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ing, Töggele, hiking, skiing, and all other activities. Thanks also to the administrative

support from Prisca and IT support from Erol.

v



Acknowledgments vi
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Abstract

During early stages of process development chemical industry needs flexible and versatile

tools to assess relevant information about chemical reaction systems. Over the last 20

years, reaction calorimeters have become essential devices for data oriented research and

development in chemical reaction engineering. They are commonly used for the optimi-

sation of a chemical process considering economic factors and safety assessment. Their

applications also include the elucidation of reaction mechanisms and associated parame-

ters (activation energies, rate constants, and heat of reaction).

For this purpose, a high performance small-scale reaction calorimeter CRC.v5 has been

developed (50mL, -50 to 200℃, up to 60bar). A power-compensation heater combined

with a thermoelectrically regulated metal surrounding makes the reactor well suited for

fast and highly exothermic reactions. As the baseline for the heat signal is measured on-

line, time-consuming calibrations of the global heat-transfer coefficient are not required.

With a working volume from 25 to 50ml the device is particularly useful for the fine

and pharmaceutical chemical industry where only small amounts of test substances are

available in research and development. Despite its small volume, an ATR-FTIR probe is

mounted at the bottom of the reaction vessel. Under strictly isothermal conditions the

calorimeter demonstrates its capability to investigate fast reactions in the liquid phase

such as the hydrolysis of acetic anhydride. The cover of the CRC.v5 is especially designed

to simultaneously use two more probes that can provide analytical information in addi-

tion to the existing IR and calorimetric signals. A thermal ”activation” of the lid with

a temperature control reduces the heat loss by 50% compared to the previous reactor

generation, and decreases the time-to-steady state by 75%.

Knowledge of the heat capacity is crucial for process development in chemical and pharma-

ceutical industry. This includes scale-up, thermal safety, and design of the reactor cooling

system. Here, a method for rapid determination of heat capacity under quasi-isothermal

conditions (± 0.16℃ to ±0.77℃) is described. Forced small temperature oscillations are

xi



Abstract xii

applied to the reactor temperature. Then, the heat capacity of the reactor content is cal-

culated from the amplitudes and the phase shifts of the reactor temperature, of the power

of electrical heater and of the cooling rate. The heat capacities of eight solvents (water,

ethanol, methanol, acetone, 1-octanol, diethylenglycol, toluene, and 1-butanol) covering

a wide range of viscosity are calculated for various experimental conditions, including

reactor volume and stirrer speed. Systematic deviations are detected when compared to

the corresponding literature values. Straight line calibration with the total heat trans-

fer coefficient and two modern multivariate calibration techniques (Partial Least Squares

and Neural Network) are applied to correct for these deviations. The different calibra-

tions show similar precision and allow for an online determination of the heat capacity

with an accuracy up to 15%, that is comparable to other published methods. Successful

applications include the determination of the heat capacities for n-heptane, for various ho-

mogenous ethanol/water mixtures, and during the course of the hydrolysis of concentrated

sulphuric acid.

A heat-flow model of the calorimeter based on the Finite Difference Method improves the

precision of the heat balance, particularly when the reactor is to be used under dynamic

conditions. From simulations at steady state, heat loss is particularly well characterised.

The total heat loss is found to be the sum of three contributions: two convective heat flows,

from the bottom of the vessel to the surrounding and from the side of the jacket to the

cooling system, and one conductive heat flow from the jacket to the cover. In addition, the

internal heat flow coefficient can be determined without calibration nor knowledge of the

reactor content. Under dynamic conditions, the model permits a deeper understanding of

the above-mentioned systematic deviations when the heat capacity of the reactor content

is determined by the temperature oscillation method. Finally, different designs of the

calorimeter, e.g. material for the jacket, are tested with the model for the improvement

of the subsequent calorimeter generation.



Zusammenfassung

In frühen Phasen der Prozessentwicklung in der chemischen Industrie sind flexible ana-

lytische Methoden und Werkzeuge erforderlich, um relevante Informationen zu chemischen

Reaktionssystemen zu erheben. Seit 20 Jahren ist die Reaktionskalorimetrie ein wichtiges

Werkzeug in der datenorientierten Forschung und Entwicklung im Bereich der chemis-

chen Reaktionstechnik. Sie wird häufig gebraucht, um chemische Prozesse hinsichtlich

ökonomischer und sicherheitstechnischer Aspekte zu optimieren. Der Gebrauch der Reak-

tionskalorimetrie impliziert die Aufklärung von Reaktionsmechanismen und der relevanten

verknüpften Reaktionsparameter (Aktivierungsenergie, Reaktionsgeschwindigkeitskonstan-

ten, und Reaktionsenthalpien).

Für diesen Zweck wurde in der vorliegenden Arbeit ein hochleistungsfähiges, kleinmass-

stäbliches Reaktionskalorimeter, der CRC.v5, entwickelt (50mL, -50 bis 200℃, bis zu

60 bar). Mit einer Kompensationsheizung und einem thermoelektrisch temperaturg-

eregelten Zwischenthermostat ausgestattet ist der Reaktor für die Untersuchung schnell

ablaufender, stark exothermer Reaktionen geeignet. Die Echtzeitmessung der Grundlinie

des Wärmesignals macht verschiedene Schritte zur Kalibrierung des Wärmedurchgangs

unnötig. Mit einem Arbeitsvolumen von 25 bis 50 mL ist der Apparat speziell für die fein-

chemische und pharmazeutische Industrie nützlich, wo nur geringe Testsubstanzmengen

vorhanden sind. Trotz des kleinen Reaktionsvolumens ist im Kesselboden ein Infrarot-

Sensor integriert. Unter strikt isothermischen Bedingungen hat das Kalorimeter ein Leis-

tungsvermögen für die Untersuchung schnell ablaufender Reaktionen in der flüssigen Phase

gezeigt, wie z.B. bei der Hydrolyse von Acetanhydrid. Der Deckel des CRC.v5 ist speziell

ausgebildet für die gleichzeitige Benützung von zwei weiteren Sensoren, die weitere an-

alytische Informationen zusätzlich zu den Infrarot- und kalorimetrischen Daten liefern

können. Ein im Deckel integriertes Heizungssystem erlaubt im Vergleich zur vorherigen

Reaktorversion eine Verringerung des Wärmeverlustes um bis zu 50% und eine Verkürzung

der Zeit bis zum Einstellen eines ”steady-state” Zustands um 75%.
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Zusammenfassung xiv

In der Prozessentwicklung in der chemischen Industrie ist die Kenntnis der Wärmekapazität

sehr wichtig, u.a. für die Massstabsvergrösserung (”scale-up”), die thermische Sicherheit

und die Dimensionierung von Reaktorkühlkreisläufen. Die vorliegende Arbeit präsentiert

eine Methode zur Evaluierung der Wärmekapazität unter quasi-isothermen Bedingungen

(±0.16℃ bis ±0.77℃). Erzwungene Temperaturoszillationen werden dazu am Reaktor

angelegt. Somit kann die Wärmekapazität des Reaktorinhalts mit Hilfe der Amplituden

und Phasenverschiebungen der Kompensationsheizungs-, Kühlungs- und Reaktortemper-

atursignale bemessen werden. Auf diese Weise wurde in der Arbeit die Wärmekapazität

von acht Lösungsmitteln (Wasser, Ethanol, Methanol, Azeton, 1-Oktanol, Diethyleng-

lykol, Toluen, 1-Butanol), die einen breiten Viskositätsbereich abdecken, unter verschiede-

nen Versuchsbedingungen inklusive veränderlicher Volumen und Rührdrehzahl untersucht.

Dabei wurden systematische Abweichungen der experimentellen Messungen von entsprech-

enden Literaturwerten entdeckt. Um diese Abweichungen zu korrigieren, wurden eine

lineare Kalibrierung mit dem globalen Wärmedurchgangskoeffizienten und zwei moderne

Techniken für multivariate Kalibrierung (”partial least square” und neuronales Netzwerk)

eingesetzt. Die drei verschiedenen Kalibrierungstechniken zeigen vergleichbare Präzision

und erlauben eine Echtzeitbestimmung der Wärmekapazität mit einer Genauigkeit, die für

andere Methoden bekannt ist. Das entwickelte Verfahren wurde unter anderem erfolgreich

in der Bestimmung der Wärmekapazitäten von n-Heptan, homogenen Wasser-Ethanol-

Gemischen sowie während der Hydrolyse von konzentrierter Schwefelsäure angewandt.

Ein Wärmeflussmodell des Kalorimeters mit Hilfe der ”finite differences” Methode ver-

bessert die Wärmebilanzpräzision, speziell bei Verwendung des Reaktors unter dynamis-

chen Bedingungen. Die Simulationen im stationären Zustand erlauben die genaue Evalu-

ierung der Wärmeverluste. Diese sind die Summe dreier Beiträge: zwei konvektive Wärme-

ströme vom Kesselboden in die Umgebung und von der Reaktorumhüllung zum Kühl-

system und ein konduktiver Wärmestrom von der Hülle zum Deckel. Der interne Wärme-

übergangskoeffizient ist kalibrierungsfrei und ohne Kenntnis des Lösungsmittels bestimm-

bar. Unter dynamischen Bedingungen erlaubt das Modell ein vertieftes Verständnis der

vorgenannten systematischen Abweichungen, wenn die Wärmekapazität mit der Tem-

peraturoszillationsmethode bestimmt wird. Schliesslich wurden verschiedene Reaktor-

entwürfe, z.B. mit verschiedenen Umhüllungen, mit Hilfe des hier entwickelten Modells

geprüft, um die nächste Reaktorgeneration zu verbessern.



Version abrégée

Lors des premières étapes du développement d’un procédé dans l’industrie chimique, des

instruments analytiques offrant un large champ d’utilisation sont requis afin d’acquérir

de nombreuses données sur le système réactionnel. Depuis une vingtaine d’années, les

calorimètres de réaction sont devenus des instruments de mesure essentiels aux ingénieurs

du génie de la réaction chimique pendant les phases de recherche et de développement.

Ils sont communément utilisés pour l’optimisation d’un procédé chimique, dont, entre

autres, l’amélioration des facteurs économiques et sécuritaires. Leurs applications in-

cluent également l’élucidation de mécanismes réactionnelles, ainsi que l’évaluation des

paramètres inéhrents (énergies d’activation, constantes de vitesse, et chaleurs de réaction).

Dans cette perspéctive, un calorimètre réactionnel performant et de petit volume, le

CRC.v5, a été développé (50ml, -50 à 200℃, jusqu’à 60bar). Un chauffage à compensation

combiné à une jaquette métallique, dont la température est contrôlée thermoélectriquement,

permet d’analyser de manière particulièrement favorable les réactions rapides et fortement

exothermiques. La ligne de base du signal calorimétrique est mesurée en temps réel. Ainsi,

la calibration du coefficient global de transfert de chaleur n’est plus nécessaire, et le gain

de temps par expérience est considérable. Le volume du réacteur, compris entre 25 et

50ml, est grandement apprécié par l’industrie pharmaceutique et de la chimie fine; durant

la phase de développement d’un procédé, la quantité de produit disponible pour analyses

est souvent limitée. Malgré le volume restreint du réacteur, une sonde ATR-FTIR est

intégrée au fond de celui-ci. Sous des conditions strictement isothermes, le calorimètre

permet l’analyse de réactions rapides en phase liquide telle que l’hydrolyse de l’anhydride

acétique. Le couvercle du CRC.v5 est spécialement conçu pour l’utilisation de deux son-

des analytiques supplémentaires à celles déjà intégrées dans le réacteur. Un contrôle

thermique du couvercle permet une réduction de 50% des pertes de chaleur par rapport à

la version précédente, et également de diminuer de plus de 75% le temps nécéssaire pour

atteindre l’état stationnaire.
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Lors du développement d’un procédé dans l’industrie chimique et pharmaceutique, la

connaissance de la capacité calorimétrique (ou chaleur spécifique) est cruciale. Cela est

nécessaire, entre autres, pour l’extrapolation d’échelle (”scale-up”), la sécurité thermique

et le dimensionnement de systèmes de refroidissement des réacteurs. Dans cette étude, une

méthode d’évaluation de la chaleur spécifique sous conditions quasi-isothermes (±0.16℃
à ±0.76℃) est présentée. Des oscillations forcées de la température du réacteur sont ap-

pliquées. La chaleur spécifique est ensuite calculée à partir des amplitudes et des retards de

phase des signaux du chauffage de compensation, du refroidissement et de la température

du réacteur. La chaleur spécifique de huit solvants (eau, éthanol, méthanol, acétone,

1-octanol, diéthylène glycol, toluène et 1-butanol) couvrant une large gamme de viscosité

est calculée sous différentes conditions expérimentales, y compris le volume de solvant et

la vitesse d’agitation. Des déviations systématiques entre les mesures expérimentales et

les valeurs correspondantes tirées de la littérature sont observées. Une calibration linéaire

avec le coefficient global de transfert de chaleur, ainsi que deux techniques modernes de

calibration à multivariables (méthode des moindres carrés partiels et réseau de neurones)

sont utilisées pour corriger ces déviations. Les trois différentes calibrations montrent des

précisions similaires et permettent de déterminer la chaleur spécifique en ligne avec une

précision comparable à d’autres méthodes déjà publiées. Les applications couronnées de

succès sont la détermination de la chaleur spécifique de l’n-heptane, de mélanges ho-

mogènes d’eau et d’éthanol, ainsi que lors de l’hydrolyse d’acide sulfurique concentré.

Une modélisation des flux de chaleur dans le calorimètre, à l’aide d’une méthode des

différences finies, améliore la précision du bilan de chaleur, particulièrement lorsque le

réacteur doit être utilisé sous conditions dynamiques. Les simulations à l’état station-

naire permettent l’évaluation des pertes de chaleur de mannière particulièrement précise.

Celles-ci résultent de la somme de trois contributions: deux flux de chaleur convectifs du

fond de reacteur à l’environnement et du côté de la jaquette au système de refroidisse-

ment, et un flux conductif de la jaquette au couvercle. Le coefficient interne de transfert de

chaleur peut-être déterminé sans calibration supplémentaire, ni connaissance du contenu

réactionnel. Sous conditions dynamiques, le modèle permet une compréhension plus ap-

profondie des déviations systématiques mentionnées ci-dessus, où la chaleur spécifique est

déterminée avec la méthode des températures oscillatoires. Finalement, différentes concep-

tions du réacteur, par exemple le matériau pour la jaquette, sont testées par modélisation

dans le but d’une amélioration de la prochaine génération de réacteur.



Symbols, Greek letters, and

Acronyms

Symbol Unit Description

aH+ - Proton ionic activity

A m2 Heat exchange area

A - Matrix of absorbance, A

Ameas - Matrix of absorbance measured

Ahf cm2 Area of the heat flow sensor

Aλ - Total absorption at wavelength λ

b cm Absorption path-length

Bi - Biot number, Bi = hl
λ

cp J/(kg·K) Specific heat capacity

cp,cool J/(kg·K) Specific heat capacity of the cooling liquid

cp,dos J/(kg·K) Specific heat capacity of the dosing liquid

cp,w J/(kg·K) Specific heat capacity of the reactor wall

C - Constant of the stirrer

C mol/l Concentration

C mol/l Matrix of concentration, C

CAcOAc mol/l Acetic anhydride concentration in the vessel

CAcOH mol/l Acetic acid concentration in the vessel
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Symbol Unit Description

Ccalc mol/l Calculated concentration

Ccalc mol/l Matrix of calculated concentration, Ccalc

Cdos mol/l Concentration of the feed

Cdos,AcOAc mol/l Acetic anhydride concentration of the feed

Cdos,AcOH mol/l Acetic acid concentration of the feed

CH2O mol/l Water concentration of the reactor

Cp J/K Total heat capacity

Cp,k J/K Total heat capacity of the kth component

Cp,i J/K Total heat capacity of the inserts

Cp,j J/K Total heat capacity of the jacket

Cp,m J/K Total heat capacity of the reactor medium

C lit
p,m J/K Literature value of the total heat capacity of the reactor

medium

C̄ lit
p,m J/K Mean of the literature values of the total heat capacity of the

same reactor medium

Cp,r J/K Total heat capacity of the reactor content

Ccalc
p,r J/K Calculated total heat capacity of the reactor content

Cp,ref J/K Total heat capacity of the reference material

∆Cpred
p J/K Predicted correction of the total heat capacity

dp cm Depth of penetration of incident light

dr m Diameter of the reactor

ds m Diameter of the stirrer

dw m Thickness of the reactor wall

dta s Time to switch to fast PID before the start/stop of the dosing

dtb s Time to switch to medium PID before the start/stop of the

dosing
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Symbol Unit Description

D % Duty cycle

D - Derivative gain of a PID controller

e K or ℃ Error function of the temperature control

E l/mol Matrix of extinction coefficient, ε′

Ea J/mol Activation energy

Ecalib l/mol Matrix of extinction coefficient, ε′, obtained by calibration

fdos l/s Dosing rate

Fo - Fourier number, Fo = αt
l2

g m/s2 Gravitational acceleration

hbottom W/(m2·K) Heat transfer coefficient of the heat loss at the bottom of the

vessel

hj W/(m2·K) External heat transfer coefficient (jacket side)

hjacket W/(m2·K) Heat transfer coefficient of the heat loss from the jacket to the

cover

hr W/(m2·K) Internal heat transfer coefficient (reactor side)

hside W/(m2·K) Heat transfer coefficient of the heat loss from the jacket to the

coolers

Hcover - Digital control of the heating of the cover (0= off or 1=on)

∆H J/mol Total enthalpy, including q̇phase, q̇react, and q̇mix

∆rH J/mol Reaction enthalpy

∆Hmix J/mol Heat of mixing

∆rH
dec J/mol Enthalpy of the decomposition reaction

∆rH
synt J/mol Enthalpy of the synthesis reaction

∆vapH kJ/mol Enthalpy of vaporisation

Hr m Height of the vessel

Hs m Height of the stirrer

k (l/mol)n−1/s Reaction rate constant of nth order



Symbols, Greek letters, and Acronyms xx

Symbol Unit Description

k0 (l/mol)n−1/s Rate constant frequency factor

K W/K Newton’s constant of a DSC apparatus

Ki,k W/K Overall heat transfer coefficient of the heat loss from i to k

Kbottom W/K Overall heat transfer coefficient of the heat loss at the bottom

of the vessel

Kjacket W/K Overall heat transfer coefficient of the heat loss from the jacket

to the cover

Kr - Proportional gain of the PID controller

Kside W/K Overall heat transfer coefficient of the heat loss from the jacket

to the coolers

I - Integral gain of the PID controller

I0 W/m2 Intensity of incident light before absorption

I1 W/m2 Intensity of incident light after absorption

Icomp A Current of the compensation heater

Ipelt A Current of the Peltier elements

Ipelt,O A Analogue output of the current for the Peltier elements

Istirr A Current of the stirrer

l m Length between two sensors or thickness of a plate

m kg Mass

ṁcool kg/s Flow rate of the cooling liquid

n rpm or Hz Stirrer speed

n mol Number of moles

n - Reaction order

n1 - Refractive index of material 1

n2 - Refractive index of material 2

N - Exponent of the stirrer speed, n

Np - Number of model parameters
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Symbol Unit Description

Nr - Number of reactions

Ns - Number of species

Nλ - Number of wavenumber

NTcover - Number of Tcover values averaged for PID control of Tcover

NTj - Number of Tj values averaged for PID control of Tj

NTr - Number of Tr values averaged for PID control of Tr

Ne - Newton number, Ne = P
ρn3d5

s

Nu - Nusselt number, Nu = hdr
λ

O(∆xn) - Local truncated error of the nth order

P - Proportional gain of the PID controller

PIDqcomp - P, I, and D values for q̇comp

PIDqcool - P, I, and D values for q̇cool

Pr - Prandl number, Pr = cpµ

λ

Pr bar Pressure in the reactor

Preservoir bar Pressure in the high-pressure reservoir

Pv bar Vapor pressure

q̇0 W Heat generated or consumed in one element

q̇acc W Heat accumulation

q̃acc W Oscillating heat accumulation

q̇cool W Heat flow of the cooling

qcool,0 W Increase of the heat flow due to cooling after a temperature

step

qcool,0 W Initial value of the heat flow due to cooling

q̇cool,1...6 W Heat flow of the cooling, sensors 1 to 6

q̇meascool W Measured heat flow of the cooling

∆qcool W Oscillation amplitude of the heat flow of the cooling

q̃cool W Oscillating heat flow of the cooling
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Symbol Unit Description

q̄cool W Non-oscillating heat flow of the cooling

q̇modcool W Modelled value for the heat flow due to cooling

q̇comp W Power of the compensation heater

qcomp,0 W Increase of the power of the compensation heater after a tem-

perature step

qcomp,0 W Initial value of the power of the compensation

q̇meascomp W Measured power of the compensation heater

∆qcomp W Oscillation amplitude of the power of the compensation heater

q̃comp W Oscillating power of the compensation heater

q̄comp W Non-oscillating power of the compensation heater

q̇modcomp W Modelled value for the power of the compensation heater

q̇PIDcomp W Value of q̇comp given by the PID control

q̇dos W Heat flow of the dosing

q̇flow W Heat flow through the wetted wall

q̇hf W Heat flow through the heat flow sensor during calibration

q̇modhf W Modelled heat flow through the heat flow sensor during cali-

bration

q̇lid W Heat flow lost through the lid

q̇loss W Heat flow lost to the environment

q̃loss W Oscillating heat flow lost to the environment

q̇measloss W Measured heat flow lost to the environment

q̇ohm W Heat dissipated by the Peltier due to Joule effect

q̇pelt W Heat pumped by the Peltier

q̇losspelt W Heat flow through the Peltier due to conduction

q̇phase W Heat released or absorbed due to phase change

q̇react W Heat produced by the reaction

q̇ref W Reference heat flow of the heat flow sensor calibration system
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Symbol Unit Description

q̇ref,mod W Modelled reference heat flow of the heat flow sensor calibra-

tion system

q̇r,z W Heat accumulation in element r,z

q̇r,z−∆z W Heat flow from element r, z −∆z to element r, z

q̇r,z+∆z W Heat flow from element r, z to element r, z + ∆z

q̇r−∆r,z W Heat flow from element r −∆r, z to element r, z

q̇r+∆r,z W Heat flow from element r + ∆r, z to element r, z

q̇stirr W Power dissipated by the stirrer

q̇V W/m3 Density of heat

Qreact J Total heat liberated by the reaction

Qtot J Total heat liberated during the reaction, including q̇phase,

q̇react, and q̇mix

r mol/(l·s) Reaction rate

r m Radius

∆r m Increment of the radius

ri - Residual of the ith calorimetric data

rA mol/(l·s) Reaction rate of species A

R Ω Electric resistance of the Peltier

Ri - Residual of the ith spectroscopic data

Re - Reynolds number, Re = nd2
sρ
µ

s - Correction factor for the dynamics of the wall in RC1

si V/(W/cm2) Sensitivity of the heat flow sensor i

S s−1 Matrix of the inverse of the time constant of the elements τ

t s Time

tmod s Duration of the prediction of the model

tp s Time to reach the maximal value of the heat signal after a

step modulation
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Symbol Unit Description

tr s Time to increase the heat signal from 10 to 90%

ts s Time to reach the steady-state

tsolv s Time of a loop to solve ODE system before new initial condi-

tions are given

∆T decad K or ℃ Temperature rise due to the decomposition reaction under

adiabatic conditions

∆T synthad K or ℃ Temperature rise due to the synthesis reaction under adiabatic

conditions

T K or ℃ Temperature

T s Duration of a digital mode function

T0 K or ℃ Initial temperature

T0 K or ℃ Starting temperature of the runaway reaction

T ref1 K or ℃ Temperature to calculate the reference q̇ref in the heat flow

sensor calibration system

T ref2 K or ℃ Temperature to calculate the reference q̇ref in the heat flow

sensor calibration system

Talu K or ℃ Temperature of the aluminium wall of the heat flow sensor

calibration device

Tcryo K or ℃ Temperature of the cryostat

Tcover K or ℃ Temperature of the cover

Tcover,set K or ℃ Set-point temperature of the cover

Tdos K or ℃ Temperature of the liquid dosing

Tenv K or ℃ Room temperature

Theater K or ℃ Temperature of the electrical heater of the heat flow sensor

calibration device

Thf K or ℃ Temperature of the heat flow sensor during calibration

Tj K or ℃ Temperature of the jacket, mean of Tj,1...6

Tj,set K or ℃ Set-point temperature of the jacket
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Symbol Unit Description

