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Abstract 

An understanding of calorimeter design as applied at low temperatures (50-70°C) was used to 
construct a heat balance calorimeter that is also suitable for high-temperature applications 
(90 120°C). The broad temperature scale means that a wide range of polyreactions can be 
studied. An accurate model for the thermal effects of the reaction calorimeter is needed to ensure 
good estimates of basic parameters and to guarantee an accurate characterization of its 
operation. The time constants of the temperature measurement devices and the heat capacities of 
the system parts were carefully determined in simulated reactions. The dynamic behaviour of the 
calorimeter is well described by the five differential equations presented. 

Keywords: Dynamic modelling; Heat balance calorimeter; Polymerization calorimeter; Reac- 
tion calorimetry; Thermal modelling 
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Oelect/w 
Q'r/W 
q.umCW 
Qsec/w 
s/m 
~/K 
~o/K 
Tp/K 

Tmoo/K 
T/K 
rw/K 
U/W m -  2 K -  1 

u/V 
~,(mcp) .... t,j/J K-  1 

Z(mcp) . . . .  t,~,/J K-  t 

Z(mcp)e/J K -  1 
E(mcp)jJ K -  1 
Z(mcp)r/J K -  x 

Greek letters 

2/W m-1 K-1 
p/kg m -  3 
tl/Pa s 
q'/m 2 K W-1 

TPT 100/S 
"~T/S 

coefficient which depends on the reactor geometry and 
physical properties 
heat transfer coefficient 
stirrer torque 
mass flow rate of the cooling liquid 
agitation rate 
power input by the heater 
conductive heat flow rate 
convective heat flow rate 
power input by the stirrer 
power input by the electrical heater 
heat flow rate by reaction 
power input by the gear pump 
secondary heat flow rate effects 
thickness of the reactor wall 
jacket temperature 
jacket inlet temperature 
pump head temperature 
temperature of the jacketed probe 
reactor temperature 
temperature after the heat exchanger 
overall heat transfer coefficient 
analogue input 
heat capacity of the jacket which is due to the mass of the 
jacket construction 
heat capacity of the reactor which is due to the mass of the reactor 
construction 
heat capacity of the electrical heater 
heat capacity of the jacket 
heat capacity of the reactor 

thermal conductivity of the reactor wall 
density 
viscosity 
sum of the wall and jacket side film resistances 
time constant of the probe 
time constant of the head of the gear pump 

1. Introduct ion 

Calorimeters are used to estimate thermal effects associated with chemical reactions. 
The reaction calorimeter is a powerful tool for on-line determination of polymerization 
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rate and monomer conversion in batch and semi-batch polymerizations. For batch 
polymerizations in particular, the reaction calorimeter offers the possibility of studying 
the mechanisms of the polymerization process. 

Thermal modelling of the reaction calorimeter ensures good estimates of basic 
parameters and guarantees accurate characterizations of the device. The dynamic 
behaviour of bench-scale reaction calorimeters has been studied earlier [1 4]. 

The reaction calorimeter was characterized and tested for the temperature range 
60-120°C. The upper limit for the temperature is 150°C because this is the maximum 
operating temperature of the heat transfer medium. When temperatures are high, 
calorimetric measurements are, of course, affected by the heat losses but the effects can 
be minimized by carefully characterizing all the possible heat flows to and from the 
system. The broad temperature scale means that a wide range of polyreactions can be 
studied. 

2. Experimental apparatus 

An apparatus was developed for studying different types of polymerizations by 
calorimetry. Batch and semi-batch polymerization can be studied. 

