirrer shaft bearing, both depending essentially on the rotational 
velocity; Du is the useful torque for stirring. The torque factor d is a constant for a 
motor wi thout  armature reaction. If co is the angular velocity, the total power L M is 
therefore given by the formula: 

LM = D(co)co = (Dl(co) + Du)co -- Dl(co)co + LR = dJco (4) 

If the angular velocity is kept constant and the shaft bearing designed so as to prevent 
it from becoming soiled with reaction mix, the torque loss of the stirrer shaft remains 
constant during the experiment. This is ensured by connecting motor and stirrer via a 

magnetic coupling. The magnetic coupling consists of two permanent magnet rings 
mounted in bearings one above the other, the lower one in a hastelloy shell wi th in the 
reactor cover. The shell is open at the top centre, closed at the bottom and connected 
to the stirrer shaft at this point. The stirrer shaft is borne and guided by a ball-bearing 
column, which is located above the lower magnet ring inside an additional cylindrical 
bulge in the reactor cover, and whose lower section reaches down into the magnet ring 
space fil led with silicone fluid. The centrifugal force of the lower magnet ring prevents 
liquid from the reactor penetrating the area surrounding the ball bearings; vapours 
which penetrate are absorbed in the silicone fluid layer. 

Thus, at constant angular velocity, Eq. (4) results in: 

L R = L M - const. (5) 
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Consequently, the thermal reaction power q(t) of Eq. (3) is determined by the dif- 
ference between the sum of the heating powers in the reactor and the intermediate 
thermostat and the motor power of the reactor prior to the start of reaction, and the 
sum of these powers during the reaction 

q(t) = [L 1 + L 2 + LM2]p -- [L l ( t )  -t-L2(t ) + LM2(t)] = L p -  L(t) 

with Lp = const. (6) 

Using special heater systems (lead, heating section, lead with resistance ration 
1/600/1) with virtually no thermal inertia, and DC power supplies, the heating powers 
L 1 and L 2 are obtained by electronically multiplying the heater current by the 
voltage. The motor power LM is obtained by the electronic multiplication of the 
torque factor d, the current J and the angular velocity co. 

In practical application, the method is applied by adding the three different 
voltages L 1, L2 and LM2 and feeding the result into a potentiometric recorder, l q(t) I 
corresponds to the distance of the measured curve L from the constant line Lp 
(Fig. 2). If Lp is compensated by an adjustable voltage reference, only the desired 
thermal reaction power q(t) is recorded. 

n~ ~ ~ e d  Curve 

( L I + L z + LM~ )pJ~ I.p.__., .... 
7 - -  
I Start of reaction End of react=on 

Time 

Fig. 2 For determination of the thermal reaction power from the sum of the heater power L 2 of 
the reactor and L 1 of the intermediate thermostat as well as the motor power LM2 of the 
reactor 

Examples of experimental results and discussion 

The physical conditions change to a greater or lesser degree of complexity during 
the course of any chemical or physico-chemical reaction and this is the reason for the 
multiform deviation of the base line with any calorimeter. Thus, approximated 
procedures (e.g. laying down of an appropriately curved base line, generally accom- 
plished with conventional devices) wil l  lead to a correspondingly more or less incorrect 
thermal analysis. An insight into the variety of base lines can be obtained by dissecting 
some experimental results of the TKR. To illustrate this more clearly, the theoretical 
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basis of the TKR has to be explained somewhat differently. According to the power 
balance of the reactor in Eq. (1), the gross deviation of the heating power L2 from its 
value L2p prior to the start of reaction is caused partly by the onset of the thermal 
reaction power q and partly by the change in the heat transmittance (kF) 2 ~ 1/R 
(i.e. in the heat flow (kF) 2 �9 AT20 at constant AT20) as well as the stirring power 

LR2: 

8L2 = [~(kF)2 " AT20 - 8LR2] -- q (7) 

It can easily be seen from the power balance of the intermediate thermostat in Eq. (2) 
that the change in the heat flow (kF) 2 �9 AT20 is inversely congruent with the devia- 
tion of the controlled heating power L 1 of the intermediate thermostat from its value 
L lp prior to the start of reaction: 

~(kF)2 �9 AT20 = - -  ~L1 (8) 

and from Eq. (5) that the change in the stirring power of reactor LR2 is equal to the 
change in the motor power LM2 (Fig. 3a) : 

~LR2 = ~LM2 (9) 

Thus, eq. (7), (8) and (9) give 

~L2 = -  (~L1 + ~LM2) - - q = ~ L e 2  - -q  (10) 

L%e\ 

~ ve L 2 

So~ " - -  

LII, 

a) 

LM2p 

~ a S u r e d ~  

Start of tee 'cto~ End of reaction J 
Time 

Fill. 3 For determination of the thermal reaction power q solely from the heater power L 2 of  the 
reactor. Effect of the change in thermal transmittance (kF) 2 and motor power LM2 on the 
reference line LB2 
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Fig. 4 FriedeI-Crafts alkylation followed by autocatalytic decomposition 
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Fig. 4a Dissection of TKR measurement in Fig. 4 
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This means that the dotted line in Fig. 3b (dissection of Fig. 2) represents the course 
of  L2 during the reaction caused solely by the change in both the heat f low (i.e. heat 
transmittance) and the stirring power, that is to say the course of the base line LB2, 
which is needed in order to accurately determine the thermal reaction power q solely 
from the heating power L 2. 