Tj,in K or ℃ Input temperature of cooling medium in the jacket

Tj,out K or ℃ Output temperature of cooling medium in the jacket

Tj,1...6 K or ℃ Temperature of the jacket, sensors 1 to 6

T̃j K or ℃ Oscillating temperature of the jacket

T̄j K or ℃ Non-oscillating temperature of the jacket

Tmeasj K or ℃ Measured temperature of the jacket

∆Tj K or ℃ Oscillation amplitude of the temperature of the jacket

∆Tj,in K or ℃ Oscillation amplitude of the input temperature of the cooling

medium in the jacket

∆Tj,out K or ℃ Oscillation amplitude of the output temperature of the cooling

medium in the jacket

Tj,set ℃ Set point of the temperature of the jacket

∆Tk K or ℃ Oscillation amplitude of the temperature of the kth component

Tp K or ℃ Process temperature

T downpelt K or ℃ Temperature of the Peltier on the cryostat side, mean of

T downpelt,1...6

T downpelt,1...6 K or ℃ Temperature of the Peltier on the cryostat side, sensors 1 to 6

T uppelt K or ℃ Temperature of the Peltier on the copper side, mean of

T uppelt,1...6

T uppelt,1...6 K or ℃ Temperature of the Peltier on the copper side, sensors 1 to 6

Tr K or ℃ Temperature of the reactor content

Tmeasr K or ℃ Measured temperature of the reactor content

∆Tr K or ℃ Oscillation amplitude of the temperature of the reactor con-

tent

T̃r K or ℃ Oscillating temperature of the reactor content

T̄r K or ℃ Non-oscillating temperature of the reactor content

Tr,set K or ℃ Set-point temperature of the reactor content

∆Tr,set K or ℃ Set-point amplitude of the temperature of the reactor content
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Symbol Unit Description

Tr,z K or ℃ Temperature of node r, z

Tr,z−∆z K or ℃ Temperature of node r, z −∆z

Tr,z+∆z K or ℃ Temperature of node r, z + ∆z

Tr−∆r,z K or ℃ Temperature of node r −∆r, z

Tr+∆r,z K or ℃ Temperature of node r + ∆r, z

Tref K or ℃ Temperature of the reference material

Treservoir K or ℃ Temperature of the high pressure reservoir

Ttest,1 K or ℃ Temperature in the upper isolation

Ttest,2 K or ℃ Temperature in the lower isolation

u - Entity, i.e mass, energy or momentum

U W/(m2·K) Overall heat transfer coefficient

UA W/K Global heat transfer coefficient

Ucomp V Voltage of the compensation heater

Ucomp,O V Analogue output of the voltage for the compensation heater

Uhf V Voltage of the heat flow sensor

Ũhf V Oscillating voltage of the heat flow sensor

Uhf,1...6 V Voltage of the heat flow sensors 1 to 6

UP,controller V Voltage supply for the pressure controller (10V)

Upelt V Voltage of the Peltier elements

Ũpelt V Oscillating voltage of the Peltier elements

UPr,source V Voltage supply for the pressure monitoring of the reactor

(10V)

Ustirr V Voltage of the stirrer

Ustirr,O V Analogue output of the voltage for the stirrer

ssqq - Sum of the squares of the residuals for calorimetry

ssqIR - Sum of the squares of the residuals for spectroscopy

V m3 Volume
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Symbol Unit Description

Vr ml or l Volume of the reactor content

Vr,0 ml or l Initial volume of the reactor content

Wq - Weighting factor of the calorimetric data

WIR - Weighting factor of the spectroscopic data

x - Molar fraction

x m Cartesian coordinate

∆x m Increment in the x-direction

X - Matrix where xi(t) = e−λi·t · yi
y m Cartesian coordinate

yi - ith eigenvector of S

z m Cartesian coordinate

∆z m Increment in the z-direction

∇2 Laplacian operator
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Greek letters Unit Description

α V/K Seebeck coefficient of the Peltier

α m2/s thermal diffusivity, α = λ
ρcp

β - constant of the Wilson plot

β rad sensitivity phase

ε - Relative improvement of a parameter, from one to the

next iteration

ε l/(mol·cm) Molar extinction coefficient

εi,λ l/(mol·cm) Molar extinction coefficient of species i at wavelength λ

ε′ l/(mol·cm) Extinction constant, ε′ = ε · b

θ rad Angle of incidence

θc rad Critical angle of incidence

θi - ith model parameters

κ W/(m·K) Thermal conductivity of the Peltier

λ nm wavelength

λ W/(m·K) Thermal conductivity

λNi W/(m·K) Thermal conductivity of Nickel

λi s−1 ith eigenvalue of S

λqcool,n - nth order of the cooling signal

λTr,n - nth order of the reactor temperature signal

µ Pa·s Dynamic viscosity

µr Pa·s Dynamic viscosity of the bulk

µw Pa·s Dynamic viscosity at the wall

ν̃ cm−1 Wavenumber

ρ kg/m3 Density

ρdos kg/m3 Density of the dosing (liquid)

ρw kg/m3 Density of the wall

σ Standard deviation
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Greek letters Unit Description

τ min Oscillation period, with τ = 2π
60ω

τ s Time constant of a system, with τ = Cp
UA

τ(m) s Relaxation time of a DSC apparatus

τD s Derivative time of PID controller

τI s Integral time of the PID controller

τqcomp s Time constant of the compensation heater

τqcool s Time constant of the cooling system

τw s Time constant of the wall

φ - Correction factor for the heat capacity of the vessel

φ W/(m2·K) Heat transfer coefficient depending of the reactor

φ rad Angular coordinate in Cylindrical coordinate system

φTj s Dead time of the jacket temperature measurement

φTr s Dead time of the reactor temperature measurement

Φ W/m2 Heat flux

ϕqcool rad Phase shift of the heat flow of the cooling

ϕqcomp rad Phase of the power of the compensation heater

ϕTj rad Phase of the jacket temperature

ϕTj,in rad Phase of the input temperature of cooling medium in

the jacket

ϕTj,out rad Phase of the output temperature of cooling medium in

the jacket

ϕTk rad Phase of the temperature of the kth component

ϕTr rad Phase of the reactor temperature

χch - Chemical conversion

χth - Thermal conversion

ω rad/s Angular frequency
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Acronym Description

ADC Adiabatic Calorimetry

ALS Alternative Least Squares

ARE Absolute value of the Relative Error

ATR-FTIR Attenuated Total Reflectance - Fourier Transform Infrared

Bp Boiling Point

CFD Computational Fluid Dynamics

CRC Combined Reaction Calorimeter

CSTR Continuos Stirred Tank Reactor

DC Drop Calorimetry

DOE Design of Experiments

DRC Differential Reaction Calorimetry

DSC Differential Scanning Calorimetry

EFA Evolving Factor Analysis

EHS Environment, Health and Safety

FDM Finite Difference Method

FEM Finite Element Method

FVM Finite Volume Method

FT Fourier Transform

ID Intern Diameter

Im Imaginary part of the complex number

IPD Integrated Process Development

IR InfraRed

IRS Internal Reflection Spectroscopy

IUPAC International Union of Pure and Applied Chemistry

NN Neural Network

MARE Mean Absolute value of the Relative Error

MaxARE Maximum Absolute value of the Relative Error
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MT-DSC Modulated-Temperature Differential Scanning Calorimetry

MTSR Maximum Temperature of the Synthesis Reaction

OD Outer Diameter

ODE Ordinary Differential Equation

PCA Principal Component Analysis

PDE Partial Differential Equation

PID Proportional-Integral-Differentiel controller

PLS Partial Least Squares

PRESS Predicted Error Sum of Squares

RBFNN Radial Basis Function Neural Networks

RC Reaction Calorimetry

RC Resistor-Capacitor

RCD Regression Coefficient of Determination

Re Real part of the complex number

TMRad Time to Maximal Rate under adiabatic conditions

TOC Temperature Oscillation Calorimetry

ssq sum of the squares of the residual

UV-Vis Ultra-Violet- Visible





Chapter 1

Introduction

1.1 General situation

The market in fine and pharmaceutical chemistry is in constantly growing competition.

Thus, since several decades the time-to-market for new product releases has been con-

siderably reduced. During the early phases of process development less time-consuming

investigations are performed. This can lead to badly characterised chemical reactions,

and therefore to processes with poor yield and selectivity. Consequently, the number of

downstream operations for product purification and, as a result, the associated energy

consumption are increased [Roberge, 2004].

Recently, environment, health and safety (EHS) assessments have been performed al-

ready during the process development. It is called Integrated Process Development (IPD)

[Hungerbühler, 1995] and aims to figure out the possible issues regarding EHS during the

early phases of process development. During these phases, as illustrated in Figure 1.1, a

process redesign has still a minor financial impact. An example for such a redesign is the

elimination of a possible chemical synthesis route for safety reasons. Though relatively

new, the concept of sustainability already becomes a business value for chemical industry.

Environmental impacts, product life cycles, and waste treatment are now incorporated

into the process design and decision-making tools. Although numerous methodologies

are now available for process optimisation, good knowledge of chemistry stays of primary

importance [Sugiyama et al., 2008].

1
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Figure 1.1: Evolution of degree of freedom, process knowledge and costs for potentiel
errors during chemical process development [Heinzle and Hungerbühler,
1997].

1.2 Process development

Nowadays, in research and process developments, many tools are available to optimise

the amount of resources for chemical process investigations. This includes not only ex-

perimental time but also quantity of material, equipment as well as manpower. These

investigations aim to improve the knowledge of the process, such as the heat released by

the reaction, the possible synthetic routes or the crystal form of the product. For this,

well-established tools such as statistical design of experiment (DOE), automated labo-

ratory equipment, and simulation and evaluations methods are currently used [Rubin et

al., 2006; McKenzie et al., 2006]. The calorimetric studies are crucial to maintain safe

operating conditions by predicting the thermal behaviour of the reaction and avoiding

excessive heat production and thermal runaway.

The determination of the reaction behaviour and their associated rate and equilibrium

constants aims to optimise reaction conditions regarding productivity, efficiency, waste

minimisation and detection of process upsets. Despite the indisputable advantage of
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kinetic investigations, these studies are rarely performed in industry. They require con-

siderable time and resources to test the widely-varying experimental conditions. Thus, it

is often more economical to perform reaction screening in small volume vessels. There is

indubitably a lack of flexibility due to the available equipment used for reaction screening

to monitor simultaneously on-line reactions by multiple in-situ analytical devices.

A successful optimised process development could for example be achieved if the auto-

mated laboratory equipment combines reaction screening with in-situ monitoring. Fur-

thermore, these equipment may even enter in synthetic labs and could replace regular

glassware. During the chemical discovery phase, information, such as heat of reaction

and formation of intermediate products, would already be available without demanding

further experiments.

1.3 Motivation and aims

The goal of this thesis is to develop a reaction calorimeter that may be used during

the earlier phases of process development. The first prototypes were presented by Zogg

[2003] and Visentin [2005]. The vessel volume of 50ml is smaller than that of available

classical reaction calorimeters [Ferguson et al., 2000] and allows to reduce the sampling

quantity. The construction that combines a compensation heater and a heat flow principle

allows to measure online the cooling rate and to control the reactor temperature quasi-

isothermally, even during exothermic reactions. Thus, no time-consuming calibrations

of global heat transfer coefficients or of heat capacities are necessary. As mentioned by

Zogg [2003], the design of the cooling system allows to conduct experiments in parallel

and, therefore to perform reaction screening at low costs. Despite its small volume,

an integrated ATR-FTIR probe is mounted at the bottom of the vessel. IR spectra are

useful for determining kinetic parameters, especially in case of consecutive and/or parallel

reactions when calorimetric measurements often do not provide enough information.

The thesis is divided into three parts: the improvement of the calorimeter prototype, the

determination of the heat capacity of the reactor content, and the heat flow modelling of

the reactor using the finite difference method.

Improvement of device characteristics aims at a higher flexibility and versatility.

A new design of the lid allows to simultaneously use two more probes that can
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provide analytical information in addition to the existing IR and calorimetric signals.

Additionally, a thermal ”activation” of the lid with a temperature control reduces

the heat loss by at least 50% compared to the previous version, and diminishes the

time-to-steady state by 75%. The working pressure is also increased from 30 to 60

bar.

Determination of the heat capacity of the reactor content under quasi-isothermal

conditions is possible with the temperature oscillation technique. The heat ca-

pacity is a physical property that characterises the energy required to change the

temperature of a sample. This property is important to perform calorimetry under

non-isothermal conditions, but also to assess process safety. During the late phase

of development, the heat capacity of the reaction mixture is required for process

scale-up (e.g. energy consumption) and plant design (e.g. heat transfer, cooling

capacity). Heat capacity can either be approximated from literature data [Zabran-

sky et al., 2001], calculated from estimation methods [Kolska et al., 2008; Onken et

al., 2005], or measured by calorimetry under temperature modulations. The latter

is often avoided due to its time-consumption. The aim is to determine the heat

capacity of the reactor content under quasi-isothermal conditions. Thus, the system

is only slightly perturbed and stays close to steady-state at any time. Forced small-

temperature oscillations in the bulk require just few minutes to determine the heat

capacity.

Heat flow modelling of the calorimeter permits a better understanding of the heat

flows taking place in the calorimeter. The model is based on the Finite Difference

Method (FDM) of the heat flow and allows the interpretation of temperature profiles

at different locations in the system. Under dynamic conditions, such as forced

temperature oscillations, another simpler heat balance may give inaccurate results.

Another target is a better understanding of the heat loss and of the thermal dynamics

of the system. Finally, the model can be used for an improvement in the design of

the subsequent calorimeter generation.



Chapter 2

Theoretical Background

2.1 Calorimetry

Energy measurement is of major importance in engineering and material sciences. Chem-

ical and biological reactions as well as many physical changes (e.g. phase transformation

or deformation) are accompanied by heat effects. The energy absorbed or liberated by

a system is related to the molecular interactions and is characterised by thermodynamic

parameters such as the Helmoltz free energy, the Gibbs energy, the heat capacity, or the

enthalpy.

Over the years calorimeters have become standard analytical tools in laboratories. Many

models are now available and vary by sample size, sensitivity, temperature and pressure

range, way of controlling the temperature, or more generally, mode of operation and

design. The most popular technique is probably the Differential Scanning Calorimetry

(DSC). DSC employs a twin-vessel system with a sampling volume of few microlitres.

Numerous other techniques are available such as Bomb Calorimetry, Calvet Calorimetry,

Micro-chip-based Calorimetry, Flow Calorimetry, Drop Calorimetry, Accelerating Rate

Calorimetry, and Reaction Calorimetry [Warrington and Höhne, 2005]. Important pa-

rameters to consider before starting calorimetric investigations are given in Table 2.1

[Hansen, 2006].

5
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Table 2.1: Parameters for calorimetric investigations

Properties to be measured (heat capacity, enthalpy,...)
Temperature range
Pressure range
Sample availability ( µg, mg, g, or kg)
Total heat effect
Maximal rate of heat production
Expected number of experiments per day
Reactant and product phases (solid, liquid, gas)
Sample properties (viscosity, ...)

2.1.1 Reaction calorimetry

During early stages of process development chemical industry needs flexible and versa-

tile tools to assess information about chemical reaction systems. For decades, reaction

calorimeters have been used to elucidate reaction mechanisms and associated activation

energies, rate constants, and heat of reaction [Puxty et al., 2006a]. They provide im-

portant information of the reaction and permit the optimisation of chemical processes

considering economic factors and safety assessment [Westerterp and Molga, 2006]. Reac-

tion calorimeters allow also the simulation of industrial plants at small scale, including

dosing, mixing, and controlling of the reactor temperature [Ferguson et al., 2000]. In ad-

dition to the general characteristics given in Table 2.1, reaction calorimeters have further

parameters to be considered before starting investigations. They are given in Table 2.2.

The classical global heat balance for a reaction calorimeter allows the determination of the

heat of reaction, the rate of conversion and the associated kinetic parameters, as shown

in Eqs. (2.1) and (2.2).

q̇acc = q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos − q̇cool − q̇loss (2.1)

with

q̇react = rVr(−∆rH) (2.2)

where q̇acc is the heat accumulation in the reactor [W], q̇react is the heat liberated by the

chemical reaction [W], q̇comp is the power provided by the electrical heater [W], q̇stirr is the



2.1 Calorimetry 7

heat dissipated by the stirrer [W], q̇mix is the heat due to mixing enthalpy occurring when

different fluids are mixed [W], q̇phase is the heat released or absorbed due to phase change

[W], q̇dos is the heat due to the dosing of the reactant [W], q̇cool is the cooling flow-rate out

of the reactor [W] and q̇loss is the heat loss from the reactor to the environment [W]. r is

the reaction rate [mol/(l·s)], Vr the volume of the reactive media [l] and ∆rH the reaction

enthalpy [J/mol].

Table 2.2: Parameters for reaction calorimetry

Vessel mixing
Control of the reactor temperature
Reagent additions (gas, liquid or solid)
Distillation apparatus or reflux conditions
Visibility of reactor contents
Measurement of heat flow baseline
Eases to perform measurements
Simulation of plant jacket performance
Possibility to use additional probes
Determination of heat capacity
Determination of global heat transfer coefficient

2.1.2 Overview of the different types of reaction calorimeters

Laboratory reaction calorimeters typically consist of a double-wall reaction vessel with a

volume ranging from 0.1 to 10 litres, and a circulating cooling medium that removes the

heat from the reactor as illustrated in Figure 2.1. Several publications are dedicated to the

principles and the development of different reaction calorimeters that are commercially

available [Karlsen and Villadsen, 1987a; Landau, 1996; Regenass, 1997b]. In reaction

calorimetry four different operational modes can be distinguished by their way controlling

the reaction temperature. Depending on this mode and the measurement principle of the

reaction calorimeter, some terms of Eq. (2.1) are constant or negligible.

In adiabatic mode, the heat flows due to cooling, q̇cool, are prevented. Thus, the sample

accumulates the total heat generated by the reaction. In case of constant mass and heat

capacity, the heat of reaction is proportional to the temperature change of the reactor

content. As the wall of the vessel accumulates also heat, a factor φ, that represents the

potential heat capacity of the vessel, has to be calibrated. Additionally, with this passive
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Tj,out
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compensation 
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Figure 2.1: Classical setup of a double-wall reaction calorimeter.

method, a perfect knowledge of the dynamics of the calorimeter is necessary when used

for kinetic measurements. The reactor temperature, Tr, is often not controlled. Ideal

adiabatic conditions are sorely reached and heat losses can be exactly compensated by

heating elements [Leonhardt and Hugo, 1997].

In isoperibolic mode, the jacket temperature, Tj, is kept constant by using a sufficiently

high flow-rate of the cooling system or a large cooling bath. The heat of reaction increases

the temperature of the sample. The heat flow, q̇cool, is proportional to the temperature

difference between the jacket and the reactor content.

In isothermal mode, the reactor temperature, Tr, is kept constant. The heat released by

the reaction is exchanged with the jacket through the reactor wall with an ideal heat flow.

As in isoperibolic mode, the heat flow, q̇cool, is proportional to the temperature difference

between the jacket and the reactor content.
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In temperature modulation mode, the reactor temperature, Tr, is controlled to follow a

defined temperature profile. Under dynamic conditions, temperature measurements may

deviate and the dynamic behaviour of the system should be properly characterised. In

comparison to the vast and profound literature on Modulated-Temperature Differential

Scanning Calorimetry (MT-DSC), only few studies reported reaction calorimetry under

temperature modulation. Hoffmann et al. [2007] showed that with a linear modulation

of Tr, the Arrhenius frequency factor and activation energy can be determined from one

single experiment only. Monnier et al. [1997] also used a linear cooling profile to compute

a crystal growth from the on-line energy balance. By imposing small temperature oscil-

lations either to the reactor or to the jacket temperature, Carloff et al. [1994] determined

the global heat transfer coefficient, UA, during the course of a polymerisation reaction.

Tietze et al. [1996] improved this method considering the dynamics of the reactor. Further

details for the temperature oscillation method are given in Chapter 4.

Reaction calorimetry aims to measure heat effects appearing during the course of a process,

as the heat released by a reaction, q̇react, the heat of mixing, q̇mix, or the heat due to phase

changes, q̇phase, as shown in Eq. (2.1). There are three common measurement principles

for determining heat in a reaction calorimeter.

In power compensation calorimetry, the temperature of the reactor, Tr, is controlled by

an electrical heater, q̇comp, dipping directly into the reactor content. During the course

of a reaction, the liberated or absorbed heat is compensated by changing the power of

the heater. As the heat of reaction is directly read from the signal of the compensation

heater, no calibration of a heat flow coefficient is needed. However, in case of strong

variation of UA, the baseline of the heater signal has to be corrected mathematically.

Andersen [1966, 1969] and Köhler et al. [1973] presented the first calorimeter using the

principle of compensation heating. The compensation heater was sometimes considered

as an alien in the reaction bulk [Regenass, 1997a], however, nowadays many authors have

used this principle with different applications [Schildknecht, 1981; Singh, 1997; Schlegel

and Lowe, 1998; Pastré et al., 2001; Dobre et al., 2003; Sempere et al., 2003]. Recently,

Schubert et al. [2007] modified a biocalorimeter with the compensation heater principle.

The Auto-Mate [Simms and Singh, 2000] and the Simular [from HEL] [Singh, 1997] are

two commercial calorimeters employing this principle. A high surface area of the heater

is required to prevent a hot spot [Singh, 1997; Zogg, 2003].

Heat flow calorimetry is the most common principle. The reactor temperature, Tr, is

controlled by variation of the jacket temperature, Tj. A high flow rate of the cooling
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liquid is necessary to allow a fast control of the reaction temperature and a homogenous

temperature in the jacket. The temperature homogeneity in the jacket can be improved

with the presence of baffles in the jacket itself to create turbulence in the cooling media

[Garcia-Payo et al., 2002]. The cooling system is mostly considered to be perfectly mixed

and temperature difference between the input and output to be negligible. q̇cool is then

defined as the heat flow through the reactor wall and is calculated from the global heat

transfer coefficient, UA, and the temperature difference between the reactor and the

jacket:

q̇cool = UA(Tr − Tj) (2.3)

This method requires the calibration of the global heat transfer coefficient, UA. De-

tails on the determination of UA are given in Section 2.1.3. The method of heat flow

calorimetry was developed by Martin [1975] and Regenass [1976]. Most of the available

calorimeters apply the heat flow principle, such as the RC1 [from Mettler-Toledo], the

SysCalo [from Systag], and the Simular [from HEL] [Singh, 1997]. Lavanchy et al. [2004]

recently improved a RC1 for supercritical CO2 with a pressure and temperature range up

to 300bar and 350℃. Marison et al. [1998] developed a high sensitivity RC1 for biological

investigations.

