
Introduction

The main goal of reaction calorimetry is to measure the

heat effects of physical and chemical changes during a

process and then to relate the effects to appropriate

properties such as conversion of a reaction. The ap-

proach is relatively simple, non-invasive, non-destruc-

tive, rapid and robust. It is based on the conservation

equations of mass and energy using easily measurable

physical data such as temperature and flow. Represent-

ing the molar enthalpy of reaction, the total heat gener-

ated or consumed by a reaction is measured and then re-

lated to the thermodynamic data, the conversion and the

kinetic data of a reaction. Determination of kinetic pa-

rameters (activation energy and pre-exponential factor)

[1–3], conversion of the reaction [4–7], thermodynamic

parameters (heat of reaction) [2, 3, 6, 7], optimal feed

policy for the semi-batch reactor under safe condition

[6, 7], and heat transfer coefficient of the reactor content

[3] have been reported in the literature using the calori-

metric approach. The calorimetric applications for as-

sessment of process hazards due to exothermic reactions

[1, 8–10]; for the scale-up purposes [10]; for investiga-

tion of polymerization [11–15], biological, and bio-

chemical processes [16–19]; as well as for the study of

crystallization of chemicals or pharmaceuticals [20–24]

have also been published in several articles.

There are various thermal analysis devices in-

cluding bomb calorimeter, differential scanning calo-

rimetry (DSC) and thermogravimetric analysis (TG),

which can be categorized in calorimetric techniques.

However, the aim of this work is to focus on isother-

mal-heat flow reaction calorimetry.

For a typical reaction calorimeter, the heat of re-

action (qr) can be estimated using an energy balance

of the form:
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where mi and cp,i are mass and specific heat capacity

of i
th

components in the reaction media, mk and cp,k are

mass and specific heat capacity of k
th

instruments

(e.g. temperature sensor) or equipment (e.g. impeller)

inserted inside the reactor, respectively, Tr is the reac-

tion temperature, and t is the time.

The first term in parenthesis on the right-hand of

Eq. (1) represents the cumulative rate of energy input

due to reactant dosing (qf), heat of mixing (qhm), the

power input by the heater (qh) and power of the mixer

(qs). The second term represents the rate of output en-

ergy including the rate of heat transfer between the re-

actor content and jacket fluid (qex), and heat losses

from the reactor wall to the surroundings (ql). The last
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term (qr) includes the rate of all energy consumed

(with negative sign) or generated (with positive sign)

due to both chemical and physical changes within the

reaction media.

Equation (1) can be simplified for different

modes of operation such as isothermal, temperature

programmed, isoperibolic, and adiabatic modes of op-

eration. In the isothermal mode, the reactor tempera-

ture is kept constant, whereas in the temperature-pro-

grammed mode, the temperature is varied according

to a predefined policy. In the isoperibolic mode, the

reactor temperature is allowed to vary, but the jacket

temperature is maintained constant. In adiabatic mode

the heat losses from the reactor are very small [25].

For isothermal mode of reaction calorimetry,

therefore, Eq. (1) is simplified to:

(qf+qhm+qh+qs)–(qex+ql)+qr=0 (2)

Among different terms in energy balance equa-

tion, Eq.(2), heat exchange between the reactor con-

tent and the jacket fluid (qex) is the crucial parameter

to estimate the heat effects. There are four basic meth-

ods, or combination of them [26, 27], for the evalua-

tion of qex under isothermal operation (steady state).

Heat flow calorimetry

With heat flow calorimetry, the reactor temperature

(Tr) is controlled or varied by manipulating the tem-

perature (Tj) of the cooling/heating liquid through the

jacket. Under isothermal operation, the rate of heat

exchange is:

qex=UA(Tr–Tj) (3)

where A is heat transfer surface and U is the overall

heat transfer coefficient, which is a function of con-

vective heat transfer coefficient on the reaction side,

thermal conductivity of reactor wall, convective heat

transfer coefficient on the jacket side, and reactor

wall dimensions.