The course of  the reference line LB2 is obtained experimental ly by adding L 1 
and LM2, feeding L 2 and (L 1 + LM2) wi th  opposite signs into a two-channel poten- 
t iometr ic recorder and shift ing - (L 1 + LM2) over L2p by zero shift  before the start 
of  reaction. 
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.(t} 

T~me 

Fig. 5 Nucleophilic substitution at a keto-c~-halide with an amine derivative in the presence of the 
auxiliary base KOH in solution 
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Fig. 5a Dissection of TKR measurement in Fig. 5 

Figures 4 -8  show some TKR measurements and Figs 4a-Sa the corresponding 
dissected measurements, clearly demonstrating that totally incorrect information 
may be obtained if the precise course of the reference line is not known, e.g. if the 
base line is of necessity positioned in an approximated or even estimated location. 

The major part of the deviation of the base line LB2 from its value prior to the 
start of the reaction is usually caused by the change in the heat transmittance (kF) 2. 
Nevertheless, the influence of the stirring power LR2 must be taken into account, 
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\Start of reoction 
Time 

Fig. 6 Nucleophilic substitution at a keto-=-halide (as in Fig. 5) with the same amine derivative but 
in the presence of the auxiliary base K2CO 3 in solution 

Time 

Fig. 6a Dissection of TKR measurement in Fig. 6 

because it may become considerable in the cases of  polymerizat ion, phase separation, 
crystal l ization, or i f  the reaction starts in such a manner that a large quant i ty  of  
reactant has to be fed into the reactor chamber which is prefi l led w i th  on ly  a relative 

small quant i ty  of co-reactant; i f  i t  is necessary to take (e.g. for  classical chemical 
analysis) many samples; or i f  industrial practice is to be simulated; etc. (Fig. 9). 

Thus, w i th  any calorimeter, i t  goes w i thou t  saying that on ly  accurate determina- 
t ion of  the base line makes it possible to get reliable and therefore mathematically 
ut i l izable data. 
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Fig. 7 Catalytic intramolecular rearrangement of an amide derivate 
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Fig. 7a Dissection of TKR measurement in Fig. 7 
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Fig. 8 Catalytic hydrogenation of a nitrile group 
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Fig, 8a Dissection of TKR measurement in Fig, 8 
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Fig. 9 Radial bulk polymerization (Dissection measurement) 

Besides the accurate determination of the thermal reaction power q, the TKR 
provides information on the heat transmittance and the stirring power, Eqs (1) and 
(4), and on their variation during the course of the reaction (Eqs (8) and (9)). 

This additional information is of great importance from the point of view of 
design and safety in chemical engineering. 
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Examples of TKR design 

Two different designs of TKR have been successfully used in our laboratories. 
In one design the reactor and the intermediate thermostat are total ly surrounded 
by the base thermostat to ensure a high accuracy (Fig. 10). There is no simple way of 
visualizing particular events wi th in the reactor (onset of phase separation, change in 
colour, deposition of material on the reactor wall, etc.), which very often provide 
chemists and engineers with a great deal of information. Because of this, in the other 
design, the reactor is surrounded by part of the intermediate thermostat, a jacket, 

15 

Fig. 10 TKR type preferably used for kinetic investigation 
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Fig. 11 TKR type preferably used for simulation of industrial practice 

which, for pressureless reactions, is made of glass; this is connected by a pipe to the 
core of the intermediate thermostat, which is totally enclosed by the base thermostat 
(Fig. 11 ). This type is normally used for simulation of industrial practice. 

The essential characteristics of the instruments used are as follows: 
- Material of reactor, jacket: glass for pressureless reaction, 

hastelloy for reaction under pressure 
- Reactor volume: 100-+ 1000 ml 
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- Range of operating temperature: - 40-+ 300 ~ 
- Maximum rotational velocity: 4000 rev/min 
- Maximum compensatory heating power: 400 W 
- Maximum operating pressure: 15 bar 
- Endothermic and exothermic chemical and physicochemical reactions can be 

carried out in the following phase systems: liquid/gas, l iquid/l iquid, liquid/solid, 
liquid/solid/gas, with the liquid phase predominating. 