Heat balance calorimeters operate similar to the heat flow type. However, q̇cool is defined

by the heat balance over the cooling liquid. Thus the total heat transfer coefficient UA is

then not required to calculate the reaction enthalpy. However, it can be measured online

and used for process scale-up. This is the main advantage of this method but it requires

two antagonistic properties of the flow-rate within the cooling system. On one hand the

flow rate, ṁcool, must be high enough to ensure a fast temperature control and a good

heat transfer through the reactor wall. On the other hand it should be reasonably low

for maximising the difference between the inlet, Tj,in, and outlet, Tj,out, temperatures of

the cooling system. In short, the cooling system is considered similar to a CSTR, i.e.

perfectly mixed with a temperature difference between the input and output:

q̇cool = ṁcoolcp,cool(Tj,out − Tj,in) (2.4)
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The first heat balance calorimeter was proposed by Meeks [1968] and later by Poersch-

panke et al. [1989]. The principle of heat balance is now used in few calorimeters, such as

the SysCalo [from Systag] or the CPA102 [from Chemisens].

Calibration-free real-time measurements of the cooling heat flow are also possible with heat

flow sensors. Haam et al. [1992] and Delaplace et al. [2005] measured local heat transfer

coefficients in litre-scale reactors. The recently available RTCal [from Mettler-Toledo] uses

three heat flow sensors to perform calorimetry online. The CPA202 reaction calorimeter

[from ChemiSens] uses also a heat flow sensor. In comparison to the RTCal, the reactor

temperature in the CPA202 is not controlled by a cooling liquid but by a Peltier element.

The Peltier is located at the bottom of the vessel and compensates for heat effects similarly

to a compensation heater, with the advantage that both heating and cooling is possible.

Becker and Walisch [1965], and later Jansson et al. [1987] developed calorimeters with

Peltier elements. The design of such calorimeters appeared to be very promising but at this

time the working temperature of the Peltier was limited to 90℃ maximum [Karlsen and

Villadsen, 1987a]. Nowadays [Chemisens] commercialised a reaction calorimeter, CPA202

[Widell and Karlsson, 2006], with a temperature range from -50 to 200℃. The CRC

prototype presented by Zogg et al. [2003] used Peltier elements to control the temperature

of an intermediate solid thermostat.

Different measurement principles presented above may be combined, such as the compen-

sation heating and the heat balancing with Peltier elements [Zogg et al., 2003]. Also, most

of the permutations between measurement principle and operational mode can be found in

literature, as shown in Table 2.3. Other reaction calorimeters presenting a totally different

design are also reported in literature. For example, the Differential Reaction Calorime-

ter (DRC) [from Setaram] [André et al., 2002, 2003; Nogent and Le Tacon, 2002, 2003;

Nogent et al., 2005] is based on a twin-reactor system and is working under isoperibolic

conditions. The Lara Coflux system also provides real-time measurements of the heat

released by the reaction without time-consuming baseline calibrations. The system varies

the area of the coolant jacket [Ashe, 2006].

A comparative list of reaction calorimeters that are now commercially available is given

in Table 2.3. The last innovations coming for laboratories are also given.
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Table 2.3: Reaction calorimeters commercially available or described in recent literature

Calorimeter Working
principle

Mode Volume [l] Resolution
[mW/l]

T-range
[℃]

Pmax [bar] Response
time [s]

Manufacturer and
literature

RC MidTemp HF Tr/Tj/TM (0.03) 0.5-2 100-200 -50 to 230 2 50c [Mettler-Toledo]
RC HP HF Tr/Tj/AD 0.5-2 n.a. 300 350 n.a. [Lavanchy et al., 2004]
RTCal HFS Tr 0.5 (2) n.a. n.a. 2 50 [Mettler-Toledo]
Bio RC1 HF Tr 1.8 5-15 28 atm n.a. [Garcia-Payo et al., 2002]
Simular HF (+PC) Tr 0.25-20 250-1000a -80-350 60 (200) n.a. [HEL], [Singh, 1997]
AutoMate LP HF/PC Tra 0.025-0.35 150-2000a -80-300 2 5-10b [HEL]
AutoMate HP HF/PC Tra 0.025- 0.1 500-2000a <250 100 5-10b [HEL], [Simms and Singh,

2000]
PHI-TEC II PC AD 0.1 n.a. <500 138 n.a. [HEL]
CPA202 HFS Tr/Tj/

TM/AD
0.04-0.18 60-250 -50-200 100 50 [Chemisens]

CPA102 HB/HF Tr/Tj/TM 0.04-0.18 300-1000 -20-200 100 15 [Chemisens]
CPA122 HB Tr/Tj/TM 0.3-1.8 50-300 -20-250

(-50-300)
1.5 (100) n.a. [Chemisens]

Bio Reactor PC Tr+Tj 1.8 50 n.a n.a. 120 [Schubert et al., 2007]
CRC.v4 PC+HFP Tr+Tj 0.025-0.045 1000-5000b -20-200 30 4 &15 [Visentin et al., 2004]
Calo 2310 HF (/HB) Tr/Tj/TM 1 100 -40-180 1.6 (60) 90 [Systag]
DRC differential Tj 0.03-0.1

(0.5)
7500 -80-150 atm >120d [Setaram]

aFerguson et al. [2000], bZogg et al. [2004c], cRiesen and Grob [1985] ,dAndré et al. [2003], otherwise, if not specified, values and information as
reported by the manufactures

Working principle: HF=Heat Flow, HB=Heat Balance, PC=Power Compensation, HFP=Heat Flow with Peltier, HFS=Heat Flow with sensor
Mode: Tr = Isothermal, Tj = Isoperibolic, TM = Temperature modulation, AD = Adiabatic
Pmax: Maximum pressure, metal reactors are always used if Pmax>2bar
Symbol: () = optional, / = or, + = combined, n.a. = not available
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2.1.3 Determination of the heat transfer coefficient

The heat of cooling of an agitated vessel, q̇cool, is due to forced convection and depends

on three factors: the temperature difference between the reactor and the jacket, Tr − Tj,
the wetted area, A, and the overall heat transfer coefficient, U .

q̇cool = UA · (Tr − Tj) (2.5)

The double-film approximation considers a stagnant liquid layer covering both sides of

the wall. The thermal resistance, U−1, is then the sum of the resistances through the two

layers and the wall, as given in Eq. (2.6) and illustrated in Figure 2.2.

1

U
=

1

hr
+
dw
λw

+
1

hj
=

1

hr
+

1

φ
(2.6)

Where U is the overall heat transfer coefficient [W/(m2·K)], hr is the heat transfer coeffi-

cient on the reactor side [W/(m2·K)], dw is the thickness of the reactor wall [m], λw is the

heat conductivity of the reactor wall [W/(m·K)], and hj is the heat transfer coefficient on

the jacket side [W/(m2·K)]. φ−1 is the thermal resistance of the apparatus [m2·K/W] and

depends on the type of vessel and on the cooling system.

φ is determined from measured U -values [Bourne et al., 1981; Regenass, 1997b], with a

Wilson plot method as shown in Figure 2.3. As U is dependent on the stirrer speed, n,

while φ is not, the following equation can be written:

1

U
= β · 1

n2/3
+

1

φ
(2.7)

where β is a constant [m2·K·s2/3/W] that depends on the bulk properties, the stirrer and

the reactor size, see Eq. (2.10).

The global heat transfer coefficient is determined with an electrical heater of known elec-

trical resistance [Bourne et al., 1981]. Thus, a defined amount of heat, q̇comp, is introduced

into the reactor. Under isothermal conditions, UA is determined as follows:

UA =

∫
q̇comp · dt∫

(Tr − Tj) · dt
(2.8)
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The heat transfer from the reactor side, hr, can also be approximated by the Nusselt

number. The Nusselt number is a dimensionless correlation that considers conservation of

momentum and energy, including the effect of viscosity. In an agitated vessel, the Nusselt

number, Nu, is correlated to the Reynolds and Prandtl numbers, Re and Pr, as follows:

Nu = C ·Re2/3 · Pr1/3 ·
(
µr
µw

)0.14

(2.9)

where C is a constant depending on the type of stirrer [-], µr is the viscosity of the medium

in the bulk [Pa·s], and µw is the viscosity of the medium at the wall [Pa·s] .

Approximating µw by µr and employing the definition of the Nusselt, Prandtl and Reynolds

numbers into Eq. (2.9) gives:

hr = C · n
2/3 · d4/3

s

dr · g1/3︸ ︷︷ ︸
engineering data

of the reactor

· 3

√
ρ2
r · λ2

r · cp,r · g
µr︸ ︷︷ ︸

physical properties

of the reactor content

(2.10)

where ds is the diameter of the stirrer [m], dr the diameter of the vessel, λr the thermal

conductivity [W/(m·K)], ρr the density [kg/m3], cp,r the specific heat capacity [J/(kg·K)]

of the reactor content, and g the gravitational acceleration [m/s2] . The previous equa-

tion is composed of engineering data of the reactor, that are independent of the reactor

medium, and of physical properties that describe the reactor medium.

The overall heat transfer coefficient U can be calculated during the course of a reaction

from Eq. (2.6), approximating hr from the developed Nusselt Eq. (2.10) and the calibrated

φ value, from the Wilson plot method, Eq. (2.7). This technique for calculating U has

several drawbacks.

• The value of φ is valid for a given temperature at a constant flow rate of the cooling

liquid only. In analogy to hr, hj is depending on the physical properties of the

cooling liquid that are in turn a function of the temperature. With the heat flow

principle, the jacket temperature controls the reactor temperature and consequently

changes during the course of a reaction.
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• The physical properties of the reactor medium are not always available, especially in

case of mixture. During the course of a reaction, it is mostly impossible to determine

accurate values of hr.

With reaction calorimeters using the heat flow principle, UA is required to determine

the heat of reaction. In practice, UA is generally calibrated with an electrical heater,

as shown before in Eq. (2.8). U is affected by changes of properties of the bulk and

the cooling liquid and the heat transfer area A may change for a semi-batch experiment

or with change of the bulk density. Thus, UA is calibrated online before and after the

reaction and then interpolated for the values in-between. The heat transfer area, A, may

be inaccurate [Weisenburger et al., 2007], especially if a vortex is formed. It takes at least

45 min to complete a calibration, baselines included [Kumpinsky, 1996].

Several methods are proposed for the determination of the baseline for heat signal. Carloff

et al. [1994], and later Tietze et al. [1996] showed that temperature oscillation calorime-

try allowed to decouple heat transfer UA from the heat produced by the reaction and

to measure the baseline of the heat signal online. This method was particularly applied

during polymerisation reactions, for which a significant change in UA is expected. Later,

Bou-Diab et al. [2001] improved this method for biological reactions. Temperature oscil-

lation techniques are described in detail in Section 4.2.1, where the method is applied to

determine the heat capacity of the reactor content.

Kalman filtering is a sophisticated mathematical method for determining the heat transfer.

It applies the conservation equations of heat and mass as model equations in order to esti-

mate unknown or time-varying parameters [Bonvin et al., 1989; Krämer and Gesthuisen,

2005]. A large amount of literature is available but this method is preferably used for

large scale reactors [Gesthuisen et al., 2005]. Hence, this method will not be investigated

in this work.

The determination of the heat of cooling, q̇cool, is based on the temperature difference

between the reactor and the jacket. However, Eq. (2.5) is valid under steady-state only.

If the temperature of the jacket decreases to take away the energy released by a reaction,

the heat flow due to cooling will change. Therefore, the temperature profile through the

wall, the reactor and the jacket-side layers, as shown in Figure 2.2, is modified. Heat is

accumulated at the different locations and the heat balance should account for changes

according to time and position.
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Based on the Fourier’s law for one dimension, the solution is given via the following PDE:

δTw(x, t)

δt
=

λw
ρwcp,w

δ2Tw(x, t)

δx2
(2.11)

where Tw is the temperature profile through the reactor wall and x is the location within

the reactor wall, between 0 and its thickness dw. The curvature of the wall is neglected

in Eq. (5.2).

Boundary conditions have to be set to solve the previous equation. Karlsen and Villadsen

[1987b] neglected the heat accumulation in the reactor and jacket-side layers and consid-

ered the heat transfer through them to be always at steady state. In his model, Zaldivar

et al. [1996] used the same approximation but took into account the curvature of the wall

as well as the temperature profile along the height of the reactor.

A rigourous heat flow model of the reactor and jacket-side layers is much more complex

than the model of the wall only. Simultaneous conductive and convective heat transfers

take place in the reactor and in the jacket, and a linear approximation of the temperature

profile is not valid. Therefore, computational fluid dynamics has to be used to model the

heat flow.

In practice, the dynamics of the wall is often ignored [Karlsen and Villadsen, 1987b] and

the heat flow due to cooling is calculated with Eq. (2.5). Nevertheless, the contribution

of the wall to the overall heat balance is larger for small reactor volumes. With the actual

trend of reducing the size of the the vessel, the effect of the wall should not be neglected

anymore. The subject of heat flow modelling of reactor under dynamic conditions is

thoroughly discussed in Chapter 5.

2.2 ATR-IR Spectroscopy

Infrared spectroscopy is one of the most powerful analytical techniques in chemistry.

Infrared radiation covers the electromagnetic spectral region between ultraviolet-visible

(UV-Vis) and microwave range, and is divided in three sub-regions: near IR (14300-

4000cm−1), mid IR (4000-400 cm−1), and far IR (400-10cm−1). The mid-IR region corre-

sponding to the rotational-vibrational molecular energy is mainly used [Silverstein et al.,

1991; Günzler and Gremlich, 1992]. Only the molecular deformations resulting to changes

in the dipolar momentum of the molecule are observable but almost all the chemical
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compounds absorb in this region of the spectra. Each species has a specific absorbance

spectrum and provide unique means for the identification of unknown samples [Silverstein

et al., 1991]. IR techniques are not only useful for qualitative applications but also for

quantitative measurements. According to Lambert-Beer’s law, the absorbance signal, A

is directly proportional to the concentration of a light absorbing species, C, in solution.

If the sample cell has a path-length b, the light intensity is given by:

log
I0

I1

= A = εbC (2.12)

Where I0 and I1 are the light intensities in [W/m2] before and after absorption of the solu-

tion, receptively. ε is the wavelength-dependent molar extinction coefficient in [L/(mol·cm)].

Lambert-Beer’s law is considered to be additive and is therefore well-suited for mixtures

in solution. For a given wavelength, λ:

Aλ =
∑
i

εi,λbCi (2.13)

where Aλ is the total absorbance of a mixture of species, i, at a given wavelength, λ.

Most of the commercial infrared spectrophotometers apply the Fourier Transform (FT)

principle [Günzler and Gremlich, 1992]. FT is based on a two-beam interferometer which

provides very good sensitivity, resolution and time for spectral acquisition. Several books

are specifically dedicated to Fourier Transform spectroscopy [Ferraro and Basile, 1978;

Christy et al., 2001].

Internal reflection spectroscopy (IRS) or attenuated total reflection (ATR) allows to mea-

sure absorbance in a film rather than in a cuvette, as illustrated in Figure 2.4. ATR is

particularly suited for thick or strongly absorbing material. The crystals used in ATR

cells are made from materials that have low solubility in water and a very high refractive

index. Such materials include zinc selenide (ZnSe) or germanium (Ge).

To obtain total internal reflection the angle of the incident radiation θ must exceed a

critical angle θc . The critical angle represents the limit at which the radiation will travel

along the interface and is defined as:

θc = sin−1n2

n1

(2.14)
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Figure 2.4: Internal reflection in an ATR. n1 = Refractive index of the internal reflec-
tion material, n2 = Refractive index of the sample, θ = Angle of incidence,
dp = Depth of penetration in the sample.

where n1 and n2 are the refractive index coefficients of materials 1 and 2, respectively.

The penetration depth of the light in the sample, dp, is defined as the distance required

for the evanescent wave to fall to 37% of its value at the interface. dp equals usually few

micrometers [Schneider et al., 2003] and depends on the angle of incidence, the wavelength,

and the refractive index of the reflecting material and of the sample:

dp =
λ

2πn1

1

(sin2θ − (n2/n1)2]1/2
(2.15)

Harrick [1967] and Mirabella [1993] discussed ATR-FTIR theory in details. ATR-FTIR

found many applications in polymers, biology, industry and environment [Ferraro and

Basile, 1978; Stuart, 2004]. Since few decades, bench FTIR spectrophotometers have

been in daily use in laboratories for kinetic analysis of chemical reactions and a wealth of

scientific literature is available. Pastré et al. [2001] showed a possible use of ATR-FTIR in

a small-scale calorimeter. The simultaneous measurement of heat effects gives important

information about reaction enthalpy and possible heat due to mixing that is not contained

in the IR data.

Most recently, ATR-FTIR showed promising results in three-phase catalysis. Visentin et

al. [2006] studied the three phase palladium-catalysed hydrogenation of aromatic nitro-

compounds. The different reactions were followed simultaneously with IR, calorimetric,
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and hydrogen uptake measurements.

Due to its working principle, ATR-FTIR also allows to provide information about species

absorbed on a surface. It may potentially lead to a significantly progress in heterogeneous

catalysis studies. In a slurry, Mul et al. [2004] claimed to observe intermediate species

adsorbed on the Nafion/silica catalyst particles by simply dropping an ATR-FTIR probe

in the bulk phase. Grunwaldt and Baiker [2005] measured concentration of adsorbed

species. For this, the catalyst particles were immobilised directly at the surface of the

ATR probe. A deeper understanding of heterogeneously catalysed reactions can then be

achieved as with the concentrations measurement in the liquid only. A recent review on

solid-liquid interface spectroscopy is given by Bürgi and Baiker [2006].

In conclusion, ATR-FTIR spectroscopy is easy to apply and gives quantitative and quali-

tative information of reaction mixtures online. So, this technique is well-suited for kinetic

investigations of chemical reactions. However, different limitations of this technique have

to be pointed out.

• Lambert-Beer’s law assumes no intermolecular interaction. The law is limited to

diluted mixtures.

• Molecular vibrations and thus also molar extinction coefficients, ε, depend on tem-

perature. Hence, measurements of IR spectra have to be performed under strict

isothermal conditions. Furusjö et al. [2003] proposed a target testing method for

compensating the absorption peak shifts or baseline drift under non-isothermal con-

ditions. The proposed method does not work if the reactor temperature or if the

temperature-dependent drifts and shifts of the IR spectrum have the same profile

than the concentration of the reactants or products.

• The penetration depth, dp, of the evanescent wave is a function of the refractive

index of the sample, which in turn is affected by the sample density [Schneider

et al., 2003]. The density may change during the course of a reaction, e.g. in a

polymerisation. Additionally, dp is in the range of a few micrometers only; this

increases the signal-to-noise ratio of the measured spectra compared to classical

transmission spectroscopy.

• To reduce the signal-to-noise ratio, the measurement at a single reaction time is

typically averaged over multiple spectra. Typical acquisition times are in the range

of 10 to 60 seconds.
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• The reflecting material strongly absorbs light within a defined region, where other

chemical compounds cannot be observed. For diamond, as used in this work, this

cut-off region is 2250-1950cm−1.

• In heterogeneous catalysis, catalyst particles may settle at the bottom of the vessel,

where the ATR-FTIR is often mounted [Tromp et al., 2007]. Consequently, the

observed reaction rates are biased. This could also occur with viscous mixtures or

if the probe is placed in a dead-zone of mixing.

2.3 Data treatment and kinetics analysis

The previous two sections presented some techniques for calorimetric and IR-spectroscopic

measurements. The core of kinetic investigations is the data treatment of the measure-

ments to obtain the expected kinetic parameters such as the reaction order, the activation

energy and the rate constant.

A general example is given for an irreversible single step reaction by the following:

A+ ... −→ Product (2.16)

The reaction rate, rA, expresses the amount of educt, A, consumed as a function of time

[mol/(l·s)]. In case of a batch reactor, where the volume is constant, the reaction rate is

given by:

rA(t) = −k · Cn
A(t) (2.17)

where k is the rate constant, CA the concentration of the reactant A and n the reaction

order. The reaction parameters k and n can be simply determined by taking the logarithm

of the previous equation [Wright, 2004]:

ln(rA(t)) = n · ln(CA(t)) + ln(−k) (2.18)
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with rA(t) = −dCA
dt

. The previous equation is straightforward, but is limited to simple

reaction models. In reaction kinetic studies, more complex mathematical techniques are

traditionally applied for the determination of the kinetic parameters.

The two next sections present some techniques for the evaluation of the kinetic parameters

from calorimetric and spectroscopic data. The data obtained from these two methods are

of different types. Calorimetry leads to a monovariate dataset (released heat as a function

of time) while spectroscopy gives a multivariate data set (absorbance as a function of

wavelengths and time). Therefore, other methods are applied for the kinetic analysis

from both signals.

2.3.1 Calorimetry

Calorimetry gives direct measurements of the heat effect following a chemical or physical

process. The total heat produced or consumed by the reaction per mole of educt is called

reaction enthalpy, ∆rH, in [J/mol]. ∆rH is given by the integral of the heat of reaction,

q̇react, obtained from the global heat balance, Eq. (2.1).

∆rH =
Qreact

n
=

∫∞
0
q̇react · dt
n

(2.19)

where Qreact is the total heat liberated by the reaction in [J] and n the number of moles

of the reactant [mol]. The total heat released, Qtot, is the sum of any kind of physical and

chemical processes in which heat is absorbed or released during the reaction, including

heat of mixing, q̇mix, heat due to a phase change, q̇phase , and heat of reaction, q̇react. Since

q̇phase and q̇mix are often not available or negligible, Qtot is often used instead of Qreact in

the previous equation. However, for reason of clarity, the term Qreact will further be used.

The thermal conversion, χth, is the fraction of total heat released at time t:

χth(t) =

∫ t
0
q̇react · dt
Qreact

(2.20)

For a single reaction, the thermal conversion, χth, is comparable to the chemical conver-

sion, χch(t) = C0−C(t)
C0

. Thus, the reaction rate is expressed with the reaction heat, q̇react

and with the thermal conversion as follows:
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rA(t) =
q̇react

∆rHVr
= −kCn

A,0(1− χth(t))n (2.21)

Similarly to Eq. (2.18), the reaction rate k and the reaction order n can be obtained by

a straightforward plotting of log(rA) vs log(1 − χth). Another simple approach consists

of integrating Eq. (2.21) for a given reaction order, for example n=1 for a first order

reaction, and minimizing the following equation by non-linear least-squares optimization

to obtain k:

min
k

{[
χth(t)− (1− e−kt)

]2
}

(2.22)

Instead of the above so-called integral method [Coker, 2001], the reaction model can be

represented by a set of ordinary differential equations (ODEs). Thus, this approach allows

to model parallel or consecutive reactions, and also possible physical processes such as

change of reaction volume, mass transfer or dosing. Often, the ODE system can not

be solved analytically and numerical methods should be applied [Butcher, 2003]. The

reaction model parameters can be rate constantes, activation energies, reactions orders,

or mass or heat transfer coefficients. All the parameters can theoretically be determined

with the following non-linear least-squares optimization [Zogg et al., 2004c]:

min
θ1,...,Np ,∆rH1,...,NR

{[
q̇reac(t)−

NR∑
j=1

Vr(t)(−∆rHj)rj(t, θ1,...,Np)
]2
}

(2.23)

where θ1,...,Np are the unknown model parameters, Np the number of model parameter,

∆rHj the jth reaction enthalpy [J/mol], NR the number of reactions, rj the jth reaction

rate [mol/(l·s)]. The rates of the reactions are defined by appropriate differential equa-

tions describing the model. The previous equation is given as general as possible. The

number of model parameters, Np, may be reduced by possible approximation, by previous

investigations, or by simple deduction. A detail comparaison of evaluation methods is

given by Zogg et al. [2004c] for isothermal calorimetric reaction data.