A schematic presentation of the apparatus is shown in Fig. 1. The polymerization 
reactor a is an autoclave 2 dm 3 in volume. The reactor is installed in an air-bath b, 
where the temperature is thermostated to the jacket temperature to avoid heat losses. 
This is done by using an electrical heater m. The flow rate in the inner circulation jacket 
loop e is high (approximately 0.2 dm 3 s-1) because this provides a good dynamic 
behaviour of the inner jacket loop and very small heat transfer resistance on the jacket 
side. The heat transfer medium is oil. The inner circulation jacket loop and the head of 
the gear pump d are also housed in the air-bath. In the outer circulation jacket loop e, 
there is a gear pump h. The flow rate of this pump is set to be constant, but it can be 
changed if the temperature control of the reactor is too slow. The flow rate in the outer 
loop is approximately 0.022 dm 3 s- 1. In the outer circulation jacket loop there are also 
the heat exchanger f and the electrical heater g, which control the jacket inlet 
temperature Tjo. The temperature after the heat exchanger T w is held constant by 
a thermostat which is coupled to the heat exchanger. The cooling liquid is then heated 
by an electrical heater g to the desired temperature which depends on the reactor 
temperature. Monomers are stored in pressurized vessels k and dosed to the reactor by 
pressure control units, i and j. Liquid reactants are dosed from the storage o to the 
reactor using the diaphragm pump n. The diaphragm pump is controlled according to 
the process concerned. The scales p record the amounts of the reactants added to the 
reactor. The data acquisition and most of the instrument control are handled by 
a personal computer I. It is essential to have a thermostated reactor lid q when the 
reactor has a large heat capacity. The dynamic response of the calorimeter is adversely 
affected by the heavy construction of the reactor and a thermostated reactor lid 
essentially improves the response. 

The most important demand of heat balance calorimetry is a temperature mea- 
surement system of utmost precision. The system used in this study is based on 
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Fig. 1. Schematic presentation of the polymerization calorimeter: a, reactor; b, air-bath; e, inner circulation 
jacket loop; d, gear pump; e, outer circulation jacket loop; f, heat exchanger; g, electrical heater for heat 
transfer medium; h, gear pump; i, reactor pressure control; j, reactor pressure control; k, pressurized 
monomer storage; I, PC; m, electrical heater for air bath; n, diaphragm pump; o, monomer storage for liquid 
monomers; p, scales; q, thermostated loop for reactor lid. 

commercially available solutions. The resolution of the temperature measure- 
ments is only 0.024°C due to the 12-bit A/D converter and the wide temperature 
range from 20 to 120°C; this can be improved by mathematical treatment, by using 
a high data acquisition rate and filtering the temperature signals. The accuracy of 
the temperature sensors is improved through calibration. For the purposes of 
the calibration, temperature sensors were placed in a thermostat  (Lauda U 12) for 
6 h at six temperatures from 80 to 120°C. Within this range, the sensors showed good 
linearity and the acquired voltages were scaled to engineering units with a linear 
function. 

3. Character iza t ion  o f  the apparent  v iscos i ty  m e a s u r e m e n t  

In the determination of viscosity, changes in torque and agitation rate are used to 
calculate the stirrer power from which the Newton number, Ne, and subsequently the 
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Reynolds number, Re, are calculated. The Ne and Re numbers are then plotted on 
a diagram. Once this characteristic curve has been plotted, the viscosity is determined 
according to Eq. (3). 

The power input by the stirrer 0diss is calculated according to [5] 

Qdiss= 2 n N M t  (1) 

from which the Newton number follows 

Ne Odiss 
p N 3 d  5 (2) 

The Reynolds number is then determined from the characteristic curve. From the 
Reynolds number, the viscosity can be calculated according to 

p N d  2 
- (3) 

Re 

This method cannot be applied in the turbulent flow region because the Newton 
number is only a function of the Reynolds number when Re < 10000. Beyond that 
value, the Newton number becomes independent of the Reynolds number. 

The characteristic curve was determined empirically. Different viscosity test stan- 
dards were stirred with a specific stirrer used in a specific speed range, and the torque 
was read. The torque measuring system was the IKAVISC measuring stirrer, model 
MR-D. The determination of the characteristic curve for the used stirring system was 
done with glycerine/water mixtures with viscosity ranging from 40 to 1327 mPas and 
density from 1.21 to 1.26 g mol-  1. Three different volumes of the mixture were used 
(1.6, 1.7 and 1.8 dm 3) and four different stirrer speeds (3.3, 5.0, 6.7 and 8.3 s-1). 
A correlation between the torque and the stirrer speed was made in the empty reactor 
before the characterization. The zero torque, which was strongly dependent on the 
stirrer speed, was due to only the mass of the magnet coupling and the friction between 
the bearings in the coupling. The zero torque was eliminated in the determination of the 
characteristic curve for the stirrer and only the true values were used in the characteriz- 
ation. The range of Newton numbers was 0.7-4.0 and the range of Reynold numbers 
was 20-1600. The characteristic curve for the stirrer is shown in Fig. 2. It is independent 
of the fill ratio of the reactor. The characteristic curve is fitted by the least squares 
method and corresponds to 

N e =  6.956 x R e  - ° ' 2 8 4  (4) 

Statistical information about the curve fit performed is estimated according to the 
magnitude of the residuals (R = 0.96). Fig. 2 shows the relatively good fit. 