- Reactions with half-lives in excess of two minutes proceed under strictly iso- 
thermal conditions virtually throughout the reaction time, except in the first 
moments of the reaction. Temperature fluctuations around the set point are 
usually of the order of 10 -2~ This isothermal character is the necessary and 
sufficient condition (guarantee) for the correctness of the measured thermal 
reaction power q. 

A p p l i c a t i o n s  

The TKR is used not only for measuring the thermal reaction power q under 
(virtually) strictly isothermal conditions, e.g. for isothermal reaction kinetics, or 
evaluating the heat transmittance and stirrer power, but, for instance, also for 
- anisothermal investigation of reaction kinetics, 
- determination of reaction enthalpy, 
- determination of dissolving, m ix ing and crystallizing enthalpy, 
- determination of specific heat of reaction mix, 
- approximate testing of process procedures and safety measures for technical pro- 

duction by simulation of the process under conditions similar to those prevailing 
in industrial practice: Batch-, semi batch- and steady state processes. For this pur- 
pose metering and sampling devices and reflux condensers combined with thermal 
power balance, pH-meter etc. can be connected, 

- rationalizing preparatory work in the laboratory, e.g. making the end of a reaction 
easily recognizable: final analysis can be carried out at the right time, e.g. without 
the need for what is known as "post-strirring", which is uneconomical. 

L i s t  o f  s y m b o l s  

d 
D 
Du 
DI 
J 
F 1 , F2 
k l ,  k2 
(kF) ], (kF) 2 

torque factor 
total  torque 
useful torque 
torque loss 
current 
effective heat exchange area of intermediate thermostat, reactor  

heat  exchange coeff ic ient  of intermediate thermostat, reactor 

heat t ransmit tance of intermediate thermostat ,  reactor  
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L1, L2 
LR1, LR2 
LM1, LM2 
L 
Lp 
LB2 
P 
q 
R 
TO 
t 
~T]0  

T2o 
co 
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heating power of intermediate thermostat, reactor 
stirring power of intermediate thermostat, reactor 
motor power of intermediate thermostat, reactor 
L 1 + L2 + LM2 during course of reaction 
L 1 + L2 + LM2 prior to start of reaction 
reference line for the heating power L 2 
index characterizing situation prior to reaction start 
thermal reaction power 
thermal resistance (reactor/intermediate thermostat) 
temperature of base thermostat 
time, as from start of reaction 
set temperature difference intermediate thermostat/base thermostat 
set temperature difference reactor/intermediate thermostat 
angular velocity (motor) 
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Zusemmenfassung - Es wird ein Reaktorkalorimeter vorgestellt, das die genaue Bestimmung der 
thermischen Reaktionsleistung (Warmeproduktionsrate) von chemischen und physikalisch-chemi- 
schen Vorg~ngen erlaubt 
a) an pr~parativen, im wesentlichen fl~ssigen Reaktionssystemen 
b) unter Bedingungen, die sich an solche der technischen ProzessfShrung anlehnen 
c) praktisch unter strenger Isothermie 
d) kontinuierlich und ohne StSrung des Reaktionsgeschehens 
e) wobei grosse Konsistenz- und/oder Volumen~nderungen bei Reaktionsstart oder w~hrend des 

Reaktionslaufs eintreten d(~rfen. 
Das Ger~t erm~glicht zudem die Bestimmung der R(~hrleistung und der W~rmedurchl~ssigkeit des 
Reaktors. 

Pe3toMe -- OnHceHa annapaTypa, nO3BO~IRIOUJ, aR npoBO/lXTb TOqHble 143MepeHHR TennOTBOpHOR 
cnoco6HOCTH XHMHqeCKHX H dpH3HKO-XHMHcleCKHX npoueccoB B }KH~KHX peSKU, HOHHblX CHC- 
TeMax. H3MepeHHR MOryT BblnOnHnTbCR HenpepbIBHO B H3OTBpMHHeCKHX yCROBHRX, ~e3 no60q- 
HOFO BJ'II4RHI4R xo~a peaKtlHH, npH Hcno~b3OBaHHH 6OJ]bLUHX KOIIHqeCTB peaKu, HOHHO~I CMeCH, 
npH 3HaqHTenbHbiX H3MeHeHHRX KOHCHCTeHU, HI4 H]IH 06~eMa CMeCH BO BpeMR peaKIJ, HH, a TaK>Ke 

B yClIOBI4RX 6RH3KHX K 3aBOACKHM. K TOMy H(e, c nOMOLU, blO 3TO~I annapaTypbl MO}KHO nOny- 
HI4Tb HHC~)OpMaU,1410 O TenRooSMeHe H MOLU, HOCTH MeuJanKH. 
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