2.3.2 Spectroscopy

Spectroscopy measurements result in multivariante absorption data. The absorbances

are given for multiple wavelengths as a function of time. According to Beer-Lamber’s
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law, at each wavelength, λ, the total absorbance is given by the sum of the individual

contributions:

A(t, λ) = C1(t, λ) · ε′1(λ) + C2(t, λ) · ε′2(λ) + · · ·+ CNs(t, λ) · ε′Ns(λ)

=
Ns∑
i=1

Ci(t) · ε′i(λ)
(2.24)

where Ns is the number of species, C1,...,Ns the corresponding concentrations, and ε′1,...,Ns
are proportionality constants that combine the path length, b, and the molar extinction

coefficients, εi, in Eq. (2.13).

Generally, the previous equation is conveniently written in matrix notation:

A(Nt ×Nλ) = C(Nt ×Ns)× E(Ns ×Nλ) (2.25)

where Nt is the number of sampling times and Nλ the number of wavelengths.

Traditionally, the concentration profiles have been determined from Eq. (2.25) with cal-

ibrated values of ε′ (or E). These profiles are then directly used in an algebraic kinetic

equation, e.g. as in Eq. (2.17). The model parameters can also be directly determined

with the following non-linear least-squares optimisation similarly to Eq. (2.23):

min
θ1,...,Np

[
Ameas(t)−Ccalc(t, θ1,...,Np)× Ecalib

]2

(2.26)

where Ameas is the matrix of measured absorbances and Ccalc is the matrix of concentra-

tions calculated from the model. Np is the number of model parameters.

The drawback of this procedure is the determination of Ecalib. Calibrations require indi-

vidual measurements at several concentrations and temperatures for all species, including

products and intermediates. The intermediates are not always stable and/or accessible.

Without calibration, E can be treated as model parameters. If the degree of freedom of

the model is too high, the optimization procedure cannot be applied. Thus, alternative

methods have been developed.

In a Single peak evaluation [Leblond et al., 1998; Am Ende et al., 1999; Ubrich et al.,

1999; Svensson et al., 1999; Pastré et al., 2001], the absorbances at specific wavelengths
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are considered to contribute to a single species only. Therefore, the number of model

parameters is dramatically decreased and the set of ODEs is solvable. No calibration is

required, but this method is frequently not applicable as absorbance peaks are often not

due to one single species.

Model-free data analysis, or often called Soft-Modelling, permits estimation of concentra-

tion profiles solely based on the applicability of Beer’s law for bilinear data set, without

any knowledge of the reaction model. This method is based on the reduction in dimen-

sionality of the bilinear data set and is therefore not applicable to calorimetric data.

Most methods employ some factorisation into smaller data matrices and for this many

Factor Analysis (FA) techniques have been developed [Malinowski, 2002]. Amongst them,

Principal Component Analysis (PCA) [Jolliffe, 2002], Evolving Factor Analysis (EFA)

[Maeder and Neuhold, 2007], or Alternative Least Squares (ALS) [Tauler and de Juan,

2006] are often applied to obtain information such as the number of reacting species, or

crude reaction profiles.

The Model-based analysis, or so-called Hard-Modelling, permits identifications of model

parameters. This requires some knowledge and intuition to establish the ”most correct”

model. The model is expressed as a set of ODE, which combined linear parameters

(i.e absobance coefficient) and non-linear parameters (i.e rate constant). Maeder and

Zuberbühler [1990] presented the pioneering work for the non-linear least-squares fitting

of spectroscopic data in order to elucidate complex chemical reactions. Sometimes genetic

algorithms are also used to solve the optimization problems in the field of kinetic parameter

estimation [Maeder et al., 2004]. Recently, Puxty et al. [2006b] published a tutorial on

the fitting of kinetics models with multivariante spectroscopic data.

Soft- and Hard-Modelling approaches are often complementary [Dyson et al., 2000]. While

Soft-Modelling gives an initial idea of the number of compounds and the course of the

reaction, Hard-Modelling permits usually mathematical robustness for the determination

of kinetic parameters. A detailed methodology of Model-free and Model-based data anal-

ysis, including principal component analysis, factor analysis, least-squares and regression

methods applied to chemical systems has been released by Maeder and Neuhold [2007].
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2.3.3 Combined calorimetry and spectroscopy

In the two previous sections, techniques for the individual evaluation of calorimetric and

spectroscopic data were introduced. Puxty et al. [2005] modelled the batch reaction of

salicylic acid with acetic anhydride to form acetylsalicylic acid under non-isothermal con-

ditions. A robust convergence was observed when fitting simultaneously calorimetry and

UV-spectroscopic data to the model. However, when two (or more) completely different

measurement data sets are combined into one single objective function, robust convergence

is often not guaranteed and a weighting procedure is required:

min
θ1,...,Np


Wq · min

∆rH1,...,NR

[
q̇reac(t)−

NR∑
j=1

Vr(t)(−∆rHj)rj(t, θ1,...,Np)
]2

+WIR ·min
E

[
Ameas(t)−Ccalc(t, θ1,...,Np)× E

]2

 (2.27)

where Wq and WIR are the weighting factors of the calorimetric and spectroscopic mea-

surements, respectively. The weighting factors give the importance of the different sums

of squares of the residuals, ssqq and ssqIR for the calorimetric and spectroscopic data,

respectively:

ssqq =

Nq∑
i=1

r2
i and ssqIR =

NA∑
i=1

Nλ∑
j=1

R2
i,j (2.28)

where ri and Ri,j are the residuals when the model is fitted with the calorimetric and

spectroscopic data, respectively. The criteria for the weighting factors are often arbitrary,

because the user is asked to define which data set is the ”best” and should therefore have

the larger weight.

Zogg et al. [2004b] developed an automatic sensitivity analysis for the determination of

the weighting factor, Wq and WIR. His three-step procedure calculates initially the ssq

of each data set, when the reaction parameters are optimized individually, as given in

Eqs. (2.23) and (2.26). A sensitivity analysis on the individual ssq gives a first set of

weighting. A second sensitivity analysis on the ssq is then applied from the combined

optimization, Eq. (2.27). The method was applied to a simple reaction, the hydrolysis
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of acetic anhydride [Zogg et al., 2004b], and to the consecutive epoxidation of 2,5-ditert-

butyl-1,4-benzoquinone with tert-butyl hydrogen peroxide [Zogg et al., 2004a].

With a Pareto optimal selection, Gianoli et al. [2007] proposed an alternative to the

weighting factors. The Pareto ranking results in a set of optimal solutions. Combined

with a multi-criteria objective function, this algorithm has been successfully applied to

the evaluation of an epoxidation reaction, simultaneously with calorimetric and infrared

data.

2.4 Assessment of thermal risk

The thermal risk of a chemical reaction is directly related to the amount of heat released

by the desired reaction and by a possible decomposition. Reactions showing safety issues

should be detected during the early phases of process development, where flexibility for

new synthesis routes is still high. Although systematic procedures for thermal risk as-

sessment are well-established [Stoessel, 1993; Keller et al., 1997; Westerterp and Molga,

2006], many accidents in chemical industry due to runaway still append and lead often

to severe injuries [Sales et al., 2007]. The assessment of the thermal risk as presented by

Stoessel [1993] consists of three steps: the build-up of a runaway scenario, as shown in

Figure 2.5, the assessment of the criteria of severity and probability, see Table 2.4, and

the selection of the right classes of scenarios (not shown here, see Stoessel [1993]).

The runaway scenario assumes a possible breakdown in the cooling system of the reactor

during chemical synthesis. Several reasons may cause the cooling system to fail: e.g., the

circulating system of the cooling medium is defect (pump, leakage, fouling, ...), the stirrer

system is inefficient (motor or stirrer), or the heat resistance at the reactor wall increases

(fouling, crystallisation at the wall, ...). During the cooling breakdown, the total heat

transfer coefficient decreases, at least, by a factor of 10. Therefore, in case of exothermic

reactions, the temperature inside the reactor rises. According to Arrhenius’ law, as the

reaction temperature increases, the reaction rate also increases, the reactor temperature

increases even more, and so on, leading to the thermal runaway.

To build-up a thermal runaway scenario investigations are usually performed under isother-

mal conditions with a reaction calorimeter for the main reaction, and with a DSC for the

decomposition reaction.
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Main reaction

The temperature increase, ∆T synthad , due to the main reaction, or synthesis reaction, is

calculated from Eq. (2.29). The worst-case scenario assumes the reactor to be adiabatic.

Thus, the reaction mass accumulates the total heat released by the reaction.

∆T synthad =
∆rH

synth

cp
(2.29)

where ∆rH
synth is the reaction enthalpy of the synthesis reaction in [J/mol] and cp is the

specific heat capacity of the reaction mass in [J/(K·mol)].

The maximum temperature reached by the synthesised reaction (MTSR) depends on the

process temperature, Tp, and on the degree of thermal conversion, χth, when the cooling

failure appears. MTSR is calculated as follows:

MTSR = Tp + (1− χth) ·∆T synthad (2.30)

MTSR is maximum when thermal conversion is zero, as it is at the beginning of a batch

reaction. The runaway of the synthesis reaction is then followed by the decomposition

reaction.

Decomposition reaction

Due to the large amount of heat generally released by a decomposition reaction, thermal

investigations are often performed with a Differential Scanning Calorimeter (DSC). The

enthalpy of the decomposition reaction is measured under a temperature ramp profile.

Similarly to Eq. (2.29), the temperature increase due to the decomposition reaction is

calculated as follows:

∆T decad =
∆rH

dec

cp
(2.31)

where ∆rH
dec is the reaction enthalpy of the decomposition reaction in [J/mol].

The time to maximum rate, TMRad, characterises the reaction time of the decomposition

and represents the probability of occurrence of a runaway, see Table 2.4. In industry, a
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larger TMRad will give more time for the plant operators to avoid a runaway by apply-

ing the corresponding emergency operations (cooling the reactor with auxiliary system,

quenching of the reaction, ...). Therefore a larger time corresponds to a safer process. Ac-

cording to the adiabatic heat balance of the decomposition reaction, TMRad is calculated

with the following equation, where the decomposition is approximated by a zero order

reaction:

TMRad =
Cp ·R · T 2

0

q̇react · Edec
a

(2.32)

where R is the ideal gas constant [J/(mol·K)], q̇react is the heat released by the decom-

position [W], T0 is the temperature at which the decomposition ”starts” [K], and Edec
a

is the activation energy of the decomposition reaction [J/mol]. Edec
a is determined from

an Arrhenius plot with a set of thermograms of the reaction at different temperatures.

Finally, a runaway scenario shown in Figure 2.5 can be built-up from Eqs. (2.29) to (2.32).

The interpretation of the thermogram requires however some knowledge about the chem-

istry. For example, reactions showing auto-catalytic behaviour may lead to a wrong safety

characterisation and a special estimation method should be applied [Dien et al., 1994].

Phase change may also complicate the interpretation of the thermogram.

Table 2.4: Criteria for the assessment of severity and probability, from [Stoessel, 1993]

Criteria Severity Probability
High ∆Tad >200℃ TMRad <8h
Medium 50℃< ∆Tad <200℃ 8h < TMRad < 24h
Low ∆Tad <50℃ TMRad > 24h

The criteria for the assessment of severity and the probability of a chemical reaction, ∆Tad

and TMRad as given in Table 2.4, are directly correlated to the value of the heat capacity

of the reactor content, cp. Possible issues regarding process safety can be predicted only

with knowledge of cp value.
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Figure 2.5: Schematic representation of a runaway scenario with χth=0 (batch sce-
nario).
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The New Reaction Calorimeter

3.1 History

The project ”CRC” (for Combined Reaction Calorimeter) started in the late 90’s. The

initial goal was to build a small-scale reaction calorimeter for the determination of kinetic

and thermodynamic parameters needed for the optimisation of operating conditions of

chemical processes. The challenge was to simultaneously measure online IR spectra and

the calorimetric signal in a low volume (50ml) vessel. The experiments were carried under

strictly isothermal conditions due to the dependence of IR signal to temperature.

The first CRC prototype was developed by Pastré [2000]. The next generations of

CRCs were designed successively by Zogg et al. [2003](CRC.v3) and Visentin et al.

[2004](CRC.v4). From the beginning, the power compensation principle was chosen as

the optimal control of the reaction temperature. It allowed to keep the reaction mass

under quasi-isothermal conditions even during fast and highly exothermic reactions, such

as the neutralisation of sodium hydroxide by sulphuric acid or the hydrolysis of acetic

anhydride.

During the development of the first four generations, the system was subject to a total

redesign of the jacket. Initially, a traditional double glass vessel was used [Pastré et al.,

2001]. Then an intermediate copper thermostat with thermoelectrically controlled tem-

perature was preferred to the glass. The thermoelectric elements allowed to measure the

baseline for the heat signal without calibration [Zogg et al., 2003]. The reactor vessel

31
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was integrated directly into the copper block and coated with Teflon for chemical protec-

tion. The next generation, CRC.v4, included a new design of the surrounding: the copper

block was hexagonally shaped with six Peltier elements on the sides. A new IR-probe,

manufactured by ASI Applied System, allowed the sensor to be mounted directly at the

bottom of the reaction vessel and not as previously at its side. The reactor vessel was now

made of Hastelloy and removable. Additionally, the working pressure of the CRC.v4 was

increased up to 30 bar. The combined principle of power-compensation and heat balance

is patented [Zogg et al., 2000] and is now under investigation for commercialisation.

3.2 Requirements

The calorimeter is employed for the determination of chemical reaction parameters in a

wide range of applications for chemical and life-science oriented industries. It should cover

a large range of temperature and pressure but should also give the possibility to follow

the chemistry online with different types of in-situ sensors.

Several characteristics of the last prototype CRC.v4 from Visentin et al. [2004] are sat-

isfactory and are not aimed to be improved. In the present new version, CRC.v5, a

particular effort is given to the improvement of the lid. The following requirements are

aimed:

• Volume of 25 to 50ml*

• Maximum working pressure increased from 30 to 60bar

• Temperature of -50℃ to 200℃

• All parts in contact with the reaction medium are made of Hastelloy or Teflon*

• FTIR-ATR measurement at the bottom*

• Eight connectors on the lid*

• 50% reduction of heat loss by an actively temperature controlled lid

• 50% reduction of time to reach steady-state by an actively temperature controller

cover.
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• Ability to follow a reaction online simultaneously with two additional sensors (e.g.

UV-Vis, pH)

• Isothermal mode (Reactor temperature deviation < 0.5K/(kW/l))*

• Calibration-free heat balance*

• Accuracy:

– detection limit: 5% of ∆rH*

– maximum reaction rate: 3kW/l*

– Relative error on the determination of ∆rH: <10%*

* same as previous version, CRC.v4 [Visentin, 2005]

3.3 Design

The overall design of the reactor is similar to the previous version CRC.v4 [Visentin,

2005]. As shown in Figure 3.1, the reactor is composed of a vessel with an integrated IR

probe at the bottom, a cover with 8 inserts, and a hexagonal copper surrounding. Details

are given in the next sections.

3.3.1 Reactor vessel

The reactor vessel is made of Hastelloy C-22. The working volume is 25 to 50ml. Despite

the small volume of the vessel, an ATR-FTIR probe is mounted at its bottom. Further

details of the IR system are given in Section 3.4.

A pitched-four-blade turbine is used as mixer element. The stirrer is coupled to the stirrer

engine with a magnetic coupling system similar to the previous version [Visentin, 2005]. A

magnetic rather than mechanical coupling is necessary to maintain the reactor pressure-

proof at high pressure. To assure a good mixing and minimise vortex formation, four

baffles have been installed inside the vessel. The baffles are made of Teflon, with a core

in stainless steel for mechanical reasons.
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Stirrer engine
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ATR-FTIR Probe

Tpelt

Tpelt 

Heat-flow sensor

Lid, Teflon

Tcover

up

down

Figure 3.1: Scheme of the small-scale reaction calorimeter, CRC.v5. The temperature
sensors are given as Tr for the reactor temperature, Tj for the jacket
temperature, T downpelt for the Peltier temperature at the cooler side, T uppelt
for the Peltier temperature at the jacket side, and Tcover for the cover
temperature. External insulation is not shown.

3.3.2 Compensation heating

Compensation heating is based on the same principle as in the previous versions of the

CRCs [Pastré, 2000; Zogg, 2003; Visentin, 2005]. The heater is composed of an active

part, called hot, that dips into the reaction mixture, and a passive part, called cold, that

supports the hot part, see Figure 3.2. The hot part is comprised of a K type thermocouple

[from Tempco] with a sheath in Hastelloy C-276, 203mm in length and 1mm in diameter.

The electrical resistance of the heater is approximately 7.6Ω. The cold part is made of

2 Hastelloy C-22 tubes, of which one is bended at 35 degree to fit into the reactor. The

cold and the hot parts are soldered by laser technology with Al2O3 powder.
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Figure 3.2: CRC.v5, Construction of the compensation heater. Left: non-shaped,
Right: Spiral-shaped.

3.3.3 Lid and connectors

The lid is subject to major improvements compared to the previous versions of the reactor.

The problem with small-scale reactors is usually the lack of flexibility for using auxiliary

probes due to the space available on the lid. As examples, the Multimax [from Mettler-

Toledo] and the CPA202 [from Chemisens] have both 250ml reaction vessels with only

five ports on the lid. The lid of the CRC.v5 is designed for eight ports: six with 4.5mm

diameter, and two with 1/4” (6.35mm) diameter for optional sensors. The ports are

drilled in diagonal directions in order to deviate the probes from the stirrer axis. Thus,

the probes may dip into the reactor content, even at only 25ml of reaction volume. The

eight connectors of the lid are described in Figure 3.3 and Table 3.1.

A type K thermocouple of 1mm diameter, is inserted into a small hole on the lid, in the

Hastelloy part, for the temperature measurement of the cover, Tcover.

The lid is designed to have a minimum heat capacity. Simultaneously, it should provide

a good mechanical stability and be chemically inert. Therefore the cover is made of two

parts. The external part, made of Hastelloy C-22, assures mechanical stability. All the

threads for the connectors as well as the stirrer and the four screws used to close the

reactor are built in this part. The internal part, made of Teflon, has a good chemical

resistance. The volumetric heat capacity is about two time lower for the Teflon than
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Table 3.1: CRC.v5: Description of the cover connectors

Connector Description
Thermocouple for measuring the reactor temperature, Tr.

The type K thermocouple has a diameter of
1mm, is made of Hastelloy C-276, and
manufactured by Tempco.

Compensation heater for controlling the reactor temperature, see
Section 3.3.2

Safety valve The safety valve is programmed to
electrically open as a threshold pressure is
reached, see Section 3.3.6.

Feed or auxiliary probe (2x) For any probe, such as UV-Vis, pH,
endoscope, or additional IR with diameter
up to 1/4”.

Feed for dosing gases and liquids with a PEEK
capillary (OD:1/16” ID:0.75mm ). The
dosing temperature is measured by a thin
thermocouple Type T (OD: 0.41mm), with
a Teflon sheath inserted directly into the
feed capillary. The thermocouple (IT-21)
has a time constant of 0.08s and is provided
by Physitemp.

Pressure sensor for monitoring the pressure in the reactor,
see Section 3.3.6

Rupture disk For a mechanical opening of the reactor in
case of over-pressure, see Section 3.3.6
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Thermocouple, Tr

Compensation
heater

Safety valve

Feed or probe 1/4”

Rupture disk

Feed, endoscope 
or probe 1/4”

Pressure sensor

Feed

Screws

Thermocouple, Tcover

Figure 3.3: CRC.v5, Connections and sensors in the cover, top view.

for Hastelloy. The thermal conductivity of Teflon is also low and reduces the heat loss

through the lid.

With the previous version of the reactor [Visentin, 2005], heat losses of about 10W were

observed when the reactor operated at 100℃. This represents a significant amount of heat

loss to be calibrated (e.g. corresponding to one half of the maximum heat released by the

hydrolysis of acetic anhydride at 55℃). Therefore, an electrical heater was integrated into

the lid, between the two parts, as shown in Figure 3.4. The aim is to reduce the heat loss

at least by 50%.

Furthermore, as the total heat capacity of the cover is about 440J/K, the time to reach

thermal equilibrium is important, especially at elevated temperature. With this, it has

usually not been possible to perform more than one single experiment per day. So, the

second aim of the lid heater is to decrease the time-to-steady-state, with a thermal activa-

tion of the cover. The heating element is placed in a groove in the metal part. A socket at

the side of the lid permits the connection with an external power supply, see Figure 3.4.
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Eletrical heater

External part in Hastelloy

Internal part in Teflon

Closing ring in Hastelloy

Connection socket

Figure 3.4: CRC.v5: Design of the lid with electrical heater. The resistance of the
heater is about 4.5Ω. The closing ring is used to hold the internal and
external parts together.

3.3.4 Solid state thermostat

The surrounding of the reaction vessel and the cooling system is one of the most innovative

and important parts of the CRCs. The design and the material of the jacket must reach

several objectives. Thermally, the dynamics of the jacket should allow a fast response

for compensating the change of the global heat transfer and for keeping a temperature

homogeneity in the reactor wall. Mechanically, the jacket should support the cover via

the four connecting screws (see Figure 3.3). Chemically, the jacket should be resistant to

chemicals that may be spilled on it during the loading and cleaning, when the reactor is

opened.

According to the previous versions of the reactor [Zogg, 2003; Visentin, 2005], copper

was selected as the best material. Copper has one of the highest ratios between heat

conductivity and heat capacity, when compared to other metals such as aluminium, stain-

less steel, or titanium [Zogg, 2003]. Additionally, copper has good mechanical properties,

which is important during the fabrication of the reactor and for the pressure resistance

(see Apendix F.1).
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The shape of the surrounding was kept hexagonal as with the previous version. This

shape allows to install symmetrically six Peltier elements. The volume of the surrounding

was slightly reduced to improve the dynamics and to minimise the heat loss at the sides

of the surrounding, due to the uncovered areas (see also Section 3.5.3).

To prevent corrosion, the copper jacket was gilded chemically with 4-8 µm of nickel and

with 10-15 µm of pure gold.

Copper jacket

Coolers

Heat-flow sensors

Reaction vessel

Silicon tubing

Peltier elements

Figure 3.5: CRC.v5: Design of the copper jacket with the cooling system.

3.3.5 Cooling system

The cooling system is constructed with a multilayer layout. Peltier elements (model HT

6-12-40-T2, from Melcor) are placed at each face of the hexagonal copper block to control

the jacket temperature. Peltier elements are thermoelectrical devices using the Seebeck1

effect that appears at the junction of two semiconductors. When a current is applied

at the terminals of the device, heat is carried through it. The Peltier elements can be

1Seebeck and Peltier effects are practically similar. The applications are inverse: As the Seebeck
effect is generally used with thermocouples, when a potential is measured to determine a temperature,
the Peltier effect is used with thermoelectrical devices, when a current is applied to absorb heat at the
junction.
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employed either for cooling or heating, depending on the direction of the applied current.

The heat pumped through the Peltier elements is then carried out of the system by a set of

coolers. The coolers are interconnected with silicon tubing and also to a cryostat. As the

Peltier elements work in both directions (e.g. cooling and heating), a positive or negative

temperature difference between the cryostat and the jacket is possible. With the model

used in this work, a difference up to ± 60℃ is allowed. However, as shown by Zogg [2003],

the efficiency of the Peltier elements is inversely proportional to the temperature gradient

between both sides of the device. Therefore, to ensure a good temperature control of the

jacket, this difference should not exceed 30℃. The cryostat used in this work (P1-C50P,

from Haake) covers a temperature range from -40 to 150℃. The temperature range of the

reactor is also limited by the mechanical stress on the different parts of the system, e.g.

on the O-rings (see Appendix F.2), especially at low temperature.