The temperature difference is large enough to as-

sess and can be easily measured using high precision

in situ thermocouples. The flow rate of jacket fluid

has to be as high as possible to control the reaction

temperature isothermally. In this case, the difference

between jacket inlet (Tj,in) and outlet (Tj,out) tempera-

tures will be negligible and the average of both tem-

peratures can be used as the jacket temperature. The

approach is almost independent of the thermal proper-

ties and flow rate changes of jacket fluid, and thus the

heat losses through the jacket have little effect on the

measurement quality. However, the major problem is

the estimation of the UA variations during the reac-

tion. For instance, the reaction medium viscosity and

temperature, the stirrer speed, the jacket temperature,

and the flow rate of jacket fluid can all change and af-

fect the overall heat transfer coefficient. In the case of

a semi-batch operation or because of the stirrer effect,

the heat transfer area can also vary. Thus determina-

tion of UA variations during the reaction is a difficult

task. However, there are a few procedures used in

commercial calorimeters to overcome UA determina-

tion. In RC1 (Metler Toledo AG, Switzerland) and

Simular (HEL Ltd., UK), a calibration procedure is

carried out before and after the experiment using a

variable power electrical heater inserted inside the re-

actor. A known power is continuously added to the re-

actor medium. At the steady state and equilibrium

condition, the measured temperatures and the known

heater power input (qcal) are used to estimate UA be-

fore and after the reaction. An assumed profile be-

tween the static values of UA at the beginning and end

of the experiment is used to interpolate the UA values

during the reaction. Linear interpolation of the feed-

ing profile or realized heat profile is the most com-

mon interpolation scheme used to estimate UA. How-

ever, all procedures fail when applied to large or

non-linear variations of UA. The majority of polymer-

ization reactions, crystallization processes as well as

biochemical reactions show large variations in UA. A

superior approach is to evaluate UA continuously dur-

ing the experiment. Inducing sinusoidal temperature

oscillations by an electrical heater in the reactor or in

the jacket and applying a mathematical computation

procedure provide a reliable method for the estima-

tion of the overall heat transfer coefficient

[15, 28, 29]. In another approach, the convective heat

transfer coefficients on the reactor and jacket sides

can be measured before the onset of the reaction [13].

Heat balance calorimetry

The same procedure mentioned for heat flow calorim-

etry is used to control the reactor temperature in the

heat balance calorimetry. However the measurement

and calculation procedures are totally different and

depend completely on the jacket system. The calcula-

tion of heat exchange between the reactor medium

and the jacket fluid is independent of UA value and is

based on the sensible energy changes of the jacket

fluid.

qex=m
j

0
cp,j(Tj,out–Tj,in) (4)

where m
j

0
and cp,j are mass flow rate and specific heat

capacity of the jacket fluid, respectively. In this case,

also a high flow rate for the jacket fluid is needed to

control the reaction temperature perfectly. Thus the

difference between the outlet and inlet jacket temper-

ature is relatively small. High precision measure-

ments of the flow rate and temperatures are required

to calculate accurately the rate of heat exchange using
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Eq. (4). Compared to heat flow calorimetry, this

method has lower sensitivity. Small heat losses to the

surroundings through the jacket wall introduce signif-

icant errors in heat calculation and thus perfect insula-

tion is required.

Heat compensation calorimetry

The jacket temperature is artificially adjusted a few de-

gree (e.g. 20°C) lower than the desired reactor tempera-

ture. Manipulation of the power of a precise heater in-

serted inside the reactor ensures the control of the

reactor temperature. A constant temperature difference

between the reactor and jacket temperature is achieved

using the compensated power, which will be constant at

steady state. Thus, the process thermal effects can be di-

rectly inferred from the compensation heater power in-

put. Neither calibration nor temperature measurement,

in contrast to heat flow and heat balance calorimetry, is

required for the heat calculations. The technique is inde-

pendent of UA variations as well as jacket media proper-

ties. Because of large response time, this method is rec-

ommended for fast reactions. However, in the

crystallization systems, the fine particles may dissolve

close to the hot spots of the heater surface. Due to foul-

ing on the heater surface, the method is not recom-

mended for the viscose and heat sensitive systems. Also,

to determine correctly the heat flow rate, a baseline cor-

rection is needed if the UA varies during the process

[30]. Available commercial calorimeters based on heat

compensation technique are Simular (HEL Ltd., UK)

and AutoMate [31].