The sensitivity of the measuring system is shown in Fig. 3. For  this particular 
characterization, the lower limit of the sensitivity is approximately 10 N cm and the 
upper limit is 1500 N cm. The deviation in the determination of the viscosity is 
approximately + 5% of the measured value. 
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Fig. 2. Characteristic curve for the stirring system. 
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Fig. 3. Sensitivity of the viscosity measuring system. 

4. Thermal modelling of  the polymerization calorimeter 

For simulation, a model of the reaction calorimeter is developed. The model includes 
the differential equations of the five temperatures that are important for a description of 
the dynamic behaviour of the calorimeter. The differential equations are based on the 
heat balance of the reactor and the heat balance of the jacket. The dissipated heat of the 
pump installed in the calorimeter, the temperature control algorithm, the heat capaci- 
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ties of the calorimeter and the time constants of the temperature measurement devices 
must be determined in the modelling. The simulation program is based on the program 
SIMULA which Moritz [1] developed for studying the dynamic behaviour of a labora- 
tory reactor. Poersch-Panke [2] later improved the program and now it has been 
implemented for the device shown above. 

4.1. Model equations 

The dynamic heat balance of the reaction temperature is derived from the thermal 
model of the calorimeter in Fig. 4. Qc and Qr are constant during the simulation, while 
(~diss is dependent on the experimental conditions (agitation rate and the viscosity of the 
reaction mixture). The heat transfer properties are a function of the modelled tempera- 
tures. The heat capacity of the reactor is assumed to be constant. Eq. (5) shows the 
dynamic heat balance of the ractor temperature 

dT~ _ Qr --~ Qdiss + Qc - U A ( T r  - Tj) (5) 

dt E(mcp)r 

where Qr is the heat flow rate by reaction (W), (~diss the power input by the stirrer (W), O¢ 
the power input by the calibration heater (W), U the overall heat transfer coefficient (W 
m 2 K-  1), A the heat transfer area (m2), Tr the reactor temperature (K), Tj the jacket 
temperature (K), and Z(mcp) r the heat capacity of the reactor (J K-  1). 

The mass flow and the heat capacity of the jacket are assumed to be constant during 
the simulation. The power input by the gear pump 0p,mp is dependent on the modelled 
variables. The heat capacity of the cooling liquid is a function of the jacket temperature. 
The heavy construction of the head of the gear pump affects the dynamic behaviour of 

Fig. 4. Thermal model of the calorimeter. 
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the jacket temperature. There is quite a long time delay before the temperature of the 
pump head responds to the jacket temperature so that the heat flux through the pump 
head has to be modelled. The dynamic heat balance of the jacket temperature is shown 
in Eq. (6) 

d Tj _ U A(T~ - Tj) + 0pump - ffl(C pTj Tj - Cp r~o Tjo ) + Kp(Tj - Tp) (6) 
d t  ~,(mCp)j 

where 0pump is the power input by the gear pump (W), rh the mass flow rate of the 
cooling liquid (kg s 1), cp the specific heat capacity of the cooling liquid (kJ kg- ~ K -  1), 
Tjo the jacket inlet temperature (K), Kp the heat transfer coefficient (W K-1), Tp the 
pump head temperature (K), and Y.(mCp)j the heat capacity of the jacket (J K 1). 

The mass flow rate and the heat capacity of the electrical heater are assumed to be 
constant during the simulation. The assumption that the temperature T w is constant 
after the heat exchanger is valid for a steady state reaction, but may not be valid for 
modelling at the start of the simulation reaction when rapid changes in temperatures 
are occurring. Qelect and the heat capacity of the cooling liquid are dependent on the 
modelled variables. The dynamic heat balance of the jacket inlet temperature is given 
by the equation 

dTjo _ Q¢,e~t + rh(cprw Tw -- Cpr, o Tjo) (7) 
d t  Z(mcp) e 

where 0elect is the power input by the electrical heater (W), T w the temperature after the 
heat exchanger (K), and ~,(mcp) e the heat capacity of the electrical heater (J K 1). 