The design of the cooling system, as shown in Figure 3.5, allows a thermal dilatation

without creating air gaps between the different layers. Air gaps would decrease the thermal

contact between all the elements of the cooling system and reduce its efficiency.

Instead of the traditional heat balance over the Peltier elements [Zogg, 2003; Visentin,

2005], heat flow sensors [from Captec] were used to measure the heat of cooling. More

details about the measurement with Peltier and heat flow sensors are given in Section 3.5.1,

and a detailed comparison can be found in Appendix B.2.

3.3.6 Pressure equipment

The reactor is designed to work up to 60bar. The pressure in the reactor is directly

monitored by a pressure sensor (HEM-375TM-70Bar A, from Kulite) fixed on the lid.

To provide gas at high pressure, two 150ml reservoirs are used, as shown in Figure 3.6. The

pressure in the reservoir is measured by a digital manometer (Leo 3, 300bar). The pressure

in the reactor is regulated online by a pressure controller from Brooker. To increase the

quality of the pressure regulation, a pressure reducer is placed just before the pressure

controller. Therefore, the pressure difference between the inlet and the outlet of the

pressure controller never exceeds 60bar (in comparison to 250bar without the reduction).

For safety reasons, each high-pressure reservoir is equipped with a relief valve. The tubing

is made of PEEK where the pressure cannot exceed 60bar and of stainless steel for higher

pressure.
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Reservoir 
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Opening valve

Pressure sensor

6-way valve

Reactor

Pressure 
sensor
Safety valve

Pressure controllerPressure reduction

Relief valve

Rupture disc

Figure 3.6: Gas handling and maximum pressure allowed in the system.

The over-pressure in the reactor is prevented by an electronic safety valve, that is con-

nected to the pressure sensor. Additionally, a rupture disc made of Hastelloy [from Sitec]

is installed on the lid.

3.4 ATR-FTIR Measurement

A full system for measuring IR spectra is set up. This is composed of a Di-Comp detector,

a ReactIR 4000 spectrophotometer, running with the software ReactIR 3.0, and a K-

4 mirror system, that provides a purged path for the infrared beam to travel to the

spectrophotometer and back to the detector. The whole ATR-FTIR equipment is provided

by Mettler-Toledo.

The detector is located at the bottom of the reactor, as shown in Figure 3.7, that makes

the vessel exchangeable. When compared to IR-detectors equipped with optical fibres, the

system used in this work shows many advantages. The detector has a maximal pressure

of 103bar and a temperature range of -80 to 200℃2. The detector at the bottom has a

2In comparison: optical fibre from Mettler-Toledo: 120℃ and 7bar
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Kalrez O-ring
Reaction vessel

IR sensor

Hastelloy 
support

IR in IR out

Hastelloy 
support
Hastelloy 
support

ZnSe sensor

Supporting 
element

Figure 3.7: Left: Reaction vessel with the ATR-IR detector at the bottom, Right:
Di-Comp ATR-IR detector with ZnSe crystal.

larger reflexion surface, which decreases the signal-to-noise ratio. Finally, one insert on

the lid stays free for an other possible probe.

3.5 Measuring with the CRC.v5

3.5.1 Heat balance

As already shown in Section 2.1.1 with Eq. (2.1), the global heat balance of a reaction

calorimeter and its perfectly mixed content is given by:

q̇acc = q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos − q̇cool − q̇loss (3.1)

where the term of heat accumulation, q̇acc, is given by the following:

q̇acc =
∑
k

Cp,k
dTk
dt

(3.2)

Cp indicates the total heat capacity in [J/K]. The index k stands for the individual contri-

bution of each part of the reactor that is subject to a temperature change. This includes

the reactor medium, the inserts in the reactor (e.g. stirrer and sensors), the reactor wall,

and the jacket. The individual contributions are rarely measurable because it requires one
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temperature sensor per individual ”contributor” k. The maximum number of contributors

is reduced to the number of temperature measurements at the different locations. Further

details are given in Chapters 4 and 5, where the reactor is used under dynamic conditions.

qdos

qcomp

qreact

qloss

qcool

qlid

qflow

Figure 3.8: Heat balance of the CRC.v5 under isothermal conditions. The combined
heat balance principles permit the separation of the inner heat balance
(black line) over the reaction vessel and the outer heat balance (grey line)
over the intermediate thermostat. q̇stirr, q̇mix and q̇phase are not shown.

For the determination of kinetic parameters, reactions are usually run under isothermal

conditions. Thus, heat accumulation is neglected. The heat balance of the reactor is based

on the combined principles of compensation heating and heat balance and, as shown in

Figure 3.8, allows to separate the heat balance into an inner and an outer part. The inner

heat balance is given by the balance over the reactor vessel as follows:

q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos = q̇flow + q̇lid (3.3)

q̇flow is the heat through the reactor wall [W] given by UA · (Tr − Tj), cf. Section 2.1.1.

q̇lid is the heat flow from the reactor to the jacket through the lid, the bottom and the

dry section of the reactor vessel [W].
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The outer heat balance is the balance over the jacket, given by:

q̇flow + q̇lid = q̇loss + q̇cool (3.4)

By combining the two previous equations, the terms q̇flow and q̇lid cancel:

q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos = q̇cool + q̇loss (3.5)

q̇cool can be determined either by the Peltier elements or by the heat flow sensors. The

determination of q̇cool with Peltiers was used with the previous versions of the reactor

[Zogg, 2003; Visentin, 2005] and for few measurements in this work, before the installation

of the heat flow sensors. The heat balance over the Peltier elements is composed of three

terms [Huang et al., 2000], as follows:

q̇cool = q̇pelt − q̇ohm + q̇losspelt (3.6)

where q̇pelt is the heat pumped through the Peltier, q̇ohm is the heat released in the Peltier

by the Joule effect, and q̇losspelt is the heat flow due to conduction from one to the other side

of the Peltier, given respectively by:

q̇pelt = α · Ipelt · T uppelt (3.7)

q̇ohm =
1

2
·R · I2

pelt (3.8)

q̇losspelt = κ · (T uppelt − T
down
pelt ) (3.9)

Ipelt in [A] is the current through the Peltier (the current is positive during cooling). α

is the Seebeck coefficient in [V/K]. R is the electrical resistance of the Peltier, in [Ω]. κ

is the heat conduction coefficient in [W/K]. T uppelt and T downpelt are the temperatures at the

side of the Peltier elements on the jacket and the cooler positions, respectively, as shown

in Figure 3.1.



3.5 Measuring with the CRC.v5 45

α, R, and κ coefficients depend on the temperature and are calibrated by the manufac-

turer. However, the values measured by Zogg [2003] and Visentin [2005] have shown up

to 15% discrepancies when compared to the corresponding data from the manufacturer.

Additionally, manufacturer’s data are available at 25 and 50℃, only. Therefore a calibra-

tion procedure, proposed by Huang et al. [2000], is used for the determination of α, R,

and κ. Details of the calibration are given in Appendix B.1

The new design of the reactor developed in this study integrated heat flow sensors between

the Peltier elements and the jacket. The measurements with the heat flow sensors are more

sensitive than with Peltiers, especially as the measurement of q̇cool is directly proportional

to the voltage measured at the terminal of the sensors, Eq. (3.10). A detailed analysis

can be found in Appendix B.2.

q̇cool =
Ahf · Uhf

s
(3.10)

with s being the sensitivity3 in [V/(W/cm2)], Ahf is the area of the sensor in [cm2], and

Uhf is the voltage of the heat flow sensor [V]. s has been calibrated independently for the

six heat flow sensors, see Appendix B.2.

q̇cool was determined with the Peltier elements for all the measurements concerning the

hydrolysis of acetic anhydride, in Section 3.6.3, and the determination of the total heat

capacity, in Chapter 4. q̇cool determined with heat flow sensors was used for the modelling

of the heat flow in Chapter 5.

3.5.2 Data acquisition and reactor control

The entire reactor system is controlled by a software programmed with Labview 7.5 (from

National Instruments) running on a 3.40GHz Pentium 4 personal computer. The IR

spectra are independently acquired on a second 1.70GHz Pentium 4 computer using the

ReactIR 3.0 software provided by Mettler-Toledo.

The sampling rate of the data acquisition and the subsequent update of the output chan-

nels is 10Hz. A complete list of the input and output channels and the corresponding

filtering parameter is available in Appendix A.5. The peripheries, such as the cryostat

3The term ”sensitivity” is defined as the slope of the calibration curve and not as the detection limit,
according to the IUPAC nomenclature [Wadsö and Goldberg, 2001]
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are controlled via communications ports. A complete list of peripheries is given in Ap-

pendix A.

The reactor, the jacket, and the cover are controlled by the software via independent

PIDs. The three PIDs are tuned by the well-known Ziegler-Nichols method [Ziegler and

Nichols, 1942; Burns, 2001]. The temperatures Tr, Tj, and Tcover are also filtered by a

simple moving average method to avoid control fluctuations. The PID and filter settings

can be found in Appendix C. For the cryostat, the temperature controller is built into the

cryostat itself.

According to the method developed by Zogg [2003], during a reaction, different PID

settings for the temperature reactor controller are used. When no reaction takes place, a

”slow” PID is used for the measurement of the baseline of q̇comp. Then 6 seconds before

the start of the dosing until 10 seconds after the start of the dosing, a ”fast” PID control

is used. The same sequence is applied at the end of the dosing. During the dosing period

and during the reaction phase after the dosing, a ”medium” PID is used. An unique set

of PID is used for the control of the jacket temperature, as well as for the cover.

The heating system of the lid is working with a digital mode, i.e. the voltage of the heater

is either 0V or 10V. The controller uses a pulse-train (or pulse-width modulation) power

source. The duty cycle, D in [%], is defined as the ratio between the duration T [s] when

the function is non-zero and the period of modulation, τ in [s], which is set to 0.1s. The

value of the duty cycle is the output value of the corresponding PID controller.

D =
T

τ
(3.11)

The final data are calculated with the Matlab software [from MathWorks]. Data pre-

treatments, such as filtering, are avoided [Press et al., 1997]. The IR spectra are saved

as ASCII files, and used in the Matlab software. The IR spectra are acquired at every 15

seconds.

3.5.3 Determination of the reaction heat

The details of the heat balance have been given in Section 3.5.1. The heat of reaction

q̇react is determined from Eq. (3.12), for isothermal conditions.
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q̇react = q̇cool + q̇loss − q̇mix − q̇phase − q̇comp − q̇stirr − q̇dos (3.12)

Any kind of chemical or physical process in which heat is released or absorbed is measured

simultaneously. This sum is called q̇tot and is given by

q̇tot = q̇react + q̇mix + q̇phase (3.13)

The power of the compensation heater, q̇comp, is given by:

q̇comp = Ucomp · Icomp (3.14)

where Ucomp and Icomp are voltage in [V] and current in [A] of the compensation heater.

The heat of dosing, q̇dos, is given by:

q̇dos = fdos · ρdos · cp,dos · (Tdos − Tr) (3.15)

where fdos is the dosing rate [l/s], ρdos is the density of the feed [kg/m3], cp,dos is the

specific heat capacity of the feed [J/(kg·K)], and Tdos is the temperature of the feed [K].

ρdos and cp,dos are taken out of literature.

The heat, q̇stirr, dissipated by the stirrer is determined with the Newton, Ne, and Reynolds,

Re, numbers [Zlokarnik, 2005] given by:

For turbulent flow:

q̇stirr = Ne · ρ · n3 · d5
s (3.16)

For laminar flow:

q̇stirr = Ne ·Re · µ · n2 · d3
s (3.17)

where ρ is the density of the reactor content [kg/m3], n is the stirrer speed [Hz], ds is

the diameter of the stirrer [m], and µ is the viscosity of the reactor content [Pa.s]. For

turbulent flow, Ne is comprised between 0.4 and 10, depending on the type of stirrer

[Zlokarnik, 2005]. For laminar flow, Ne · Re is about 100. In both cases, the maximum
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value for q̇stirr is smaller than 10mW. Compared to the detection limit of the reactor, the

heat dissipated from the stirrer is negligible.

As shown in the previous section, q̇cool is determined either from the heat balance over

the Peltier elements, or with the heat flow sensors.

With Peltier elements:

q̇cool = α · Ipelt · T uppelt −
1

2
·R · I2

pelt + κ · (T uppelt − T
down
pelt ) (3.18)

With heat flow sensors:

q̇cool =
Ahf · Uhf

s
(3.19)

where α, R, κ, and s are calibrated (see Appendices B.1 and B.2).

The heat loss, q̇loss, is usually calculated as a linear function of the temperature differences

between the reactor and the environment [Zogg et al., 2004c]. However, Zogg [2003]

described q̇loss as a third order polynomial function of the jacket temperature, Tj. Visentin

et al. [2004] used a third order polynomial, too, but as function of the reactor temperature,

Tr. Heat losses are due to conduction and, thus, should be linearly dependant on the

temperature. As heat flows from all sides of the system, in this work, q̇loss is calculated

as a sum of linear functions:

q̇loss =
∑
i

∑
k

Ki,k(Ti − Tk) (3.20)

Where i and k represent the temperatures at the different location outside and inside

the physical limits of the total heat balance, as illustrated in Figure 3.8. i includes the

temperature of the environment, Tenv, of the coolers, Tcryo, of the cover, Tcover, and the

temperature inside the upper part of the insolation, Ttest,1. The index k includes the

temperature of the jacket, Tj, and of the reactor, Tr. More details about q̇loss are given

in Chapter 5. For the measurements of q̇react in Chapters 3 and 4, q̇loss is determined at

steady-state.
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3.6 Characterisation of the reactor

3.6.1 Time constant

The time constant is an important parameter to be considered for selecting a type of

calorimeter. The temperature deviation due to a slow control of the bulk temperature

may influence the selectivity of the reaction. Additionally, some temperature-dependant

online measurements such as spectroscopy may be distorted by the change of temperature.

The time constant of a calorimeter is usually calculated with a step-pulse electrical power,

such as with a Calvet calorimeter or a Differential Reaction Calorimeter (DRC) [Nogent

et al., 2005]. In our case, a step change was applied to the stirrer speed, n. Therefore,

we may expect a instantaneous change in the heat transfer coefficient. The reactor was

filled with 25ml of water and the reactor and jacket temperatures set to 40 and 27℃,

respectively. The results are shown in Figure 3.9.
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Figure 3.9: (a) Response of q̇comp (light full grey line) and q̇cool (dark full grey line)
when the stirrer speed is successively changed from 400, to 200, and to 600
rpm (dashed line). (b) Calculation of the time constants of the cooling
system, tp, tr, and ts from Eq. (3.21) for 200 to 600 rpm. Solid line: q̇cool
measured, dashed line: q̇cool ideal.

The time constant, τ , is calculated according to Eq. (3.21) given by Franklin et al. [2002],

where tr is the time required for the signal to increase from 10% to 90%, ts is the time to

reach the steady-state, and tp is the time to reach the maximum value of the signal.

τ =
tp
√

1− ξ2

π
with ξ =

2.3 · tr
0.9 · ts

(3.21)
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The time constants of q̇comp and q̇cool equal 3s and 12s, respectively. This fast thermal

control allows the calorimeter to keep good isothermal conditions, even in cases of a fast

and highly exothermic reaction, and fast variations of the global heat transfer coefficient,

UA. Most of the other reaction calorimeters commercially available present a much higher

time constant, e.g., 120s for the Calvet calorimeter, 100s for the DRC, and 50s for a

standard reaction calorimeter, i.e. the RC1 from Mettler Toledo [Zogg et al., 2004c].

When a large time constant is expected, the measured signals have to be deconvoluted,

which usually increases drastically the noise of q̇react. In this study, none of the signals

are deconvoluted.

3.6.2 Heat loss and dynamics with the cover heater

The heat loss, q̇loss, needs to be determined in order to calculate the total heat of reaction,

q̇react, in Eq. (3.12). Contrary to q̇comp or q̇cool, the heat loss cannot be measured directly,

but has to be interpolated from measurements at steady-state, when no reaction or dosing

takes place. In this case, Eq. (3.12) becomes:

q̇loss = q̇comp − q̇cool (3.22)

Figure 3.10 shows the values of q̇loss at different temperatures. The differences between

Tr, Tj and Tcryo were kept constant to reduce the number of coefficients in Eq. (3.20).

The figure shows also the reduction of q̇loss due to the cover heater.

For Tr-Tenv higher than 40K, q̇loss decreases by more than 30%. The aim of 50% is not

fulfilled. However, note that, at Tr − Tenv=0K, q̇loss equals 2W, and not 0W as expected.

If a baseline of 2W is considered, then the heat loss is reduced by 50% with cover heating,

and the aim is fulfilled. The baseline shift contained other sources of heat loss than from

the reactor to the environment, e.g. from the side of the copper jacket. This is deeply

investigated in Chapter 5. The shift may also be due to inaccurate calibration of the

Peltier parameters (see discussion in Appendix B.3).

A temperature step is simultaneously applied to Tr, Tj, and Tcover for determining the

time needed to reach the steady-state. The reactor vessel is filled with 40ml of water and

heated at 45℃. The jacket temperature is set to 40℃. After steady state is reached, in

this case at 16.5min, a temperature step of 20℃ is applied to the reactor and the jacket
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temperature. This experiment is performed twice, with and without cover heating. In the

first case, the temperature of the cover is set to 40℃, as for the jacket.

As shown in Figure 3.11(a), when the lid heating is active, 20 minutes after the tempera-

ture step, q̇loss is 3% higher than at steady-state. After 30 minutes, steady-state is reached

(Figure 3.11(b)). Without lid heating, 30 minutes after the temperature step, q̇loss is still

50% higher than the steady-state value. Steady-state is finally reached after more than

120 minutes, see Figure 3.11(c). With lid-heating, time-to-steady-state is reduced by more

than 90 minutes for a temperature step of 20℃.
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Figure 3.10: Heat loss of the reactor with (cross) and without (circle) cover heater.
Tj=Tr-5℃. Tcryo=Tr-25℃. Reactor filled with 40ml of H2O, stirrer
speed= 500rpm. With cover heater, Tcover=Tj
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(c) Zoom: steady-state without cover heating

Figure 3.11: Response time to a temperature step of 20℃ with (black lines) and with-
out (grey lines) cover thermostat, with 40ml of H2O, Tr: 45 to 65℃
(dashed line), Tj : 40 to 60℃ (not shown), Tcover,set =Tj,set with lid heat-
ing, q̇loss +q̇acc (solid line), q̇comp (dashed line). Stirrer speed n= 500rpm.
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3.6.3 Hydrolysis of acetic anhydride

Introduction and experimental

The hydrolysis of acetic anhydride into acetic acid is a classical test reaction in the field

of reaction calorimetry [Becker and Walisch, 1965; Köhler et al., 1973; de Domenico et

al., 2001; Ampelli et al., 2003; André et al., 2003; Zogg et al., 2003; Visentin et al., 2004].

Thus, there is a wealth of data available in literature and the kinetics of the reaction is

well established. The hydrolysis is catalysed by H+ ions and the nucleophilic substitution

reaction [Gold, 1948] is given by:

AcOAc + H2O
H+

−→ 2 AcOH

The reaction is performed successively at 25, 40, and 55℃ to determine the activation

energy, Ea, and the frequency factor, k0, with an Arrhenius plot. The reaction is followed

simultaneously by calorimetric and infrared measurements. The experimental conditions

are given in Table 3.2. Further details of the reactor and IR settings are given in Ap-

pendix C.

Table 3.2: Experimental conditions for the hydrolysis of acetic anhydride

Initial reactor content, ml HCl (0.1N) 35
Feed, ml (mmol) AcOAc 1.08 (10.72)

AcOH 0.9 (15.12)
Dosing rate, fdos, ml/min 5
Heat capacity1, cp,dos, kJ/(kg·K) 1.83
Density1, ρdos, g/ml 1.06
Stirrer speed, n, rpm 500
Reactor temperature, Tr, ℃ 25, 40, 55
Reactor pressure, Pr Atm. pressure

1cp,dos and ρdos are calculated according to Onken et al. [2005] using the molar fraction
and the corresponding molar properties of the pure components, from Yaws [2001].

The heat of reaction, q̇react, is calculated with Eq. (3.12). q̇cool is determined with the heat

balance over the Peltiers. The heat loss, q̇loss, is measured at steady-state before and after

the reaction and linearly interpolated in-between. The heat of dosing, q̇dos, is calculated

with the literature value of the heat capacity and the density as given in Table 3.2. As
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the reaction is performed under isothermal conditions, the heat of accumulation, q̇acc is

neglected and there is no need to consider the heat capacity of the bulk.

Evaluation of the kinetic data

The kinetic parameters are evaluated by the hard-modelling of the spectroscopic and

calorimetric data, as outlined in Section 2.3. This technique is implemented in a Matlab

program with a graphical interface called GUIPRO. GUIPRO has been developed by Gem-

perline and Cash [2003] and was upgraded by Puxty et al. [2005] for the hard-modelling

of spectroscopic and calorimetric kinetic measurements. The ordinary differential equa-

tions required to describe the reaction kinetics are derived automatically from the model

written in chemistry notation using a model parser.

Under the given experimental conditions (diluted HClaq) the ionic activity of the proton,

aH+ , does not vary significantly during the course of the reaction [Gold and Hilton, 1955;

Becker and Walisch, 1965; Köhler et al., 1973]. Thus the reaction is considered as pseudo-

first order with respect to CAcOAc, i.e. k ≈ {k′ + k′′aH+}. The hydrolysis of the acetic

anhydride is then modelled as follows:



dCAcOAc
dt

= −r(k, t) + fdos
Vr(t)
· (Cdos,AcOAc − CAcOAc)

dCH2O

dt
= −r(k, t)− fdos

Vr(t)
· CH2O

dCAcOH
dt

= 2 · r(k, t) + fdos
Vr(t)
· (Cdos,AcOH − CAcOH)

dVr
dt

= fdos

r(k, t) = k · CAcOAc(t)

(3.23)

The model parameters are the rate constant, k, the reaction enthalpy, ∆rH, and the

time-independent spectral matrix, E, as shown in Eq. (2.27).

Results and discussion

The deviation between the set and the measured reactor temperatures at 25, 40, and 55℃
is shown in Figure 3.12. The highest deviation is about 0.2℃ at 55℃. Thus, the isother-

mal conditions are well-controlled and no temperature baseline-shift of the IR spectra

is expected. Additionally, the approximation to neglect the heat of accumulation q̇acc is

justified.

Figure 3.13 shows the heat of reaction, q̇react at 25, 40, and 55℃. At 25℃, the first peak

indicates clearly that heat of mixing of acetic anhydride into water is released. This

phenomenon was already observed by many authors [Becker and Walisch, 1965; Köhler
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Figure 3.12: Set point deviation of the reactor temperature during the hydrolysis of
acetic anhydride at 25, 40, and 55℃ (raw data).

et al., 1973; Zogg et al., 2003]. As the power released by the reaction is much higher at

elevated temperature, this peak is not observable at 40 and 55℃.

The IR spectrum measured during the reaction at 25℃ is shown in Figure 3.14. Note

that the overlapping of the individual absorbances of the different compounds is pretty

low at several wavenumbers. As an example, the peak at 1139cm−1 is typically for a

C-O-C vibrational stretching of acetic anhydride and can be used for single peak evaluation

method [Visentin et al., 2004]. However, in this work, the whole spectrum is used for the

determination of the kinetic parameters.

Figure 3.15 shows the estimated and the calculated concentration profiles of acetic an-

hydride and acetic acid, as well as the heat of reaction, q̇react, measured and simulated.

The concentration profiles and rate constant are estimated by fitting the spectroscopic

data using non-linear least squares regression implemented into GUIPRO. The modelled

data are calculated from the reaction model, when the calorimetric and spectroscopic data

are evaluated separately. The results when both signals are evaluated simultaneously are

presented in Table 3.3.
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Figure 3.13: Reaction heat, q̇react, released during the hydrolysis of acetic anhydride
catalysed by hydrochloric acid at 25, 40, and 55℃.