Peltier calorimetry

A similar setup is used for the Peltier calorimeter. How-

ever the reactor wall, except the bottom, is thermally

isolated from the jacket side and the heat transfer area is

limited to the bottom surface. A Peltier element

mounted on the reactor bottom is used for both cooling

and heating purposes. In Peltier calorimeter, the jacket

temperature is adjusted at a constant temperature and the

reactor temperature is controlled by manipulating the

Peltier element power. Combination of the measured

power and heat balance theory is used for the calorimet-

ric calculations. The approach is independent of reac-

tion media and heat transfer area variations. However,

because of heat transfer area limitations, the UA varia-

tions cannot be inferred for the scale-up purposes. Also

a pre-calibration is needed for Peltier element. The

CPA200 (ChemiSens AB, Sweden) is one of the com-

mercial reaction calorimeters designed and built on

Peltier calorimetric principle.

To overcome some of the disadvantages of the

methods currently used in the commercial calorime-

ters, we propose heat flux sensors to measure qex, di-

rectly. The proposed technique is based on heat flow

calorimetry; however, a new approach is used to mea-

sure heat flow rate through the reactor wall. Although

a calibration procedure before or after the reaction to

evaluate the lateral heat transfer area is needed in the

proposed technique, it is independent of reaction me-

dia and the overall heat transfer coefficient can be in-

ferred during the reaction.

Experimental

All experiments were carried out in a 2.5-L

(ID=14.0 cm; h=16.9 cm) stainless-steel triple-jack-

eted reactor as shown in Fig. 1. The outer jacket was

vacuumed and used to thermally insulate the reactor.

The vessel was fitted with a variable speed stirrer (an-

chor type with 6.0-cm diameter, 8.0-cm height and

0.9-cm blade width) 3.0 cm above the reactor bottom

for gentle mixing, a variable power heater for calibra-

tion procedure before or after the reaction, and a feed

pump. Because of possibility of sensor damage due to

erosion or corrosion, four sensitive and precise

5.1×5.1 cm heat flux sensors (flexible-small bend ra-

dius BF heat flux transducer, Vatell Corporation, VA,

USA) were mounted on the outside wall of the reac-

tor. Two thermopile junction layers separated by a

thin layer of thermal resistance material were used to

construct the sensors with maximum temperature and

response time of 170°C and 0.9 s, respectively. Intro-

ducing a heat flow across the thermal resistance pro-

duces a temperature gradient between each thermo-

couple pair of the thermopile and registers a

differential voltage, which is proportional to the heat

flux. The magnitude and the direction of the heat flux

can be inferred from the sum of the differential volt-

ages. The heat transfer properties of the lateral and

bottom areas of the reactor are totally different. Thus
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Fig. 1 Experimental setup



three sensors were mounted symmetrically on the lat-

eral surface (2 cm above the reactor bottom) and an-

other one on the center of the reactor bottom. Before

mounting the transducers, the reactor wall and sensor

surfaces were cleaned and dried. A thin and uniform

layer of a paste (OT-201, Omega, CT, USA) with

high thermal conductivity (2.3 W m
–1

K
–1

) was ap-

plied to both surfaces. The transducers were mounted

using a high thermal conductive (1.4 W m
–1

K
–1

) ep-

oxy adhesive (OB-200, Omega, CT, USA). Care was

taken to ensure that no bubbles were trapped between

the two surfaces. The voltage output of the transduc-

ers was measured precisely (0.01 mV) and then con-

verted to the heat flux (W cm
–2

) using sensors’ cali-

bration values (in mV W
–1

cm
–2

) presented by Vatell

Corporation (linear calibration curve). The average of

three lateral sensor outputs and the bottom sensor out-

put were used to calculate the heat exchange between

the reactor content and jacket fluid. Also the tempera-

ture of outer surface of the reactor was measured lo-

cally using each transducer equipped with a separate

thermocouple.