The temperature probe of the reactor is placed in a pocket which may cause time 
delay to the modelled temperatures. There is no essential time delay in the measure- 
ments of the jacket temperature Tj and the jacket inlet temperature Tjo, because these 
are measured directly from the heat transfer medium. The dynamic model of the 
temperature probe of the reactor is given by the equation 

dTpT'°° T r -  TpT'°° (8) 
dt qFPglOO 

where Tpg~o o is the temperature of the jacketed probe (K), and ~PT1OO the time constant 
of the probe (s). 

The heavy construction of the gear pump causes time dealy to the temperature of the 
pump head. There will be a heat flux from the pump head to the jacket when fast 
changes occur in the jacket temperature. The dynamic model of the temperature of the 
gear pump head is given by 

d Tp_ Tj - Tp (9) 
dt TTp 

where Tp is the temperature of the head of the gear pump (K) and, ZT, the time constant 
of the head of the gear pump (s). 

Some of the model parameters depend on the experimental conditions. These are 
presented in the first column of Table 1. The parameters which need to be determined 
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Table 1 
Classification of model parameters 

21 

Model Constant model Model Variables 
parameters set by parameters parameters dependent 
conditions on variables 

Qr, 0c, 0diss ]~(Wl£'p)r, Z(FFICp)j Qelect, Q . . . . .  Tr, Tj, Tjo , TpllO 0 
rh, Tw, A Z(mcp)e, rp~loo, zr~ cp, U, Kp Tp 

during the characterization of the apparatus are listed in the second column of Table 1. 
Before the set of differential equations can be solved, equations must be written 
describing how the model parameters depend on the model variables. The dependent 
parameters are presented in the third column of Table 1. 

4.2. Parameter  est imation 

• . 

Model parameters Y~(mCp)r, Y.(mcp)j, Y.(mcp) e, ZPTlO o, VT~, Qelect, Qpump, Cp, Kp 
and U are unknown and various experiments were carried out to estimate them. 
Equations showing how the model parameters depend on the model variables are 
given. 

4.3. Power  input by the electrical heater 

Four  electrical resistances, each of 500 W, were mounted in the electrical heater. The 
thyristor unit was controlled by different analogue inputs in the determination of the 
power input of the electrical heater. Characterization was done with rh = 80 kg h - ~ and 
recorded as a thermogram assuming steady conditions 

0e,ect = rh(cpr~o Tjo - Cprw Tw) (10) 

Heat losses from the pipe between the jacket inlet temperature Tjo and the temperature 
after the heat exchanger T w were neglected because there was no temperature difference 
between Tjo and T, when the electrical heater was not used. The heat capacity of the 
heat transfer medium was calculated according to Eq. (11) (Tjo in °C) 

cp = 1.639 (kJ kg -  1 K -  1) + 0.00439 (kJ kg-  1 K -  1 °C-  1) Tj ° (11) 

The response of the electrical heater to the analogue input was characterized with 
a 9th-order polynomial function according to 

OeJect = a  + b u  + cu 2 + d u  3 + eu 4 + f u  s + g u  6 + h u  7 + i u  8 + j u  9 (12) 

The behaviour of the electrical heater is shown in Fig. 5; it was almost linear over the 
analogue input range 2.0-6.0 V, the normal operating environment. 
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Fig. 5. Characteristic curve of the electrical heater. 

4.4. Heat capacity of the electrical heater 

The electrical heater was designed to have as small a heat capacity as possible. The 
dynamic  response of the jacket inlet temperature to the power input from the electrical 
heater is shown in Fig. 6. In the characterization, the power input of the electrical 
heater was set to 1000 W and the heater was switched on after 2.5 min. 

Eq. (7) was used to estimate the heat capacity of the electrical heater. The dTjo/dt 
term was calculated by first comput ing  an interpolating polynomial  that  passes 
through the surrounding points. The coefficients of that  polynomial  were then used in 
an analytical derivative of that polynomial .  Evaluating the polynomial  derivative at the 
desired data  point  gave an estimate of the derivative of the data  set at that  point. The 
heat capacity (1120 J K 1) of the electrical heater was adjusted to minimize the sum of 
the squares of the differences between the dTjo/dt term and the r ight-hand side of 
Eq. (7). 

4.5. Heat transfer properties in characterizations 

Heat  transfer properties were determined with a blade impeller (80.0 mm, 
d/D = 0.727) over a range of stirrer speeds, from 1.67 to 10 s 1. Water  was employed in 
the reactor when determining the sum of the thermal resistances of the wall and the heat 
transfer medium on the jacket  side (u?). 