The experimental data acquired at different reaction temperatures are treated indepen-

dently. The activation energy of the hydrolysis, Ea, and the frequency factor, k0, are

calculated from an Arrhenius plot, shown in Figure 3.16. The mathematical techniques

described above also permit to evaluate all the experiments at different temperatures

simultaneously in a second-order global analysis [Puxty et al., 2006b], and therefore to

avoid drawing an Arrhenius plot. But this is not performed here.

The total enthalpy, ∆H, determined in this study is well comparable with literature

values, as shown in Table 3.3.

At 25℃, ∆H shows the larger deviation compared to other studies. With the same data

set, if ∆H is determined by direct integration of q̇react instead of using the evaluation

algorithm, it results in a value of 58kJ/mol, which is closer to the value reported by Zogg

et al. [2003]. As already mentioned above, during the dosing phase, heat is released due

to mixing. This mixing effect is not taken in account in the reaction model resulting

in a poorly evaluated heat of reaction. Therefore, as shown in Figure 3.15, with the

calorimetric data, the heat profile is fitted only after the end of the dosing phase. This

method is valid only if the accumulation of the reactant is enough to release energy after



3.6 Characterisation of the reactor 57

Figure 3.14: IR Spectrum during the hydrolysis of acetic anhydride at 25℃.

the dosing phase. As the reaction time is in order of tens of minutes while the dosing time

is in order of tens of seconds, this approximation is applicable in this case.

During the addition, the heat of dosing reaches about 4.5W when the reactor temperature

is 55℃. This corresponds to about 50% of the maximum reaction heat. Therefore the heat

of dosing, given in Eq. 3.15, has to be well characterised. When performing feed tests with

the same mixture in the reactor and in the feed, Zogg et al. [2004c] reported deviations

of 0.5, 1.7, 2.1kJ/mol at 25, 40, and 55℃4. A major contribution to this deviation is the

source of literature data themselves. For example, in their large compilation of pertinent

data of heat capacities, Domalski and Hearing [1996] reported values for the heat capacity

of acetic acid at 298K ranging from 2.0 to 2.7J/(g·K), which is about 25% difference. This

clearly indicates that the heat of mixing contains a large error due to the heat of dosing

4As no reaction takes place, the heat of reaction should be zero
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Figure 3.15: Hydrolysis of acetic anhydride at 25℃. Left: Estimated (grey line) and
modelled (black line) concentration profiles of acid anhydride (full line)
and acid acetic (dashed line), Right: measured (plain line) and modelled
(dashed line) reaction heat. The heat profile is calculated without heat
of mixing (i.e. the heat profile is fitted only after the end of the dosing
phase). The dosing period is indicated by the vertical black dashed lines.
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Figure 3.16: Arrhenius plot for the determination of the activation energy and the
frequency factor k0 of the hydrolysis of acetic anhydride at 25, 40, and
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and may explain the unexpected endothermic heat of mixing at 25 and 55℃ shown in

Table 3.3.

The lid heater should not affect the determination of kinetic parameters and the reaction

enthalpy. This is verified by performing the reaction at 40℃ with and without heating of

the lid. The reaction rate, calculated without heat of mixing, as well as the reaction en-

thalpy are in good agreement. k equals 7.98 and 8.10·10−3s−1 and ∆rH equals 60.7kJ/mol

and 62.0kJ/mol, with and without lid heating, respectively.
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Table 3.3: Comparison of the experimental results for the hydrolysis of acetic anhy-
dride with the corresponding literature values

Literature values
Tr [℃] 25 40 55
∆H [kJ/mol] -57.71, -602, -653,

-624, -60.45,
61±27

-592, -58.45, -581,
-59.5±27

-57±22, -58±27

∆rH [kJ/mol] -571,4,8, -60.15,
-55±37

-622, -59.85,
-55±17

-602, -55±17

∆Hmix [kJ/mol] -32, -54,8, -0.35,
-5.87

32, 1.45, -4.57 32, -3.27

k [10−3s−1] Calo 3.0±0.22, 2.335,
2.8±0.17

8.5±0.62, 5.775,
7.6±0.17

23.5±0.82,
22±0.27

k [10−3s−1] IR 2.8±0.22,
2.6±0.17

7.8±0.32,
7.4±0.27

22.2±0.52,
21.1±0.27

k [10−3s−1] Comba 2.82 8.22 21.92

Ea [kJ/mol] Calo 572,4,8, 48.65, 567

Ea [kJ/mol] IR 572, 546, 557

Ea [kJ/mol] Comba 566

Measured values with CRC.v5
Tr [℃] 25 40 55
∆H [kJ/mol] -56±1.5 -61±1 -60±3
∆rH [kJ/mol] -58±1.5 -60±1 -61±3
∆Hmix [kJ/mol] 2±1.5 -1±1 1±3
k [10−3s−1] IR 2.8±0.3 7.8±0.1 22.7±1.7
k [10−3s−1] Calo no mix 2.94±0.2 8.0±0.1 23.0±1.1
k [10−3s−1] Combbno mix 2.98±0.2 8.0±0.1 24.5±1.1
Ea [kJ/mol] Calo 55.7
Ea [kJ/mol] IR 58.6
Ea [kJ/mol] Combb 55.2

Calo = Calorimetric data, IR = Spectroscopic data, Comb = Combined spectroscopic and
calorimetric evaluation, no mix = evaluation without heat of mixing, ∆H includes the
heat of mixing, ∆rH is the heat of reaction without heat of mixing, ∆Hmix is the heat of
mixing, the standard deviations is given for 3 experiments per temperature, aCombined evalua-
tion given in Zogg et al. [2004b], bCombined evaluation according to Eq. (2.27) with Wq=WIR=1

1[André et al., 2002], 2[Zogg et al., 2003], 3[Köhler et al., 1973], 4[Becker and Walisch,
1965],5[Ampelli et al., 2001], 6[Zogg et al., 2004b], 7[Visentin et al., 2004], 8[Becker and Maelicke,
1967]
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3.6.4 Overview of the results

Table 3.4: Comparison of the main characteristics between the CRC.v5 and the
CRC.v4

CRC.v5 CRC.v4

Volume 25 to 50ml 25 to 50ml

Working pressure 0 to 60bar 0 to 30bar

Temperature -501 to 200℃ -20 to 200℃
Reactor thermocouple Hastelloy C-276 Inconel

Compensation heater Hastelloy C-276 & C-22 Hastelloy C-276

Heat of cooling heat-flow sensor Peltier element

or Peltier element

FTIR-ATR measurement at the

bottom

yes yes

Eight connectors on the lid yes yes

Two additional online sensors yes (up to 1/4”OD) no

Thermal activation of the cover yes no

- Heat loss at 50℃ 2W 4W

- Time to reach steady-state

after a step of 20 ℃ 20min 150min

Isothermal mode < 0.5K/(kW/l) < 0.5K/(kW/l)

Calibration-free heat balance yes yes

Accuracy:

- Detection limit 5% of ∆rH 5% of ∆rH

- Maximum reaction rate 3kW/l2 3kW/l

- Relative error on the <10% <10%

determination of ∆rH

Time constant3 of q̇comp/q̇cool 3sec/12sec 5sec/15sec

1Below -10℃, the working pressure is 1 bar only. For a low-temperature pressurised version,
other O-rings are required. 2The life time of the compensation heater is shortened by working
at the maximal heating power (150W). 3The differences of the time constant between CRC.v5
and CRC.v4 are marginal and are not considered to be a significant improvement.





Chapter 4

Heat Capacity Determination by

Temperature Oscillation Calorimetry

4.1 Introduction

The classical equation in reaction calorimetry is the global heat balance of the reactor

and its perfectly mixed content as already introduced in Eq. (2.1) as:

q̇acc = q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos − q̇cool − q̇loss (4.1)

Depending on operational mode and measurement principle, e.g. in heat flow, heat bal-

ance, or power-compensation calorimetry, some terms in Eq. (4.1) can be neglected [Zogg

et al., 2004c]. The temperature rise and the corresponding accumulated heat in the reactor

are directly related to the specific heat capacity of the reactor content.

q̇acc = m · cp
dT

dt
(4.2)

The specific heat capacity cp, or short, specific heat, is a thermo-physical property defined

by the heat per unit mass required to increase the temperature of a material by one

degree Celsius, as shown in Eq. (4.2). Knowledge of cp is required for the scale-up,

reactor design and safety assessment of many chemical engineering and pharmaceutical

processes [Pastré et al., 2000]. Specific heat capacity can be either approximated from

63
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literature data [Zabransky et al., 2001], calculated from estimation methods [Kolska et al.,

2008; Onken et al., 2005], or measured experimentally by calorimetry under temperature

modulations [Maglić et al., 1984; Marsh and O’Hare, 1994; Warrington and Höhne, 2005].

For the latter, a classical procedure involves raising the temperature of a sample at a

defined rate. The most common instruments used are the Picker fluid flow calorimeter,

the drop calorimeter, the differential scanning calorimeter and the adiabatic calorimeter.

An overview is given in Table 4.1.

In reaction calorimeters, temperature oscillation calorimetry (TOC) allows the simulta-

neous determination of the global heat transfer coefficient UA and the heat capacity cp

throughout a reaction without any mathematical interpolation [Tietze, 1998]. Only few

studies focused on the cp determination by TOC because reactions are usually performed

under isothermal conditions. Moreover, the use of a pre-calibrated value of cp is often pre-

ferred because the algorithms for UA determination with TOC are more robust and less

sensitive to noise when compared to the simultaneous calculation of cp and UA [Guerrini

De Luca and Scali, 2002]. Nevertheless, Tietze [1998] observed a systematic error in the

determination of the cp for water and for acetic acid ester compared to literature values.

Also, Bou-Diab et al. [2001] found that the viscosity had an influence on the determi-

nation of cp. The determination of cp by TOC was extensively studied with MT-DSC

(Modulated-Temperature Differential Scanning Calorimetry). Among other applications,

it is used for the investigation of glass transition in polymers that leads to slight changes

in heat capacity [Kraftmakher, 2004]. The problem of a systematic deviation in cp was

also recognised with MT-DSC [Lacey et al., 2006]. Hatta and Katayama [1998] suggested

a linear calibration based on the thermo-physical properties of the MT-DSC apparatus.

Also, a frequency-corrected heat capacity with a calibration function was proposed that

accounts for the dynamic behaviour of the sample [Androsch, 2000]. A brief theory of

TOC with MT-DSC is given in Appendix D.2.

To our knowledge, no systematic calibration procedure has been suggested for the de-

termination of cp by TOC within a reaction calorimeter. The aim of this chapter is the

development of a method for the cp determination by oscillation reaction calorimetry.

First, the possibility to run a small-scale reaction calorimeter under temperature oscilla-

tion conditions is demonstrated. Then, the influence of various experimental conditions,

including medium, stirrer speed or volume, on the determination of cp are investigated.

Three calibration techniques are tested to improve the prediction of cp. Finally, the tech-

nique is applied to determine cp of homogenous mixtures and reactive media. The TOC

method is developed for the small-scale reaction calorimeter CRC.v5 that combined the
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Table 4.1: Overview of common calorimeters used to determine heat capacities1

Sample Dosing Stirring Working Applications Accuracy
size, ml principle in cp, %

Picker 30a n.a. n.a. fluid flow, cp of liquids <0.5a,b, <2c

differential

ADC 60d, 0.6e yes yes adiabatic, heat cp of solids and <1f , 0.3d,
accumulation liquids, heat of 0.5e

reaction and mixing

DSC 0.05g,h no no heat flow, thermal behavior 3-10f , 1-5i

differential and cp of solids,
heat of reaction and
decomposition

MT-DSC 0.05g,h no no heat flow, power thermal behavior 0.5-5i

compensation, and cp of solids,
differential thermal diffusivity

DRC 100-500g yes yes isoperibolic, heat simulation of 7j

accumulation, industrial reaction,
differential heat of reaction and

mixing, heat
transfer coefficient

DC 5g, 1k n.a. yes heat cp of liquids and 3-5f , 0.1k

accumulation, solids, heat of
differential mixing

Calvet 12.5g, 1l yes2 yes2 heat conduction, cp of solids and 0.5m,
differential liquids, heat of <0.2l,n

reaction, mixing, and
decomposition

RC 200-2000o yes yes heat flow simulation of 10p

industrial reaction,
heat of reaction and
mixing, heat
transfer coefficient

ADC=Adiabatic Calorimeter, DSC=Differential Scanning Calorimeter, MT-DSC=Modulated-
Temperature Differential Scanning Calorimeter, DRC=Differential Reaction Calorimeter, DC=Drop
Calorimeter, RC=Reaction Calorimeter, n.a.=Not applicable
1The values reported here correspond to the actual specifications given by the manufacturers and from
relevant literature. 2Special cells are needed. Dosing and stirring at the same time is not possible.
a[Picker et al., 1971], b[Fortier et al., 1976], c[Hovorka et al., 1999], d[Messerly et al., 1990], e[van
Miltenburg et al., 2002], f [Warrington and Höhne, 2005], gwww.setaram.com, hwww.perkinelmer.com,
i[Gmelin, 1997], j [André et al., 2003], k[Suurkuus and Wadsö, 1974], l[Cerdeiriña et al., 2000], m[Becker
et al., 2000], n[González-Salgado et al., 2007], owww.mettlertoledo.com, p[Nogent and Le Tacon, 2003].
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principles of power-compensation and heat balance, but can be extended to other calorime-

ters, which provides access to heat flow data online in real time without calibrations, such

as the RTCal [from Mettler-Toldeo].

4.2 Theory

4.2.1 Principle of temperature oscillation calorimetry (TOC)

Temperature oscillation calorimetry was originally introduced in reaction calorimetry by

Carloff et al. [1994] and intensively investigated by Tietze et al. [1996] for the continuous

determination of the total heat transfer coefficient during polymerisation reactions. It was

initially developed for heat flow reaction calorimeters but was extended to heat balance

[Tietze, 1998], isoperibolic [Sempere et al., 2003], and Calvet-type differential reaction

calorimeters [Grolier and Dan, 2006]. Bou-Diab et al. [2001] improved the method for

biochemical reaction where only few energy is released. More recently, Mantelis and

Meyer [2008] applied TOC with supercritical fluids. Some guidelines to optimise the

experimental conditions have been given by Gesthuisen et al. [2005].

The technique of TOC consists of producing a periodic sinusoidal temperature modulation

either to the reactor jacket or to the reactor content. The temperature at the opposite

side of the reactor wall follows the oscillation behaviour but with a different amplitude

and phase than the original excitation. These differences are due to the heat transfer in

the system and can be used to determine UA and cp. With small oscillation amplitudes

the reactor can be assumed quasi-isothermal. Thus, heat of reaction, q̇react, heat loss,

q̇loss, heat due to dosing, q̇dos, and heat dissipated by the stirrer, q̇stirr, are considered

unaffected by the modulations, i.e. q̃react, q̃loss, q̃loss, and q̃stirr equal 0. Therefore, the

total heat balance contributing to the temperature oscillations is given by Eq. (4.3).

q̃acc = q̃comp − q̃cool (4.3)

The mathematical treatment of the oscillating signals in Eq. (4.3) is based on the work

from Tietze [1998]. Thus, the power of the electrical heater and of the cooling rate can

then be written as Eqs. (4.4) and (4.5).
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q̇comp = q̄comp + q̃comp = q̄comp + ∆qcompe
i(ωt+ϕqcomp ) (4.4)

q̇cool = q̄cool + q̃cool = q̄cool + ∆qcoole
i(ωt+ϕqcool ) (4.5)

where the notation q̇ corresponds to the total signal, q̄ to the non-oscillating term, q̃

to the oscillating term, ∆q to the amplitude of the oscillating term, ω to the angular

frequency, ϕ to the phase shift, and i is the imaginary number. Although the reactor is

quasi-isothermal, the heat of accumulation may not be neglected. In analogy to Eqs. (4.4)

and (4.5), the reactor temperature, Tr, under oscillating conditions is given by:

Tr = T̄r + ∆Tre
i(ωt+ϕTr ) (4.6)

Therefore, Eqs. (4.2) and (4.6) give the heat of accumulation, in Eq. (4.7).

q̃acc =
∑
k

Cp,k
d(∆Tke

i(ωt+ϕTk))

dt
=
∑
k

iωCp,k∆Tke
i(ωt+ϕTk ) (4.7)

where k indicates the individual contribution of each part of the reactor system that may

follow the oscillation behaviour. This includes the reactor medium, the inserts in the

reactor (e.g. stirrer and sensors), the reactor wall, and the jacket. Cp indicates the total

heat capacity in [J/K]. Further details are given in the next section.

Substitution of Eqs. (4.4), (4.5), and (4.7) into (4.3), cancelling of eiωt, application of

Euler’s formula, eiϕ = cosϕ + i sinϕ, and finally separation of the real and imaginary

parts lead to Eqs. (4.8) and (4.9).

Real part:

− ω
∑
k

Cp,k∆Tk sin(ϕTk) = ∆qcomp · cos(ϕqcomp)−∆qcool · cos(ϕqcool) (4.8)

Imaginary part:

ω
∑
k

Cp,k∆Tk cos(ϕTk) = ∆qcomp · sin(ϕqcomp)−∆qcool · sin(ϕqcool) (4.9)
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It is relevant to note that up to this step the derivation was neither restricted to the type

of reaction calorimeter nor its operational mode or to the way of inducing the temperature

oscillations. However, the determination of q̇cool depends on the operational mode [Zogg

et al., 2004c]. A detailed overview of TOC with different operational modes is given in

Appendix D.1.

4.2.2 Determination of heat capacity

The method for Cp determination developed in this study assumes a direct measurement

of q̇cool without any knowledge of UA (see Section 3.5.1). For the calculation of Cp,

only one of the two equations (4.8) and (4.9) is required. In fact, both equations are

mathematically equivalent.

To apply TOC to the reactor used in this work, the following reasonable assumptions are

made:

- The temperatures in the bulk and in the jacket are homogenous. The heat accumu-

lates only with respect to Tr and Tj, i.e the sum of Eq. (4.7) is only comprised of

the terms corresponding to the reactor, k=r, and the jacket, k=j.

- The total heat capacity of the reactor content, Cp,r, is the sum of the heat capacities

of the reactor medium, Cp,m, and the inserts, Cp,i.

- The thermo-physical properties of the system are constant during two oscillation

periods.

According to these assumptions and to Eq. (4.8), the total heat capacity of the reactor

content, Ccalc
p,r , is given by Eq. (4.10):

Ccalc
p,r =

∆qcomp −∆qcool · cos(ϕqcool) + ωCp,j∆Tj · sin(ϕTj)

−ω ·∆Tr · sin(ϕTr)
(4.10)

The phase shift ϕTr is sensitive and must avoid the denominator of Eq. (4.10) to become

negative or close to zero. The signal of the heater is taken as the reference, i.e. ϕqcomp = 0

and cos(ϕqcomp) = 1. The phase shifts ϕTr , ϕTj , and ϕqcool have been calculated according

to this reference.
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4.3 Experimental

4.3.1 Evaluation of calorimetric measurements

A full description of the reactor heat balance is given in Section 3.5.1. The heat of cooling,

q̇cool, is measured with the Peltier element, given by:

q̇cool = α · Ipelt · T uppelt −
1

2
·R · I2

pelt + κ · (T uppelt − T
down
pelt ) (4.11)

As the jacket and the cryostat temperatures were kept constant for all the measurements

(see Section 4.3.2), a unique set of Peltier parameters, α, R, and κ, were used. The pa-

rameters were calibrated once with the method described in Appendix B.1. The following

values were used:

α = 0.095 [V/K]

R = 2.53 [Ω]

κ = 1.98 [W/(m·K)]

q̇loss had no impact on the determination of Cp, as q̃loss was assumed to be zero (see

Eq. 4.3). Therefore, for the experiments without reaction, as in Section 4.3.2, q̇loss was

determined at steady-state without oscillation. For the experiments with a reactive media,

as in Section 4.3.4, q̇loss is important to calculate the reaction enthalpy. q̇loss was then

linearly interpolated between the value determined before and after the reaction.

The calorimetric data were treated using Matlab software. A non-linear fitting procedure

was chosen to evaluate the parameters defining the oscillations for a given frequency ω.

Other data pre-treatments, such as filtering, were avoided [Press et al., 1997]. Matlab’s

constrained non-linear optimiser fmincon allowed the determination of the amplitude of

the reactor temperature ∆Tr, the phase shift ϕTr, and the non-oscillating term T̄r, ac-

cording to the following least-squares optimisation, Eq. (4.12). The signals were fitted for

time intervals of two oscillation periods.

min
T̄r,∆Tr,ϕTr

{
4π/ω∑
t=0

[
(T̄r + ∆Tr · cos(ωt+ ϕTr))− Tmeasr

]2
}

(4.12)
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The same procedure was applied to fit the other measured signals, q̇meascomp , q̇meascool , and Tmeasj

in order to receive all the necessary parameters required in Eq. (4.10).

4.3.2 Experiments

A typical experiment was carried out as follows: after a solvent (i.e. the reactor medium)

was filled into the reactor, the jacket and the reactor were brought to the desired tem-

perature. Few minutes are needed for the reactor to reach the steady-state. Then the

sinusoidal modulation was applied to the set-point of the reactor temperature. The oscil-

lations were generated by the compensation heater for several oscillation periods and the

parameters of the oscillation signal were evaluated by Eq. (4.12).

Optimisation of oscillation conditions

The most important parameters involved in oscillation techniques are frequency and am-

plitude. Frequency behaviour was studied for oscillation periods of 1, 2, 4, 6, 12 and 20

minutes, and the vessel filled with 40ml of water. At high frequencies, the temperature

oscillations are damped by the control systems [Carloff et al., 1994]. At low frequencies,

the phase shift, ϕTr , of the reactor temperature is near zero. Therefore, the denominator

in Eq. (4.10) becomes close to zero. As stated before, this should be avoided. In order

to maintain quasi-isothermal conditions only small amplitudes of the reactor temperature

are allowed. The lower limit is given by the detection limit of the system. Reasonable

amplitudes for the set temperature of the reactor, ∆Tr,set, were tested at 0.1, 0.2 and

0.5 ◦C to assure a high signal-to-noise ratio.

Variation of reactor conditions

Experiments were performed with a set of 10 pure solvents. The solvents were selected

to cover the same range of viscosity as observed during methyl methacrylate (MMA)

polymerisation, a standard reaction for TOC [Carloff et al., 1994]. Several volumes,

amplitudes of the set reactor temperature and stirrer speeds were tested. Altogether

118 different experiments were performed for the calibration. Table 4.2 summarises the

experimental conditions.
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Table 4.2: Experimental conditions for the frequency analysis and the calibration

Experimental conditions for the frequency analysis

H
2
O

Period: τ = 1, 2, 4, 6, 12, and 20min
Vr = 40ml, T̄r = 35℃, T̄j = 27℃
∆Tr,set = 0.5℃, n = 500rpm

Experimental conditions for the calibration

H
2
O

Volume: Vr = 25, 30, 35, 40, 45, and 50ml
Amplitude: ∆Tr,set = 0.1, 0.2, and 0.5℃
Stirrer speed: n = 200, 400, 500, 600, 800, 1000, 1200, and 1400rpm

τ = 2min, ∆Tr,set = 0.5℃, T̄j = 27℃

O
rg

an
ic

so
lv

en
ts Solvent: ethanol, methanol, acetone, diethylenglycol, 1-octanol,

glycerol 87%, toluene, 1,3-butandiol, and 1-butanol
Amplitude: ∆Tr,set= 0.1, 0.2, and 0.5℃
Volume: Vr = 25, 30, 35, 40, 45, and 50ml
Stirrer speed: n = 200, 500, 800, 1200, and 1400rpm

τ = 2min, ∆Tr,set = 0.5℃, T̄j = 27℃

Note: Not all permutations of n, Vr and ∆Tr,set have been used.