The solution temperature measured by an RTD

probe (Omega, CT, USA) with 0.1°C resolution was

varied by manipulating the temperature of the cooling

water through the jacket. Manipulation of the cooling

water temperature was achieved by adjusting the set

point of a water bath system (FP-50, Julabo Labor-

technik GMB H, Germany) through a three-level cas-

cade control system. The reactor lid was jacketed and a

separate thermostatically controlled bath (F-30, Julabo

Labortechnik GMB H, Germany) was used to circulate

water through the reactor lid to keep its temperature a

few degrees above the reaction temperature for prevent-

ing heat losses from the lid. In semi-batch experiments,

a balance (0.01 g precision, Ohaus, NJ, USA) and a

variable flow rate pump (QVG50, Fluid metering INC.,

NY, USA) were used to measure and to control the flow

rate of the reactant, respectively. The temperatures of

the feed, jacket input and output streams were measured

using three RTD probes (0.1°C resolution), pre-cali-

brated by a thermometer with a resolution of 0.1°C.

LabView (National Instruments, TX, USA) hard-

ware/software module was used for data acquisition and

control with a sampling time of 0.5 s and a data saving

frequency of 10 s.

Experiments were performed to test the new ca-

lorimetric system and to show its capability and preci-

sion. Acetic anhydride (99.4–99.7%, Fisher Scien-

tific, New Jersey, USA), Glycerin (99.9%, Fisher Sci-

entific, New Jersey, USA), and deionized water were

used in this study.

Determination of sensitivity and relative detection limit

To determine the power detection limit relative to the

sample volume (W L
–1

) [30], the reactor was charged

with 2 kg of water and the constant jacket temperature

method (isoperibolic mode) was used. The temperatures

of the jacket and lid water circulating baths were set at

20 and 22°C, respectively. The heater input power was

set at 2.0, 3.8, 7.5, 15.0, 30.0 and 45.0 W. At each heater

power input, the attainment of steady state was con-

firmed by the heat flux readings. The water level inside

the reactor was calculated using the measured liquid

level at the onset of the experiment and the volume of

the internals. The heat input at each steady state level

was then calculated using the baseline data for the heat

losses and the stirring power, predicted lateral area, as

well as the bottom area and compared with the actual

heat input. The procedure was repeated for the constant

jacket temperature of 25 and 30°C.

Hydrolysis of acetic anhydride in a semi-batch reactor

To validate the performance of the proposed calori-

metric technique, hydrolysis of acetic anhydride is

used as a model reaction. The reaction is exothermic

and second order with respect to acetic anhydride (A)

and water, however it can be considered as a

pseudo-first-order reaction in the presence of excess

water [27, 32]. Assuming constant feed molar flow

rate (FA,f) for an isothermal first-order reaction with

zero initial condition, the number of moles of A in the

reactor (NA) as a function of real time (t), can be de-

rived [33] for the semi-batch operation.

N
F

k
A

A,f –kt
e
 �( )1 (5)

where k is reaction rate constant. Using a mole bal-

ance for reactant A, the NA can be related to the con-

version of the reaction (X); the moles of A reacted per

mole of A fed to the reactor.

NA=NA,0+FA,ft–NA,tX (6)

where NA,t and NA,0 are the total number of moles A

fed to the reactor and the number of moles A in the re-

actor initially, respectively. Substituting Eq. (5) into

Eq. (6) and rearranging yields.
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t
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A,f

A,t

–kt
e1

(7)

If the same approach is applied to the batch reac-

tor, the batch conversion (Xb) can be obtained as a

function of batch time (tb).

X
b

–kt
e b
 �1 (8)
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where Xb is defined as the moles of A reacted per

mole of A charged initially to the reactor.

If the reaction goes to completion with A as the

limiting reactant, the total heat generated by the reac-

tion (Qt) will be expressed as:

Qt=NA,t(–�Hr,T) (9)

At time t, the ratio of total power measured by

the calorimetric technique to Qt represents the thermal

conversion (Xth).

X

q t

Q
th

r

t

t

d






0

(10)

where �Hr,T is the molar enthalpy of the reaction at

the reactor working temperature T. Because of avail-

ability of data in the literatures, hydrolysis of acetic

anhydride was carried out at 25°C.