M. Lahti et al./Thermochimica Acta 262 (1995) 13 31 23 

t 9 .0  

7.5 calc. 

6.0 

o 4 . 5  

3.0 

1.5 

0 .0  

-1.5 

I I I 
0 2.5 5 7.5 

Time/min 

I 
10 

Fig. 6. Dynamic response of the jacket inlet temperature to the power input. 

The relationship between the film and overall heat transfer coefficients is 

1 1 s 1 
U - h i - t - ~ + ~  (13) 

The required inside heat transfer coefficient is 

1 
hi U -  1 __ ~ (14) 

where ho depends on the physical properties of the heat transfer medium and, for a given 
flow rate, is thus a weak function of temperature; the thermal conductivity of the 
reactor is also somewhat temperature-dependent. Hence, during the characterization, 
q) depends on temperature, but the dependence is weak because the reactor tempera- 
ture is constant; hi depends on the stirrer speed according to [6] 

h i = k N "  (15) 

The Wilson [7] method was used to determine W (values for s and 2 are from the 
manufacturer of the reactor, Biichi) and, therefore, h i w a s  determined from measured 
U values at several different stirrer speeds by plotting U -  1 against N ". The determina- 
tion was made with the equation 

1 1 
- - + W  (16) 

U - k N "  
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For agitated reactors, n equals 2/3 in fully turbulent flow [8]. Fig. 7 shows measure- 
ments made in the calorimeter using water at three temperatures. Resistances, ud, for 
the different temperatures are presented in Table 2. 

Fig. 8 summarizes the results of the heat transfer measurements over the Re range 
30000-206 000. The least squares line corresponds to 

Nu = 0.24ReZ/3 Pr  I/3 (17) 

Nu = Dhi  (18) 

P r =  cpq (19) 
2 

Analytical expression for U, h i and ho are shown in Table 3, below. 
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Fig. 7. Wilson plots for the blade impeller in the calorimeter. 

Table 2 
The heat transfer properties characterized by the Wilson method (400 
rpm) 

Temperature/°C 85 90 95 

U/(W m 2 K -  l) 745 765 790 
1/~P/(W m 2 K 1) 883 900 931 
ho/(Wm 2 K 1) 1149 1178 1231 
hi/(W m 2 K 1) 4767 5100 5216 
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Fig. 8. Reactor side heat transfer measurements for blade impeller. 

Table 3 
Experimentally determined model parameters and the model equations for the calorimeter 

Model parameter Value/equation 

Z (mCp)const.r 
Y(mCp) . . . . . .  j 
Y~ (rrtc p) e 

/'PT 1 oo 
Z'Tp 

Qelect 

Qpump 
Cp 

1/U 

Kp 

3430 J K 1 
2929 J K - 1 
l120J K 1 
13.4 s 
86 s 
22.517 - 261.280u + 691.166u 2 + 460.947 u 3 + 165.831 u a 
- 34.138u ~ + 3.993u 6 - 0.242u v + 0.005u 8 + 0.0000422u 9 
107.1W - 0.474(W °C-  ~)T~ 
1.639kJkg 1 K-X+0.00439(kJkg  I K  i °C 1) Tj ° 

1 S 1 

(2/D)O.24Re2/apr1/3 ~ - ~ + 8 . 2 ( W m - 2 K  lo C 1) T j+448W m -2 K 1 
(8.2(Wm 2K l°C ~)Tj+448Wm 2K 10.04023m2 

4.6. Heat  transfer coefficient Kp 

T h e  h e a t  t r a n s f e r  c o e f f i c i e n t  K p  is e q u a l  t o  t h e  j a c k e t - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  

m u l t i p l i e d  b y  t h e  i n n e r  a r e a  o f  t h e  g e a r  p u m p  h e a d  (0 .04023 m 2, T a b l e  3). 

4.7. Power input by the year pump 

T h e  p o w e r  i n p u t  o f  t h e  g e a r  p u m p  w a s  c h a r a c t e r i z e d  w i t h  a s t e a d y  s t a t e  a s s u m p t i o n  

a n d  d e t e r m i n e d  w i t h  t h e  e q u a t i o n  

(~pu.~p = ~h(c pr, Tj - C pr~o ) (20) 



Fig. 9 and Table 3 summarize the results of the characterization of the gear 
pump. 