4.3.3 Calibration procedure

The heat capacity is calculated from the oscillating heat balance by rigourous mathe-

matical treatment. As already mentioned, many authors pointed out some discrepancies

between the calculated heat capacities and their literature values. In this work, these dis-

crepancies have been calibrated by applying three calibration procedures. The first was

based on the online calculation of the total heat transfer through the wall, UA, Eq. (4.17),

the second used a Partial Least Squares (PLS) regression, and the last was based on a

Neural Network (NN). The two latter ones use a whole set of input variables based on

the measurements themselves, summarised in Table 4.3. The three calibrations were

performed in order to predict the discrepancies between the total heat capacity, Ccalc
p,r ,

calculated from Eq. (4.10) and the corresponding literature value, C lit
p,m. The training set

was partitioned into two subsets: the calibration subset that contained all the solvents ex-

cept the one to be predicted, and the prediction subset containing the remaining solvent.

The calibration subset was used to train each calibration algorithm. The training itself

depends on the type of calibration and further details are given below. Once trained, the
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calibrations were used to determine the discrepancies in the heat capacity of the predic-

tion subset, i.e. the measurements corresponding to the missing solvent. This procedure

was repeated to predict the discrepancies for each solvent. This way, we made sure that

the calibration subsets did not comprise measurements of the solvent to be predicted.

The total heat capacity of the reactor content was finally predicted by Eq. (4.13).

Cpred
p,m = Ccalc

p,r + ∆Cpred
p (4.13)

where Cpred
p,m is the total heat capacity of the medium (i.e. the solvent) in [J/K] predicted

after calibration, Ccalc
p,r is the total heat capacity calculated from Eq. (4.10) and ∆Cpred

p is

the predicted correction term [J/K]. The procedure for predicting ∆Cpred
p in function of

the experimental conditions is given in the next section. Note that the prediction is given

for the total heat capacity of the medium and not of the reactor content, because ∆Cpred
p

also corrects for the contribution of the heat capacity of the inserts, Cp,i.

The goodness of the calibration and the prediction was evaluated by the regression co-

efficient of determination (RCD), Eq. (4.14), and the mean of the absolute value of the

relative error (MARE), Eq. (4.15). Additionally the maximum absolute value of the rel-

ative error (MaxARE) of the prediction subset was calculated, Eq. (4.16). As our final

goal is the prediction of the total heat capacity of the solvent, we referred RCD, MARE,

and MaxARE to the predictability of Cpred
p,m compared to C lit

p,m.

RCD = 1−
∑

(C lit
p,m − Cpred

p,m )2∑
(C lit

p,m − C̄ lit
p,m)2

(4.14)

MARE = mean
∑ |C lit

p,m − Cpred
p,m |

C lit
p,m

(4.15)

MaxARE = max

( |C lit
p,m − Cpred

p,m |
C lit
p,m

)
(4.16)

where C̄ lit
p,m is the mean of all C lit

p,m in one subset. The literature values of heat capacity

C lit
p,m were taken out of Yaws [2001].
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4.3.3.1 Calibration with the global heat transfer coefficient

A calibration method based on a simple straight line regression of the discrepancy is

proposed (C lit
p,m −Ccalc

p,r versus UA). UA is obtained from a standard electrical calibration

[Bourne et al., 1981] using the non-oscillating contribution only.

UA =
q̄comp
T̄r − T̄j

(4.17)

Note that due to the combined principle of power-compensation and heat balance of the

calorimeter used in this work, UA could also be calculated online with q̇cool, if the system

was not in steady-state. This is the case, for exemple, during the hydrolysis of sulfuric

acid (see below).

4.3.3.2 Multivariate calibration

Neural Networks (NNs) and Partial Least Squares (PLS) belong to the class of methods

performing an input-output mapping based on variables measurements without requiring

extensive knowledge of the underlying principles of the system under consideration. They

can calibrate multivariate systems of input-output variables for which no physical model

is applicable, while being tolerant to faults and noise [Hornik et al., 1989; Martens and

Naes, 1989]. Both methods require a training procedure, during which the respective

model structure learns the relationships between input and output variables. In NN, this

procedure comprises typically selection of a model structure and fitting of its parameters

using an optimisation algorithm, which minimises the errors between the true outputs and

the network predictions over a set of training samples [Pham, 1995]. In PLS, this procedure

comprises the decomposition of the input and output variables into linked bilinear factor

models. The dimensionality, i.e. the number of required factors, is typically determined

such that the prediction error sum of squares (PRESS) between the true outputs and

the predictions becomes minimal. The performance of the trained PLS or NN model has

to be evaluated, using for instance a leave-one-out cross-validation technique. Typically,

an iterative algorithmic procedure comprising model structure generation, training and

validation is followed, in order for the best model structure to be defined.

Nowadays, there are various algorithms available to apply PLS and NN. In the present

study, we used the classical PLS1 algorithm [Geladi and Kowalski, 1986; Haaland and
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Thomas, 1988; Maeder and Neuhold, 2007]. For NN, a radial basis function neural

networks (RBFNNs) using a fuzzy partition of the input space algorithm was applied

[Sarimveis et al., 2002]. A recent general review for applications of multivariate methods

including PLS and NN can be found in literature [Escandar et al., 2007], indicating their

importance for the calibration of complex systems.

Table 4.3: List of input variables used in PLS and NN calibrations

variable unit description min max
Vr ml volume of the reactor content 25 50
n rpm stirrer speed 200 1400
∆Tr,set ℃ set amplitude of the reactor temperaturea 0.1 0.5
∆Tr ℃ measured amplitude of the reactor temperature 0.16 0.77
ϕTr rad phase shift of the reactor temperature 4.96 5.31
q̄comp W steady-state of the compensation heater power 9.7 23.4
∆qcomp W amplitude of the compensation heater power 0.37 8.65
q̄cool W steady-state of the cooling rate 5.91 21.66
∆qcool W amplitude of the cooling rate 0.04 0.86
ϕqcool rad phase shift of the cooling rate 4.30 4.97
aDue to the PID control of the reactor temperature, ∆Tr,set and ∆Tr are not equal.

4.3.4 Applications of the method

The method was finally applied to predict the total heat capacity of n-heptane, of ho-

mogenous ethanol-water mixtures, and of a reactive medium. For the latter, hydrolysis of

concentrated sulphuric acid was chosen as it shows a considerable release of energy and

change of Cp. Importantly, there is a wealth of physical properties available over a large

range of concentrations for comparison. The reaction is given by:

H2SO4 + H2O −→ HSO−4 + H3O
+

+H2O−⇀↽− SO2−
4,aq+2H3O

+

The total heat capacities of sulphuric acid solutions were predicted during the dosing

of water. As heat was released, the system was not under steady-state and UA was calcu-

lated using q̄cool in Eq. (4.17). Additionally, to increase the number of Cp determinations,

a fitting time of one oscillation period only was used in Eq. (4.12). The experimental

conditions are summarised in Table 4.4. Note, the hydrolysis of sulphuric acid was also

performed without oscillations in order to test if the temperature oscillations have an

influence to the determination of the reaction enthalpy.
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Table 4.4: Experimental conditions of the applications

reactor content experimental conditions
n-heptane Vr = 25, 30, 35, 40, and 45ml, T̄r = 35℃,

T̄j = 27℃, τ = 2min, ∆Tr,set = 0.2℃, n = 500rpm
water/ethanol Vr = 18.75ml H2O + 6.25ml ethanol (xH2O=0.91),

12.5ml H2O + 12.5ml ethanol (xH2O=0.77),
6.25ml H2O + 18.75ml ethanol (xH2O=0.54), T̄r = 35℃,
T̄j = 27℃, τ = 2min, ∆Tr,set = 0.2℃, n = 500rpm

sulfuric acid Vr,0 = 25ml, C0,H2SO4= 61.5%w.
Dosing: 20ml of H2O at 1ml/min, T̄r = 25℃,
T̄j = 20℃, τ = 2min, ∆Tr,set = 0.2℃, n = 500rpm

4.4 Results and discussion

Typical oscillating signals are given in Figure 4.1. The reactor needed about 2min to sta-

bilise after the oscillation mode was turned on. The surrounding jacket of the small scale

reaction calorimeter is particularly suited for temperature oscillating mode. Due to the

high thermal conductivity of the hexagonal-shaped copper jacket and the powerful ther-

moelectrical cooling, the system fulfilled well the guidelines of TOC given by Gesthuisen

et al. [2005].

As shown in Figure 4.1, the jacket temperature was not sensitive to the temperature

oscillation of the reactor. The Peltier elements controlled the jacket temperature to oscil-

late less than 0.02◦C when the measured temperature of the reactor oscillated by 0.7◦C.

Therefore, the heat accumulation in the jacket can be neglected and Eq. (4.10) simplifies

into Eq. (4.18).

Ccalc
p,r =

∆qcomp −∆qcool · cos(ϕqcool)

−ω ·∆Tr · sin(ϕTr)
(4.18)
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Figure 4.1: Tr, Tj , q̇cool, and q̇comp profiles during temperature oscillation with 40ml
of H2O, ∆Tr,set=0.5℃ (∆Tr=0.7℃), T̄r=35℃, T̄j=27℃, n=500rpm. The
oscillations started after 4 min.

4.4.1 TOC under different experimental conditions

4.4.1.1 Variation of the frequency

The frequency behaviour of the calorimeter was studied with H2O to find the optimal

oscillation conditions. The results are presented in the form of a Bode plot, Figure 4.2,

that represents the output response of a frequency-dependent system. Periods from 1 to

20 minutes were investigated. Due to damping effects on the amplitudes of the cooling

power at high frequencies, periods below 2 minutes are too small and lead to poor results.

To avoid the denominator in Eq. (4.18) to become close to zero, the optimal frequency

is expected where the phase shift of the reactor temperature is around 3π/2. At the

same time, the gain defined as the ratio between the ∆Tr,set and ∆Tr, is maximal. These

conditions were fulfilled with a period τ of 2min.
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Figure 4.2: Periodic heating of the reactor with 40ml of water: Bode plot of amplitudes
and phase shifts of q̇comp, Tr and q̇cool for a modulation of ∆Tr,set=0.5℃
with n=500rpm, T̄r=35℃, T̄j=27℃. The full markers highlight the period
τ=2min used later in this study.

4.4.1.2 Variation of the working conditions

A series of experiments was performed to investigate the effects of the working conditions

on the determination of the total heat capacity Cp. These experiments included variation

in stirrer speed, volume, and reactor content (see Table 4.2).

The calculation of total heat capacity of the reactor content, Ccalc
p,r , from Eq. (4.18) is

sensitive to the stirrer speed, as shown for example in Figure 4.3 for 40ml of water. As

the global heat transfer coefficient, UA, also increases with the stirrer speed [Bourne et

al., 1981], this suggests that Ccalc
p,r is also affected by a change in UA. The contribution of

the heat accumulated in the reactor wall is affected by UA and probably not negligible.

Hence, a constant correction by half of the total heat capacity of the wall as suggested by

Tietze [1998] is not applicable.

The effect of viscosity was investigated for 10 solvents, listed in Table 4.2. Simultaneously,

information on flow conditions was provided by the dimensionless Reynolds number (Re).

To increase the range of Re, different stirrer speeds were also applied. As shown in
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Figure 4.3: Total heat capacity of the reactor content, Ccalcp,r , determination by
Eq. (4.18) as a function of the stirrer speed, with 40ml of water,
∆Tr,set=0.5℃, T̄r=35℃, T̄j=27℃, τ=2min.
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Figure 4.4: Observed discrepancies, C litp,m − Ccalcp,r , for all investigated solvents as a
function of the Reynolds number, Re. For experimental conditions, see
Table 4.2.
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Figure 4.4, the difference between Ccalc
p,r and C lit

p,m is highly correlated to Re. The three

values at Re < 50, correspond to glycerol. Under laminar flow, the heat transfer through

the reactor is mainly due to convection. This has a high impact on the temperature profile

in the reactor. Roetzel [1989] calculated the heat transfer coefficient of liquids in copper

tubes by temperature oscillation methods and suggested that observed deviations at low

Re are due to an unstable and undeveloped temperature profile. Additionally, at high

bulk viscosity, the mixing efficiency is poor and the bulk temperature badly controlled.

Therefore, all measurements with Re < 500 were removed from the training set. However,

as the boundary between laminar and turbulent flow is not given at an exact Re, this

limit may be adapted according to the working conditions. The stirrer used in this study

did not dissipate measurable energy in order to determine this limit, as it is often possible

with large-scale reactors.

4.4.2 Calibration procedure

In the previous section, it was shown that, even with rigourous mathematical treatment,

the total heat capacity calculated from Eq. (4.18) led to discrepancies from literature

data that are strongly correlated to the Reynolds number. However, as Re can not be

calculated for an unknown reactor content, other calibration procedures are proposed.

These are either based on a linear correlation with UA or on a more complex multivariate

calibration with a whole set of input variables comprised of experimental conditions and

measured values (see Table 4.3).

Table 4.5 presents the goodness of the calibrations. This is given as the mean of the

absolute value of the relative error (MARE) and the regression coefficient of detection

(RCD) that are between 4.6 to 6.9% (MARE) and 0.86 to 0.99 (RCD). All calibration

methods seem to be working equally well, maybe with a slight advantage for PLS. We do

not intend to analyse this marginal deviations between the methods in detail. General

comparisons between PLS and NN can be found elsewhere [Centner et al., 2000; Estienne

et al., 2001].

Table 4.6 shows the goodness of the predictions. The predictions with UA show MARE

between 4.0 and 15.7% and a highest maximum absolute value of the relative error

(MaxARE) of 20.1%. For PLS, MARE are between 4.8 and 18.7% with a highest

MaxARE of 24.2%. For NN, these values are 4.7 to 21.9% (MARE) and 34.0% (MaxARE).

In contrary to the calibration (Table 4.5), there is a considerable deviation between the
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Table 4.5: Accuracies for the calibration of Cp from three different calibration meth-
ods. The calibration subset for each particular solvent did not contain
measurements for the solvent itself

UA Calib. PLS NN

Solvent M
A
R
E
a

R
C
D
b

M
A
R
E

R
C
D

M
A
R
E

R
C
D

H2O 6.9 0.87 5.7 0.93 6.9 0.86
Ethanol 6.0 0.98 5.5 0.98 5.7 0.98
Methanol 6.2 0.98 5.2 0.99 5.3 0.98
Acetone 5.7 0.98 5.4 0.98 5.5 0.98
1-Octanol 5.2 0.98 4.6 0.99 5.4 0.98
Diethylenglycol 6.0 0.98 5.6 0.98 6.1 0.98
Toluene 6.7 0.98 5.4 0.98 5.7 0.98
1-Butanol 6.4 0.98 5.1 0.98 6.0 0.98

aMean of absolute value of relative error [%], Eq. (4.15).
bRegression coefficient of detection [-], Eq. (4.14).

Table 4.6: Accuracies for the prediction of Cp from three different calibration meth-
ods. The prediction subset for each particular solvent was not part of the
corresponding calibration set

UA Calib. PLS NN

Solvent #
E

x
p
a

M
A
R
E
b

R
C
D
c

M
a
x
A
R
E
d

M
A
R
E

R
C
D

M
a
x
A
R
E

M
A
R
E

R
C
D

M
a
x
A
R
E

H2O 30 5.6 0.84 13.0 5.5 0.85 19.0 5.3 0.97 18.2
Ethanol 12 10.5 0.83 16.2 7.4 0.81 15.4 7.0 0.85 13.7
Methanol 12 7.5 0.90 10.8 7.9 0.82 13.4 11.6 0.71 15.6
Acetone 12 8.0 0.88 13.9 7.5 0.87 16.0 10.7 0.76 17.6
1-Octanol 7 15.7 0.34 20.1 18.7 -1.45 24.2 21.9 -2.54 34.0
Diethylenglycol 2 10.4 — 11.2 4.8 — 8.1 4.7 — 9.0
Toluene 14 4.0 0.92 19.2 9.6 0.76 21.2 9.3 0.73 16.8
1-Butanol 12 8.0 0.88 13.4 9.1 0.79 16.4 7.1 0.83 15.6

aNumber of experiments with the specific solvent.
bMean of absolute value of relative error [%], Eq. (4.15).
cRegression coefficient of detection [-], Eq. (4.14).
dMaximum of absolute value of relative error [%], Eq. (4.16).
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goodness of the different predictions depending on the solvent. Despite some individual

deviations between the three calibration methods, the overall trend for their predictions

is very similar, as shown in Figures 4.5, 4.6, and 4.7, for UA, PLS and NN, respectively.

As the measurements for diethylenglycol with Re>500 were taken at the same volume,

RCD is not defined. Additionally, due to high deviations between the predicted heat

capacities and their associated literature values, RCD for the prediction of 1-octanol is

negative when calibrated with PLS and NN.

The results of 1-octanol show the worst predictions, independently of the calibration type.

However the corresponding calibration is one of the best. The measurements of 1-octanol

may contain some information that is not covered by the other solvents. Indeed all mea-

surements with 1-octanol have Re < 1000. There are only two remaining measurements

with Re < 1000 for diethylenglycol. Therefore, information due to low Re is not well

represented in the calibration subset not containing 1-octanol. This can explain why in

this case the calibrations are the best and the predictions are the worst. Indeed, as shown

in Table 4.6 for diethylenglycol, the effect of a low Re can be accounted for using PLS and

NN. In this case, the prediction with UA is significantly worse, and a higher order polyno-

mial regression may be better. This has not been further investigated in this study. Also,

a larger number of measurements with Re between 500 and 1000 would most probably

improve the prediction of Cp in this range of Re.

As shown in Table 4.6, MaxARE of water are between 13% and 19%, and MARE are

only around 5%. This indicates some outliers. The measurements with water cover most

maximal input variables shown in Table 4.3. Therefore, some predictions for water are

extrapolated as their associated input variables are outside the range of the calibration

subset, not containing water. Extrapolation with PLS and with NN should be avoided as

it may lead to poor prediction [Estienne et al., 2001]. With PLS, MaxMARE for toluene

is 21.2% while MARE is 9.6%. Once again, his indicates some outliers. Similarly as with

water, one measurement with toluene covered three extremes of the input variables for

PLS and NN, that may produce outliers.
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Figure 4.5: Literature versus predicted total heat capacity, C litp,m vs Cpredp,m , from
straight-line calibration with UA.
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Figure 4.6: Literature versus predicted total heat capacity, C litp,m vs Cpredp,m , from PLS.
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Figure 4.7: Literature versus predicted total heat capacity, C litp,m vs Cpredp,m , from NN.
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Figure 4.8 shows the difference between the literature value, C lit
p,m, and the calculated Ccalc

p,r

from Eq. (4.18) versus the UA calculated online, for the training set with Re > 500. As

during the calibration procedure each solvent was alternatively removed from the training

set, each corresponding calibration subset may show inhomogeneously distributed data.

The importance of an even data distribution of the input space for pattern recognition

has already been discussed elsewhere [Simon and Hungerbühler, 2008]. Regional clusters

in the calibration subset should be avoided. However, in our case, a reduction of the data

set did not change significantly the performance of the method for the determination of

the total heat capacity.

4.4.3 Applications of the method

The method was applied to determine the Cp for different reactor contents. As the pre-

dictions with the three types of calibrations were similar (see previous section), here only

a calibration with UA was applied to predict ∆Cpred
p . The calibration set included all

eight solvents listed in Table 4.5. Ccalc
p,r is determined by Eq. (4.18) and Cpred

p,m is given

by Eq. (4.13). As already discussed in Section 4.4.1.2, the correction factor ∆Cpred
p in

Eq. (4.13) accounts for the heat capacity of the inserts, of the wall, and for all other pos-

sible locations of the calorimeter that may follow the temperature oscillation behaviour.

As shown in Table 4.7, heat capacities of n-heptane and various ethanol/water mixtures

can be predicted with an accuracy of 0.2% to 9.2% when compared to the corresponding

literature values.

The method was then applied to a reactive system, the hydrolysis of sulphuric acid. As

shown in Figure 4.9(a), quasi-isothermal conditions were well kept during the hydroly-

sis. Total heat capacities and the reaction enthalpy were simultaneously evaluated. The

enthalpies of hydrolysis measured with and without oscillations were 13.19kJ/mol and

13.79kJ/mol, respectively. These are 2.3% and 6.9% higher than the values given by Kim

and Roth [2001]. Thus, the forced temperature oscillations have only a minor impact

on the determination of the reaction enthalpy, see Figure 4.9(c). Note that the reaction

enthalpy was calculated by solving Eq. (2.1); the corresponding contributions of the com-

pensation heater and the cooling are shown in Figure 4.9(b). A more sophisticated data

treatment, for example hard-modelling of the reaction heat including the temperature os-

cillations, could give more accurate results, particularly when the reaction heat strongly
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Table 4.7: Results for the calculated and predictions of total heat capacities of
n-heptane and various ethanol/water mixtures. The experimental condi-
tions are given in Table 4.4

reactor content Ccalcp,r [J/K] Cpredp,m [J/K] C litp,m [J/K] rel. error [%]
n-heptane 25ml 73.6 40.2 39.1a 2.7
n-heptane 30ml 83.6 48.5 47.0a 3.3
n-heptane 35ml 96.2 59.5 54.8a 8.5
n-heptane 40ml 101.1 62.7 62.6a 0.2
n-heptane 45ml 117.0 77.0 70.5a 9.2
18.75ml water/6.25ml ethanol 158.5 110.9 104.9b 5.8
12.5ml water/12.5ml ethanol 135.9 97.2 91.3b 6.5
6.25ml water/18.75ml ethanol 112.9 76.9 72.6b 5.9

a [Riddick et al., 1986], b [Benson and Darcy, 1982]

changes with time. However, it was not the case in this study. Finally, as shown in Fig-

ure 4.9(d), the differences of the total heat capacities determined during the hydrolysis

lie between 3 and 15% compared to literature data [Craig and Vinal, 1940].

4.4.4 Critical assessment

According to the values reported in Tables 4.1, 4.6, and 4.7, it is obvious that the classical

methods for Cp determination using Picker flow, Calvet, adiabatic, or drop calorimeters

are more accurate than the method proposed in this work. However, these methods are

specifically designed and optimised for Cp determination and the equipment generally

lacks versatility for other applications.

In the field of thermal process safety and chemical process development often more ver-

satile calorimeters are preferred. With those, a relative error of 5 to 15 % is acceptable

for the determination of Cp. Accuracies of our predictions are comparable to the results

obtained with normal DSC, at about 3-10% [Warrington and Höhne, 2005], RC, at about

10% [Nogent and Le Tacon, 2003], and those obtained with differential reaction calorime-

try (DRC), at about 7% [André et al., 2003]. The sample volume, an important parameter

especially for R&D in pharmaceutical and fine chemical industry is much smaller in our

reactor than in the traditional reaction calorimeters (RC), as shown in Table 4.1.

The method presented here shows many advantages compared to classical Cp evaluation

with reaction calorimeters. The time required to measure the Cp is 2 to 4 minutes. This is
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faster than the time needed for a temperature ramp, e.g., with a RC. Additionally, as our

reactor runs under quasi-isothermal condition, Cp and reaction enthalpy can be evaluated

even during the course of a reaction.

The large calibration subset used for this study can represent a drawback of the method.

However, the calibration subset covers a large set of experimental conditions, e.g. the

sample viscosity up to 20cP, different flow conditions or several volumes. This also allows

the Cp determination of an unknown reactor content, for example during a reaction.