A known quantity of water was initially added to

the reactor and the stirrer was turned on. Using the

constant jacket temperature mode, the jacket and lid

temperatures were set at 25 and 27°C, respectively.

The system was run to achieve the first steady state as

a baseline for the calibration procedure before the on-

set of the experiment. The heater was then adjusted to

45-W power until the second steady state was ob-

served. After scanning almost 20 data points at the

steady state, the power was turned off and the system

was switched to the isothermal mode. The next ob-

served steady state level was used as the reaction

baseline and the acetic anhydride pump was started at

constant flow rate. To follow the concentration pro-

file of acetic anhydride, FTIR spectra of the solution

in the wavenumber range 850–1750 cm
–1

was also

taken during the reaction. When the reactant was

completely charged, the second calibration was initi-

ated. This experiment was carried out four times

(R1–R4) at different conditions.

A simulated reaction with viscosity variations

This set of experiments was designed to test the U

variations. A mixture of glycerin and water, at differ-

ent concentration was used to investigate the effect of

variations in U. One and ninety one hundredth kilo-

gram of diluted glycerin (94% mass basis) was ini-

tially charged to the reactor. For gentle and homoge-

neous mixing, an additional anchor stirrer (with

13.0-cm diameter, 8.7-cm height, and 0.9-cm blade

width) was coupled to the first one with 90° angle and

fitted 3 cm above the reactor bottom. The speed was

adjusted at 200 rpm. The heater was inserted in the

space between the two stirrers. The reactor and lid

temperatures were set at 20 and 22°C, respectively.

After reaching the first steady state and scanning

some data for the baseline, the heater was set at 30 W

as the source of generated energy. First, the system

was run to adjust the reactor temperature at 20°C.

Then the water was pumped into the reactor at con-

stant flow rate, 4.61 g min
–1

. Four hundred and

eighty-four gram of water was added to change the

glycerin mass percent to 75. Then both the pump and

the heater were turned off and the system was

switched to isoperibolic mode. When the system

showed the second steady state condition, 41 g of wa-

ter at 20°C was added into the reactor in one min to

estimate the heat of mixing. The system was run until

the third steady state was reached. Then, the calibra-

tion procedure was carried out to evaluate the lateral

area. Also the viscosity of the 94 and 75% glycerin

solutions at 20°C was measured using an off-line

viscometer (DV-E, Brookfield, MA, USA).

Results and discussion

Detection limit

Figures 2a and b show the temperature changes (reac-

tor, jacket, reactor lateral wall and reactor bottom)

and the heat flux outputs (reactor bottom and lateral

wall average) for detection limit runs at constant

jacket temperature 20°C. For each step of adding a

known heat power to the system, the temperatures,

except the jacket temperature, increase from a steady

state level to a new level. The outputs of the heat flux

sensors follow the same trend. As expected, the heat

flux through the reactor bottom is lower than that

through the lateral wall.

In order to evaluate the accuracy of the proposed

system, the actual power input to the reactor and the
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Fig. 2 Evaluation of relative detection limit using different

heater power inputs at constant jacket temperature

20°C; a – reactor, average jacket, reactor bottom and

reactor lateral wall temperatures; b – heat flux through

the reactor bottom and lateral wall
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calculated power are compared at each steady level.

The latter is evaluated using the outputs of the heat

flux sensors and Eq. (2). The rate of stirrer power in-

put is a function of the stirrer speed and solution vis-

cosity represented by the torque. The stirring power is

usually taken into account by measuring the torque

and the stirrer speed [16, 18]. Also the heat losses

from the reactor is considered proportional to the tem-

perature difference between reactor and ambient tem-

perature [11, 16, 18, 26, 30] or is calculated as being

proportional to the total vapor pressure of reactor con-

tent [6, 7]. In the present approach, however, the heat

losses and the stirrer power input can be inferred us-

ing the baseline outputs of lateral heat flux (Q
ex,B

*,l
) and

bottom heat flux (Q
ex,B

*,b
) sensors (in W cm

–2
). For the

baseline condition, the Eq. (2) is simplified to:

( )q q q A Q A Q
s l ex

l

ex,B

*,l b

ex,B

*,b
� 
 
 � (11)

where A
l
and A

b
are the lateral and bottom heat transfer

surfaces, respectively. To do the calculations, the heat

transfer area has to be known. The bottom area is con-

stant and known; however, the lateral area varies with

the level of water inside the reactor. In order to calculate

the latter, the steady state data from the 45-W heater is

applied to Eq. (2). In this case (steady state with no feed

and no reaction) qf, qhm and qr are zero. Thus

qh–qex+(qs–ql)=0

or

q A Q A Q q q
h

l

ex

*,l b

ex

*,b

s l
� � � � 
[ ] ( )

q A Q Q A Q Q
h

l

ex

*,l

ex,B

*,l b

ex

*,b

ex,B

*,b
� � � � 
[ ( ) ( )] 0 (12)

Because all terms in Eq. (12), except A
l
, are

known, the lateral heat transfer surface can be calcu-

lated. The other heater power inputs are evaluated at

their steady level using Eq. (12), the predicted lateral,

the known bottom surface and the heat flux sensor

outputs (the results were in W and then were con-

verted to kJ using the corresponding interval time at

each steady state level). The same procedure is ap-

plied for constant jacket temperature 25 and 30°C

runs and then the results are summarized in Table 1.

For all runs, the predicted water level is compared

well with the measured water level, 11.3 cm. The dif-

ference is attributed to the stirrer effect. Also pre-

dicted heater power inputs are in good agreement

with the actual power inputs.

The overall heat transfer coefficient is also evalu-

ated using Eq. (3). The calculated values for 15 and

30-W runs are listed in Table 1. Because of different

working temperatures, small changes in the U are ob-

served. In fact, at the same fluid flow condition, increas-

ing the reactor and jacket temperatures results in a small

increase in the overall heat transfer coefficient, which is

consistent with the heat transfer theory.

The relative detection limit was determined us-

ing the lowest power input, 2 W, in the range of

0.8–1 W L
–1

. This limit is comparable with the rela-

tive detection limit of standard reaction calorimeters

reported in the literatures [30].

Hydrolysis of acetic anhydride

For a typical experiment, the variations of reactor and

jacket temperatures as well as the lateral and bottom

heat fluxes are sketched in Figs. 3a and b, respec-

tively. Using Eq. (12) and the corresponding baseline

information, the data obtained from the first and sec-

ond calibrations are applied to estimate the lateral

area before and after the reaction, respectively. The

calculations indicate a lateral area of 606.5 cm
2

at the

end of the reaction. Deducting the increased area due

to 205 g of added acetic anhydride results in

547.1 cm
2

for the lateral area at the onset of the reac-

tion. This area was estimated as 547.8 cm
2

using the

first calibration. The results show that both calibra-

tions at the onset and end of reaction agree well.

During the reaction, the reactor temperature re-

mains constant after a small deviation (�0.3°C) from

the set point at the beginning. The deviation is also

observed at the end of experiment after stopping the

feed. The deviations are due to the control system and

are low enough to be ignored. Comparing the FTIR

spectra of pure water, acetic acid, and acetic anhy-

dride in the wavenumber range 850–1750 cm
–1

, indi-

cates that the peak in the range 1100–1200 cm
–1

is a

good representation of the acetic anhydride concen-

tration (water and acetic anhydride have no IR peaks

in this range). In spite of plotting the spectra in the

whole range, the FTIR spectra of the solution taken at
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Fig. 3 Variations in a – temperature and b – heat flux profiles

for hydrolysis of acetic anhydride at constant feed flow

rate and 25°C (run R1)



the beginning of reaction, during the reaction, and one

min after stopping the feed are sketched in Fig. 4 for

the range 1100–1200 cm
–1

. At the beginning, the con-

centration is relatively high, however, it remains con-

stant at lower level during feeding (with constant flow

rate) and becomes zero only one min after stopping

the feed. Thus it can be inferred that the reaction is

fast enough to calculate the heat of reaction during the

isothermal profile only.