In heat balance calorimetry, calorimetric measurements are the sum of the convec- 
tive heat flow rate, the power input of the pump in the inner jacket loop, and the heat 
accumulation to the reactor and jacket constructions. Polymerization conditions 
strongly affect the accuracy of the calorimetric measurements. The accuracy of the 
measurement is worse when the initiator is added to the polymerization system before 
heating it to the polymerization temperature than when it is added at the polymeri- 
zation temperature. In the latter case, there is no way to check the power input of the 
pump. It is essential that the power input of the gear pump can be estimated accurately. 
The power input of the gear pump is in the range 50 100 W, which is about  three to five 
times greater than the heat generation rate of the reaction. If the power input is wrongly 
estimated, the on-line determinations of the calorimeter will not be accurate enough. 
Results may still be useful if recalculated with the right power input of the pump. Better 
sensitivity was achieved by reducing the flow rate in the inner circulation jacket loop. 
Although this also adversely affected the heat transfer properties of the calorimeter, 
some upward adjustment of the flow rate can be made when the polymerization 
conditions require. 

4.8. T ime constant o f  the probe 
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The reactor setpoint was changed from 90 to 93°C in the characterization of the time 
constant of the probe. The change was made twice: with and without the temperature 
probe. 
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Fig. 9. Characteristic curve of power input by the gear pump. 



M. Lahti et al./Thermochimica Acta 262 (1995) 13-31 27 

Eq. (8) was used to estimate the time constant of the probe. The dTpTloo/dt term 
was calculated in the same way as the d T S d t  term. The time constant of the probe 
was adjusted to minimize the sum of the squares of the differences between the 
dTpTloo/dt term and the right-hand side of Eq. (8). Fig. 10 shows a comparison between 
the dTpTloo/dt term and the right-hand side of Eq. (8). A good fit can be seen for 
the value rPTlOO = 13.4 S. The time constant is fairly large because the probe is 
pressure-proof. 

4.9. Time constant of the heat of the gear pump 

The gear pump used in the inner circulation jacket loop is of heavy construction. The 
construction was chosen as a compromise between good dynamic behaviour and the 
sensitivity of the power input of the gear pump. When the head of the gear pump is 
large, a high flow rate can be obtained with low rotational speed. The low speed 
improves the sensitivity of the power input of the pump. By contrast, a heavy 
construction for the gear pump adversely affects the dynamic behaviour of the jacket. 
The effect of the heavy construction was determined by modelling the temperature of 
the head of the gear pump. 

A simulation reaction was used to characterize the time constant of the head of the 
gear pump. The dynamic response of the temperature of the head of the gear pump to 
this is shown in Fig. 11. 

Computational procedures were similar to those used for ZPTIO0 and a value of 
~T, = 86 S gave a good fit (Fig. 11) between dTp/dt and the right-hand side of Eq. (9). 

4.10. Heat capacity of the jacket 

A simulation reaction was also used to characterize the heat capacity of the jacket 
and d Tj/d t is shown in Fig. 12. 
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Fig. 10. Dynamic response of the temperature of the jacketed probe to change in the setpoint. 



4.0 
calc. 

3.0 

~ "  2.0 

1.o 

o.o 

-I .0 

-2.0 

-3.0 

-4.0 

28 M. Lahti et al./Thermochimica Acta 262 (1995) 13 31 

I I I I I 
0 12 24 36 48 60 

Time/min 

Fig. 11. Dynamic response of the temperature of the head of the gear pump in the simulation reaction. The 
calibration heater (50 W) was switched on after 10 min and the duration of the simulation was 30 min. 
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Fig. 12. Dynamic response of the temperature of the jacket in the simulation reaction• The calibration heater 
(50 W) was switched on after 6 min. 

The heat capacity of the jacket is the sum of all heat capacities involved in the inner  
jacket loop. The two main  factors are the heat transfer oil (0.9 kg) and the actual 
materials that form the jacket• The heat capacity due to the latter is the u n k n o w n  
parameter  in the estimation. The denomina to r  of the r ight-hand side of Eq. (6) is 

Z(mCp)j = [900(1.639 + 0.00439 Tj) + Z(mcp) . . . .  t,j] (21) 
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Eq. (6) was used to estimate the heat capacity of the jacket. The dTffdt  term was 
calculated in the same way as the dTjo/dt term. The heat capacity of the jacket was 
adjusted to minimize the sum of the squares of the differences between the d Tffd t term 
and the right-hand side of Eq. (6). The relevant parameters ((~purnp, Kp and U) from 
Table 3 were used to give the right-hand side of Eq. (6). Fig. 12 shows a comparison 
between the dTffdt term and the right-hand side of Eq. (6) for Z(mcfl . . . .  t,j = 2920 
J K 1. The small deviation between the model and the experiment may be due to the 
heat loss through the pump head. Fig. 12 also shows that the deviation between the 
model and the experiment becomes very large if the heat flux from the pump head to the 
jacket is neglected. 