Twenty scanned data points were chosen for the

calculation. The exchanged heat is evaluated using

the outputs of heat flux sensors, the predicted lateral

area, and the bottom area. The results are corrected

based on the baselines before and after the reaction

for the heat losses and the stirring power. The heat of

dosing is calculated using the measured feed flow rate

(m
f

0
), feed temperature (Tf) and reactor temperature.

q m c T T
f f p,f f r


 ��
0

( ) (13)

where cp,f, is specific heat capacity of the reactant (s).

These values provide enough data to apply

Eq. (2) for estimation of heat of reaction including

heat of mixing at each interval. The average of ob-

tained results from all intervals is then used for the fi-

nal value. The results together with experimental con-

ditions for four runs (R1–R4) are listed in Table 2.

The estimated heats of reaction show

–62.5�0.7 kJ mol
–1

for the mean value at 25°C. The

result is in very good agreement with the range

(57–64 kJ mol
–1

) of heat of reaction (including heat of

mixing) reported in literatures [3, 31].

The conversion of the reaction estimated from

Eq. (10) was compared with the corresponding values

reported in the literatures [3, 27, 32]. The conversion

was calculated using the k values and Eq. (7). Equa-

tion (8) was used after stopping the feed (batch-wise

operation). The results of R2 experiment are plotted

in Fig. 5. The excellent match is an indication of the

validity of our approach. It is noted that the k value re-

ported by Zogg et al. [27] was obtained under cata-

lyzed condition (H
+
) showing higher reaction rate for

hydrolysis of acetic anhydride. Thus the small differ-

ence in conversion can be attributed to the different

reaction conditions used.

The overall heat transfer coefficient was also eval-

uated at each interval during the isothermal condition.

The temperature difference between the reactor content

and the jacket fluid is almost constant and the heat flux

sensors show almost constant values during the reaction

(Fig. 3). Therefore a constant value for the overall heat

transfer coefficient is expected. For experiment R2, for

instance, the U values calculated using Eq. (3) are in the

range 374–379 W m
–2

C
–1

with a mean value

376�2 W m
–2

C
–1

. The mean value is in the range of the
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Table 2 Conditions of 4 replicate experiments for hydrolysis of acetic anhydride at 25°C

Run
Speed of

stirrer/rpm

Acetic

anhydride/water

mole ratio

Total acetic

anhydride

added/g

Purity of acetic

anhydride/%

Feed flow

rate/g min
–1

�Hr including

heat of

mixing/kJ mol
–1

R1 150 1:50 205 99.5 2.34 –62.9

R2 120 1:40 312 99.7 2.88 –62.4

R3 180 1:55 215 99.4 3.18 –61.6

R4 220 1:38 300 99.4 2.01 –63.2

Fig. 4 FTIR spectra of the solution during hydrolysis reaction

of acetic anhydride for experiment R1

Fig. 5 Conversion of hydrolysis of acetic anhydride vs. time

for semi-batch experiment R2 at 25°C



overall heat transfer coefficient (200–850 W m
–2

C
–1

)

reported for jacketed vessels using water as the heat-

ing/cooling fluid, aqueous solution as fluid in vessel and

stainless steel as the reactor wall material [34].

Estimation of thermal effects with a varying overall

heat transfer coefficient

The temperature and the heat flux profiles for the

water–glycerin experiments are shown in Fig. 6. Adding

water to 94% glycerin solution at 20°C changes the

measured viscosity from almost 610 to 40 mPa s. The

viscosity changes result in the overall heat transfer

coefficient variations during the process. As long as the

heater power input is kept constant, the temperature

difference between the reactor and the jacket decreases

to compensate the U variations for an isothermal

process. In order to demonstrate the capability of the

proposed calorimetry in the presence of U variations,

the lateral surface area is evaluated using Eq. (12), the

third baseline, and the final calibration data.

Deviations of the solution temperature from the

set point at the beginning of the feed addition can be

attributed to the heat of mixing (the feed temperature

was 20°C). Thus the accurate heat calculations need an

estimation of the heat of mixing. Figure 7 shows the

heat flux outputs corresponding to the heat of mixing

zone. Using the data of heat flux sensors, the estimated

heat of mixing is –27.5 J g
–1

of added water. Although

the value may vary at different glycerin compositions,

it was used for the entire heat calculations.