4.11. Heat capacity of the reactor 

A simulation reaction was also used to characterize the heat capacity of the reactor. 
The dynamic response of the temperature of the reactor in the simulation is shown in 
Fig. 13. 

The heat capacity of the reactor appears in the denominator of Eq. (5) as the sum of 
all heat capacities involved in the assembled reactor. These are due to the inert fluid 
(1.8 kg water) used and the several components of the reactor, the unknown parameter  
at this stage. 

Eq. (5) was used to estimate the heat capacity of the reactor with the parameters of 
Table 3 and E(mcp) . . . .  t,r as the adjustable variable. Fig. 13 shows a good fit between the 
dTr/dt term and the right-hand side of Eq. (5) for Z(mCp) . . . .  t,r = 3430 J K -  1 

The experimentally determined model parameters are collected in Table 3. The 
table also shows equations for determining the model parameters from the model 
variables. 

5. D y n a m i c  r e s p o n s e  o f  the  c a l o r i m e t e r  f i l led wi th  an inert  f luid 

Water was used as an inert fluid to study the overall behaviour of the calorimeter. 
Experiments were preformed at 80 and 90~C. The PID parameters of the temperature 
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Fig. 13. Dynamic response of the temperature of the reactor in the simulation reaction. The calibration 
heater (50 W) was switched on after ! rain. 
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Fig. 14. Dynamic responses of the temperatures of the reactor (T0, the jacket (T j), the head of the gear pump 
(Tp) and the jacket inlet temperature(T)o ) in the simulation reaction. The calibration heater was switched on 
after 2 rain and the power input of the calibration heater was set to 50 W. 

control algorithm were adjusted to be quite slow to ensure that there was no oscillation 
in the temperature control. 

Temperature responses are shown in Fig. 14. Dotted lines represent the modelling, 
and solid lines the experiment. In all cases there is a good fit between the two. 

Comparison of Tj and Tp shows that the dynamic behaviour of the jacket is 
adversely affected by the heavy construction of the gear pump. It is essential to 
account for this by modelling the temperature of the head of the gear pump. It 
should be noted that Fig. 14 also shows that the characterization of the electrical 
heater and the temperature control algorithm used in the simulation program cor- 
respond well with the experiment. Simulations of results obtained at 90°C are equally 
effective. 
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6. Conclusion 

An accurate  model for the thermal effects of the reaction calorimeter is needed to 
ensure good estimates of basic parameters and to guarantee accurate characterization 
of its operation. A dynamic modelling of the reaction calorimeter makes it possible to 
optimize the construction of the calorimeter. It is also easier to characterize the 
calorimeter when a mathematical model is available. It is essential to understand the 
dynamic behaviour of the calorimeter before using it in determinations of real 
reactions. Theoretical and practical simulations allow one to find the critical parts of 
the calorimeter construction liable to distort results in practical use. The construction 
of our reaction calorimeter has a number of special features which were not easy to 
determine without modelling. When the heat release through the pump head was not 
included in the heat balance equation, the modelling was not accurate enough to be 
used in determinations. The time constants of the temperature measurement devices 
and the heat capacities must also be determined carefully to guarantee a good fit 
between model and experiments. 

The control parameters of the calorimeter are more efficiently and easily optimized 
when a mathematical model is available. The control parameters need to be fitted very 
precisely in reaction calorimeters based on convective heat flux. These heat balance 
calorimeters are based on the temperature difference between the jacket inlet and outlet 
temperatures, where the jacket inlet temperature is the controlled variable. If the 
control parameters are not well characterized, there will be wide variation in the 
convective heat flux, which in turn will cause wide variations in the determination of the 
reaction. 

Part  2 of this series [9] will describe the special features of polymerizations and the 
typical process parameters such as viscosity, heat transfer properties and heat genera- 
tion for four types of polymerizations. 
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