The estimated lateral heat transfer was then cor-

rected using the added water for the heat of mixing

measurement. The heat of dosing is determined using

Eq. (13). The heat losses and the stirrer power effects

were evaluated using the baseline data as well. Equa-

tion (2) was applied to estimate the generated heat at

each interval. The total generated heat for the entire

elapsed time was –192.3 kJ (–30.5 W), which is in

good agreement with the actual heater power input of

–189.1 kJ (–30.0 W).

To show the effect of changes in viscosity, the

overall heat transfer coefficient was determined for

each interval using Eq. (3), the measured temperature

difference, the corrected heat transfer area using the

mass of dosing, and the estimated heat. The viscosity

variations as a function of glycerin concentration at

20°C are adopted from Weast and Astle [35].

The measured viscosity for 94 and 75% glycerin

solutions are in good agreement with the reported data.

Both the estimated U and the viscosity variations are

sketched vs. glycerin mass percent in Fig. 8. As the

viscosity decreases sharply at the beginning of the

experiment, the overall heat transfer coefficient

increases rapidly. The U variations also show the same

increasing trend corresponding to viscosity changes.

The viscosity changes are very small when the glycerin

mass percent is decreased from 80 to 75%. Thus,
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Fig. 6 Variations in a – temperature and b – heat flux profiles

for simulated reaction at constant feed flow rate and

20°C

Fig. 7 Heat flux outputs at heat of mixing zone after baseline

correction

Fig. 8 Viscosity and overall heat transfer coefficient variations

during the simulated reaction



within this range, U remains almost constant as

expected. The results show the capability of the pro-

posed calorimetry system to deal with the U variations.

Conclusions

A new heat calorimetry using the heat flux sensors for

the isothermal-heat flow mode is developed. The re-

sults reported in this study indicate the superiority of

the proposed reaction calorimetry for exothermic or

endothermic reactions. The heat flux sensors are inde-

pendent of the reactor content and jacket fluid and ex-

hibit high sensitivity and accuracy in the presence of

the variations in the overall heat transfer coefficient.

No pre-calibration is needed for the sensors before

running the experiments and no heating element is ap-

plied inside the reactor for temperature control. The

method serves as a useful technique to help assess the

UA variations without complicated calculations and

can be applied to viscous and heat sensitive systems.

The stirrer power and the heat losses from the reacting

vessel can be determined easily. However, the calcu-

lations still rely on an estimation of the lateral heat

transfer area using a calibration procedure before or

after the reaction. Similar to the commercial reaction

calorimetry techniques, the proposed method has a

relatively large response time with respect to the reac-

tor temperature control and is very sensitive to homo-

geneity of the reactor content. Poor mixing can lead to

the variations in the heat transfer through the wall and

thus an incorrect value is expected for the fixed posi-

tion heat flux sensors. Future work should focus on

developing easier approaches to eliminate the lateral

area, improving the detection limit, and reducing the

response time for the reactor temperature control.
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Notation

A Heat transfer area (m
2
)

Cp Heat capacity (J g
–1

°C
–1

)

F Molar flow rate (mol s
–1

)

h Height

ID Inside diameter

k First order reaction rate constant (s
–1

)

m Mass (g)

m
0

Mass flow rate (g s
–1

)

N Reactant moles (mol)

qex Heat power exchanged through the reactor wall (W)

qf Heat power due to reactant dosing (W)

qh Heater power (W)

qhm Heat of mixing (W)

ql Heat losses (W)

qr Reaction power (W)

qs Stirrer power (W)

Q Generated or consumed heat by the reaction (J)

Q
ex

*
Heat flux exchanged through the reactor wall

(W cm
–2

)

t Time (s or min)

T Temperature (°C)

U Overall heat transfer coefficient (W m
–2

°C
–1

)

X Conversion

Greek letter

�Hr,T Heat of reaction at temperature T (J mol
–1

)

Subscript

0 Initial

A Reactant A

b Batch

B Baseline

f Feed

i i
th

components in the reaction media

in Input

j Jacket

k k
th

equipments inserted inside the reaction

out Output

r Reactor

t Total

th Thermal

Superscript

l Lateral

b Bottom
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