On the other hand, calorimeters using a twin system, such as Picker or Calvet type

calorimeters, need a reference solvent whose physical properties are similar to the sample

to be studied. As concluded by Kraftmakher [1992] on MT-DSC, each measurement needs

an appropriate experimental setup according to the properties of the sample. Finally, the

size of the calibration subset that contained 101 measurements in our study may be

reduced by an optimised design of experiments (DOE).

With DSC or Calvet calorimeters, for example, mixing is due to diffusion only and it is

most likely not the entire sample that is affected by the forced temperature oscillations.

In this case, one cannot expect quantitative results [Boller et al., 1994].

The effects of the total pressure and of the vapour pressure on the heat capacity have not

been investigated, although the reactor is operational until 60bar. However, according to

the values reported by González-Salgado et al. [2007], the change of Cp as a function of

pressure is below the accuracy of our method.
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Figure 4.9: Hydrolysis of H2SO4 from xH2SO4= 61.5% to 39.8%. (a) Reactor and
jacket temperatures, Tr and Tj , (b) Compensation heater, q̇comp, and the
cooling, q̇cool. Grey lines refer to the reaction without temperature oscil-
lations and black full lines to the the same experiment, when temperature
oscillations are applied.(c) Heat of reaction with (black full line) and with-
out (grey line) oscillations, calculated from Eq. (2.1). (d) Predicted total
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C litp,m [Craig and Vinal, 1940]. Dashed lines indicate the dosing time. Val-
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Chapter 5

Reactor Heat Flow Modelling

5.1 Introduction

As already discussed in Section 2.1.1, the global heat balance of a reaction calorimeter that

allows the determination of the heat of reaction, the rate of conversion and the associated

kinetic parameters is given by:

q̇acc = q̇react + q̇comp + q̇stirr + q̇mix + q̇phase + q̇dos − q̇cool − q̇loss (5.1)

where q̇acc is the heat accumulation in the reactor [W], q̇react is the heat liberated by the

chemical reaction [W] that contains the kinetic information, q̇comp is the power provided

by the electrical heater [W], q̇stirr is the heat dissipated by the stirrer [W], q̇mix is the heat

due to mixing enthalpy occurring when different fluids are mixed [W], q̇phase is the heat

released or absorbed due to phase change [W], q̇dos is the heat due to the dosing of the

reactant [W], q̇cool is the cooling flow-rate out of the reactor [W], and q̇loss is the heat loss

from the reactor to the environment [W]. This equation is applicable under the following

assumptions:

• The heat accumulates only in the reactor medium, thus q̇acc = Cp,r
dTr
dt

• In case of variation of the heat flow through the reactor wall, q̇flow, the tempera-

ture profile between the reactor content and the jacket reaches instantaneously the

steady-state.

89
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Under dynamic conditions, when the temperature of the reactor and/or the jacket changes,

the previous assumptions are not valid anymore. Karlsen and Villadsen [1987b] proposed

a conductive heat flow model for the reactor wall by solving the following Fourier’s law

of thermal conduction [Bird, 2002], where Φ is the heat flux [W/m2] and λ the thermal

conductivity [W/(m·K)]:

Φ(x, t) = −λδT (x, t)

δx
(5.2)

Similarly, Zaldivar et al. [1996] computed a dynamic model of the reactor, that included

also the PID control of the reactor temperature and a temperature profile along the radial

and height-axis of the reactor wall. Heat accumulation in the reactor and jacket-side layers

was neglected and the corresponding temperature profile considered to be always linear,

i.e. at steady-state. Due to the complexity of the fluid dynamics in the two films, this

statement is often assumed [Zogg et al., 2004c]. The real temperature profile may be

determined by computational fluid dynamics (CFD). Software packages like Fluent [by

ANSYS] apply the Finite Element Method to solve CFD and heat conduction problems,

and may be used for such investigations [Zakrzewska and Jaworski, 2004]. In general,

such softwares are complex and not comfortable for the simulation of dynamic processes

[Lerchner et al., 2004].

In their heat-flow model for the reactor wall, Karlsen and Villadsen [1987b] and Zaldivar et

al. [1996] focused on classical double-wall reaction calorimeters (such as RC1; for details,

see Section 2.1.1). With this type of calorimeter, neglecting the dynamics of the internal

and external heat-transfer is often a reasonable assumption. Moreover, the dynamics of

q̇flow can even be not considered at all and q̇flow is determined directly from the steady-

state Eq. (2.6) [Zogg et al., 2004c].

In micro-scale calorimetry1, the sample volume is much smaller than in traditional reaction

calorimetry. Thus the dynamic effects of the wall and of the surrounding jacket are

considerably larger and Eq. (5.1) is not valid anymore. This is partially solved by using

a twin-system design. The heat signals of the sample cell are compared to a reference

sampling cell, such as with DSC. Note that twin-systems have also been used in bench-

scale reaction calorimetry [André et al., 2002] (see Section 2.1.2). To ideally account for

the dynamics of the vessel wall and of the surrounding, the physical properties of the

1According to the IUPAC notation, microcalorimetry defines calorimeters designed for use in the
microwatt range [Wadsö and Goldberg, 2001]. We define micro-scale calorimetry for calorimeters for use
in the microliter range.
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reference should be near those of the sample. This is unrealistic, especially if a chemical

reaction is investigated. Moreover, as mentioned by Wadsö [2000], it is not uncommon

that more than 20% of the heat generated within the sampling vessel may not be accounted

for by the cooling signal, q̇cool. Thus, micro-scale calorimeters require precise calibration,

either with an electrical heater or with well-defined chemical reactions. In addition to the

calibration procedure, heat flow simulation allows to distinguish the heat effect specifically

due to the sample from the contribution of the apparatus.

Finite Element Method (FEM) is preferably used to model micro-scale calorimeters.

Höhne and Shenogina [1998] simulated with FEM in one dimension the dynamics of a

DSC, and especially the heat transfer coefficient between the sample and the sample

pan2. This model allowed a deeper understanding on the amplitude and phase-shift of

the heat flow signal under modulated temperature condition. Vilchiz et al. [2005] assessed

the relative importance of the heat transfer due to conduction, convection, and radiation

within a Calvet calorimeter during gas dosing experiments in order to investigate heats of

adsorption on catalysts. Two and three-dimensional models have been simulated and con-

duction was found to be the predominant heat transfer mechanism. Davids et al. [1985]

modelled an isoperibolic titration calorimeter with FEM to obtain thermal corrections for

the heat loss.

One other frequent method for analysing heat effects in micro-scale calorimetry is the

thermal-electrical analogy method, also called resistor-capacitor (RC) model [Lerchner et

al., 2004]. This method is based on the analogy between electrical and thermal effects,

such as electric current and heat flow, difference in electric voltages and in temperatures,

electric and thermal resistances, or electric and heat capacities. For example, Mudd [1999]

computed an extremely complex model, with more than 5000 components to assess the

sensitivity of a DSC to the heat capacity and thermal conductivity of the sample. An

alternative method to the RC model is the thermal-dynamic analogy. The calorimeter is

considered as a dynamic object and modelled with a set of transfer functions often solved

with Laplace or Fourier transformation [Zielenkiewicz, 2007].

The design of the CRC.v5, especially the solid intermediate thermostat, makes the reac-

tion calorimeter developed in this work particularly suitable for heat flow modelling with

methods traditionally used in micro-scale calorimetry. In contrast to the double-film ap-

proximation with RC, only the reactor side of the vessel is subject to fluid dynamic issues

while the other side is governed by pure thermal conduction. The model developed in this

2Note that in DSC, the sample is not mixed. See Appendix D.2 for details.
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work is based on the Finite Difference Method (FDM) of the heat flow and permits the

characterisation of temperature profiles and heat accumulation at different locations of

the system. Under dynamic behaviour, such as forced temperature oscillations, another

simpler heat balance may give inaccurate results. Additionally, a better understanding of

the heat loss of the system is aimed. The contribution of the temperature of the cooling

liquid and/or of the cover to the heat loss has not been investigated yet [Zogg, 2003;

Visentin, 2005]. Finally, the model may be used to improve the design of the subsequent

calorimeter generation. Design improvement can include better geometry and material

selection for the jacket, the vessel, the lid, and the insulation, in order to increase the

calorimeter dynamics and sensitivity.

5.2 Numerical techniques and mathematical model

5.2.1 Fundamental equations

Heat is transported by three basic thermal modes: conduction, convection, and radiation

[Bird, 2002; Bejan and Kraus, 2003]. The heat diffuses through a solid or a stationary fluid

by heat conduction. In a liquid at rest, the variation of density between different locations

in the vessel induces a fluid motion, resulting in a heat transfer by free convection. When

the vessel is mixed, the fluid motion is forced, and the heat transfer mode is called forced

convection. Finally, thermal radiation is the thermal flow resulting from electromagnetic

radiation emitted between a surface and its surrounding.

The calorimeter CRC.v5 consists of an agitated vessel, which is partially filled with a

liquid medium and surrounded by a solid jacket. A realistic mathematical model of the

system may consider the vessel content as perfectly mixed, and therefore, the heat transfer

from the bulk to the vessel wall due to conduction though the internal film layer only.

Thus, thermal conduction is the only thermal mode considered in the model (see details

in Section 5.2.2.2).

Heat conduction is governed by Fourier’s law, which has already been given in Eq. (5.2).

The temperature profile through a body is a function of the thermal diffusivity given by the

specific heat capacity, cp, [J/(kg·K)], the density, ρ [kg/m3] and the thermal conduction,

λ [W/(m·K)].



5.2 Numerical techniques and mathematical model 93

In a general form, it is given by:

δT

δt
=

λ

ρcp
· ∇2T +

q̇V
ρcp

(5.3)

where ∇2 is the Laplacian operator and q̇V represents the rate of heat generated or con-

sumed (i.e. heater, reaction) within the infinitesimal volume [W/m3]. The previous

equation can be written for a three-dimensional Cartesian coordinate system as:

δT (x, y, z, t)

δt
=

λ

ρcp

[
δ

δx
(
δT

δx
) +

δ

δy
(
δT

δy
) +

δ

δz
(
δT

δz
) +

q̇V
λ

]
(5.4)

Similarly, for a Cylindrical coordinate system:

δT (φ, r, z, t)

δt
=

λ

ρcp

[
δ

rδr
(r
δT

δr
) +

δ

r2δφ
(
δT

δφ
) +

δ

δz
(
δT

δz
) +

q̇V
λ

]
(5.5)

with r =
√
x2 + y2 and φ = tan−1( y

x
).

5.2.2 Finite Methods

With complex geometry and boundary conditions, the partial differential equations (PDEs)

that mathematically describe the calorimeter, such as Eq. (5.5), cannot be solved ana-

lytically. By discretising the continuous system into well-defined sub-domains called el-

ements, the PDEs are approximated by ordinary differential equations (ODEs) and can

be solved by traditional methods such as Runge-Kutta or Euler’s method. The elements

are described with a finite number of unknowns at specified points called nodes, for which

the solution is approximated. The assembly of nodes results in a mesh or a gridded

network. Finite Difference Method (FDM), Finite Volume Method (FVM), and Finite

Element Method (FEM) are commonly employed for solving complex problems [Lewis et

al., 2004]. FVM and FEM are often the method of choice for dealing with complicated

geometries in multi-dimension. Both approaches are similarly based on the conservation

of mass, energy and momentum, using the integral form of the transport equations as the

starting point of the discretisation process. The accumulation rate of an entity u(x, t)

within a volume V , plus the flux of u out of the volume through the exchange area A
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is equal to the production rate of u given by S(u, x, t) [Peiró and Sherwin, 2005]. A

generalised form of the equation is written as follows:

d

dt

∫
V

u(x, t)dV +

∫
A

f(u) · dA−
∫
V

S(u, x, t)dV = 0 (5.6)

where the flux f(u) is considered orthogonal to the surface dA.

Finite Difference Method is based on the local approximation of the derivatives of the

transport equations. By definition, the derivative of u(x) with respect to x is given by:

δu(x)

δx
= lim

∆x→0

u(xi + ∆x)− u(xi)

∆x

= lim
∆x→0

u(xi)− u(xi −∆x)

∆x

= lim
∆x→0

u(xi + ∆x)− u(xi −∆x)

2∆x

(5.7)

These equations can be approximated using a Taylor series expansion [Kundu and Cohen,

2002]:

u(x+ ∆x) =u(x) + ∆x

[
δu(x)

δx

]
+

∆x2

2

[
δ2u(x)

δx2

]
+

∆x3

6

[
δ3u(x)

δx3

]
+

∆x4

24

[
δ4u(x)

δx4

]
+ . . .

(5.8)

Therefore, the second order spatial derivative is given by:

δ2u(x)

δx2
=
u(x+ ∆x)− 2u(x) + u(x−∆x)

2∆x
+O(∆x2) (5.9)

where O(∆x2) is the second-order local truncated error. Obviously, more accurate ap-

proximations are given by reducing the size of the increment ∆x.
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In this work, the heat flow model of the calorimeter is solved by Finite Difference Method.

Note that here, only the spatial and not the time derivation is discretised. The spatial

discretisation alone allows to describe the system with a set of linear ordinary differential

equations of first order that can be solved straightforwardly by the variation of parameters

method (for details, see Section 5.2.2.6). The program is written in Matlab.

5.2.2.1 Model dimension

With Finite Difference Method, only a minor geometry complexity is allowed (see also

Section 5.6). Consequently, approximation of the reactor geometry is required. First,

the hexagonal copper jacket is considered as a cylinder of equal volume as the hexagon.

Second, the inserts on the cover and the screws closing the cover are not considered at

all. Therefore, the system is totally symmetric with respect to the angle φ in the cylindric

coordinate system, and the spatial variables are the radius r and the height z, only. The

geometry of each element is defined by a rectangle with ∆r and ∆z side lengths revolved

by 360° around the z-axis. The heat balance on each element is expressed by removing φ

from Eq. (5.5) resulting in:

δT (r, z, t)

δt
=

λ

ρcp

[
δ

rδr
(r
δT

δr
) +

δ

δz
(
δT

δz
) +

q̇V
λ

]
(5.10)

The heat flows in the r- and z-directions can be obtained from the previous equation. In

discretised notations, as illustrated in Figure 5.1, heat flows are given by:

• Heat flow in the r-direction [W]

q̇r+∆r,z = 2π
λ

∆r
(r + ∆r/2)∆z(Tr,z − Tr+∆r,z) (5.11)

q̇r−∆r,z = 2π
λ

∆r
(r −∆r/2)∆z(Tr−∆r,z − Tr,z) (5.12)

• Heat flow in the z-direction [W]

q̇r,z+∆z = 2π
λ

∆z
r∆r(Tr,z − Tr,z+∆z) (5.13)

q̇r,z−∆z = 2π
λ

∆z
r∆r(Tr,z−∆z − Tr,z) (5.14)
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• Heat accumulation [W]

q̇r,z = 2πr∆r∆zρcp
δTr,z
δt

(5.15)

The heat accumulation, q̇r,z, in one element is given by the sum of the incoming and

outgoing heat flows:

q̇r,z = q̇r,z−∆z − q̇r,z+∆z + q̇r−∆r,z − q̇r+∆r,z + q̇0 (5.16)

where q̇0 is the heat generated by an additional source in the element, such as the com-

pensation heater, or the energy liberated by potential reactions.

Δz

Δr

r

qr+Δr,z

qr,z-Δz

r

z

qr,z+Δz

qr-Δr,z

qr,z

Figure 5.1: Meshing and heat flows in a cylinder. Additional heat flow, q̇0, is not
shown.
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By inserting Eqs. (5.11) to (5.15) into Eq. (5.16), the following equation results:

r∆r∆zρcp
δTr,z
δt

=
λ

∆z
r∆r(Tr,z − Tr,z+∆z)

− λ

∆z
r∆r(Tr,z − Tr,z−∆z)

+
λ

∆r
(r + ∆r/2)∆z(Tr,z − Tr+∆r,z)

− λ

∆r
(r −∆r/2)∆z(Tr,z − Tr−∆r,z) + q0

where the physical properties are given at Tr,z. The previous equation can straightfor-

wardly be written in matrix notation:

δ ~T

δt
= S · ~T (t) +

1

~Cp
· ~q0 (5.17)

where S and ~Cp are a matrix and a vector containing the geometrical and the physical

properties. The elements of the matrix S represent the inverse of the time constant3 of

the elements, τ−1 [s−1] and the elements of ~Cp are the individual total heat capacity of

the element [J/K].

5.2.2.2 Subdomains

The calorimeter is constructed with different building materials, such as Hastelloy for the

vessel, copper for the jacket or Teflon in the cover. These materials have different physi-

cal properties, resulting in other temperature profiles and heat accumulation. Therefore,

meshing of the model should not be regularly distributed but depends on the subdomains.

The local meshing is finer when the heat transfer is lower and when a large heat accumu-

lation is expected, or in other words, where the time constant of the discretised volume

is low. The different parts are defined according to the construction material, given in

Table 5.1, and illustrated in Figure 5.3. The surrounding insulation has not been included

in a subdomain of model, but, instead, is accounted for it the heat loss terms.

3the time constant of an element is given by τ = ∆rCp

λA and τ = ∆zCp

λA
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Table 5.1: Overview of the subdomains (see also Figure 5.3)

Subdomains Material Location
Bulk Solvent Inside the vessel
Film Solvent Internal side of the vessel wall
Gas phase air Inside the vessel
Wall (wet) Hastelloy C-22 Lower part of the vessel wall
Wall (dry) Hastelloy C-22 Upper part of the vessel wall
Jacket Copper Intermediate solid thermostat
Cover Teflon Top of the vessel
Vessel bottom Hastelloy C-22 Bottom of the vessel
Insulation jacket Insulation material Bottom of the jacket

5.2.2.3 Internal heat transfer coefficient

The liquid phase of the system is the most difficult part to model in a realistic way.

As already mentioned, Computational Fluid Dynamics (CFD) is often the appropriate

technique for modelling fluid behaviour, but may show lack of flexibility. Additionally,

solving CFD problems requires a well-defined medium. As one aim of the model developed

here is a better characterisation of the global heat balance during the course of a chemical

reaction, the reactor content cannot be well-characterised at any time. Fluid dynamics

are not considered, and the reactor content is modelled under the following reasonable

assumptions:

• The bulk is considered perfectly mixed, and thus, its temperature is homogenous.

• The heat transfer through the internal film is due to thermal conduction only.

• The internal heat transfer coefficient hr is constant with respect to the height z and

within the depth of the film layer.

• The heat transfer coefficient at the bottom of the vessel equals the one at the side.

The heat transfer area, A, is the surface of the vessel wetted by the medium. When the

reactor content is mixed, the formation of a vortex increases the wetted area. The vortex

height depends on the type of stirrer, the dimension of the vessel as well as the stirrer

speed. Correlation for predicting the vortex height can be found in literature [Rieger et
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al., 1979; Markopoulos and Kontogeorgaki, 1995; Zlokarnik, 2005]. With the presented

calorimeter, four baffles have been mounted in the vessel to prevent vortex formation.

Additionally, visual inspection inside the vessel with an endoscope as well as tests with a

reactor vessel made of Plexiglas confirmed the absence of vortex.

5.2.2.4 Meshing

A typical meshing is shown in Figure 5.2. Note that for computational and geometrical

reasons, the meshing of the liquid film is propagated to the gas phase and to the insulation.

As the gas phase is not considered to be mixed, the gas film has no physical meaning and

the physical properties are identical to the bulk of the gas phase.
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Figure 5.2: Meshing of the FDM model with 25ml of medium in the reactor vessel.

As already mentioned, a smaller mesh will lead to a better approximation, but requires

more computational power. The meshing is investigated in Appendix E.1.
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5.2.2.5 Boundary conditions

The boundary conditions of the model are given by the heat loss coefficients around the

calorimeter and by the heat due to cooling on the side of the jacket. The different parts

and heat losses are illustrated in Figure 5.3. Approximated values for the heat transfer

at different locations are given in Table 5.2.

As shown in Table 5.2, the different approximated overall heat transfers, K, through the

system cover up to five orders of magnitude. Therefore, K values below 0.01W/K are

neglected, that lead to the following reasonable assumptions:

• The heat loss at the bottom of the copper jacket can be neglected (K = 0.003W/K).

• There is no heat flow from the coolers to the environment (K = 0.002W/K). So,

the external insulation is not included in the model.

• The heat loss through the cover is much smaller than the one from the top of the

jacket. The cover is considered as totally insulated.

Above assumptions reduce the number of unknown heat loss coefficients to three:

1. Heat loss from the jacket to the coolers: q̇loss = Kside · (Tj − Tcryo)

2. Heat loss from the bottom of the reactor: q̇loss = Kbottom · (Tr − Tenv)

3. Heat loss from the jacket to the cover: q̇loss = Kjacket · (Tj − Tcover)

Theoretically, each boundary condition (i.e. heat loss coefficients) could be used as model

parameter to be optimised. However, a large number of parameters would probably

decrease the sensitivity of the model and the convergence of the model will not be good.

This is discussed later in Section 5.6. Figure 5.3 shows an overview of the model, including

the model boundaries (heat loss), the internal heat generation (q̇comp) and the different

subdomains.
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Table 5.2: Overview of relevant approximative heat flows in the calorimeter

Location Material λa [W/(m·K)] Ka [W/K]
Jacket block Copper 400b 175
Reactor wall Hastelloy 9.5c 29
Insulation top jacket Insulation material N600 0.3d 0.1
Top screws Stainless steel 16g 0.2
Cover Teflon 0.4e 0.01
Insulation bottom jacket Rohacell 0.03f 0.003
Bottom of the vessel N2 0.03b 0.04
External side Rohacell 0.03f 0.002
Jacket to coolers Air 0.03b 0.04

aλ is the thermal conductivity [W/(m·K)] and K is the overall heat transfer [W/K],
given by K = λ·A

l
. bYaws [2001], cwww.haynesintl.com, dwww.b-r.ch ewww.teflon.com,

fwww.rohacell.com, gwww.aksteel.com

5.2.2.6 Solving the model

As shown in Eq. (5.17), the model is described by a system of inhomogeneous linear

ordinary differential equations of first order, where the temperature, T , is derived with

respect to the time, t. The inhomogeneities are due to the heat loss as well as due to

additional heat flows such as the compensation heater, the cooling system, or the heat

liberated by a potential reaction. The set of inhomogenous equations, given by Eq. (5.17),

are solved by the variation of parameters method [Braun, 1993] given by:

~T (t) = e−S·t · ~T0 + S−1(1− e−S·t)~q0 (5.18)

The previous equation can be rewritten as:

~T (t) = X(t) ·X−1(0) · ~T0 + S−1
(
1−X(t) ·X−1(0)

)
· ~q0 (5.19)

with xi(t) = e−λi·t · yi, where λi is the ith eigenvalue and yi the corresponding eigenvector

of S.
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Figure 5.3: Illustration of the heat flow model of the calorimeter CRC.v5. Heat loss:
1. q̇loss = Kside · (Tj − Tcryo), 2. q̇loss = Kbottom · (Tr − Tenv), 3. q̇loss =
Kjacket · (Tj − Tcover). Controlled heat flows: A. Compensation heater,
q̇comp, B. Heat of cooling, q̇cool. A brief description of the subdomains is
given in Table 5.1.

5.2.3 Model parameter optimisation

5.2.3.1 Steady-state conditions

The optimisation of the parameters (internal heat transfer, hr, and heat loss coefficients)

has been performed as follows: first, the internal heat transfer coefficient, hr, has been

determined with a single-variable Matlab’s optimiser fminbnd, on a fixed interval. Then,

the three heat loss coefficients hside, hbottom, and hjacket have been determined with a

constrained non-linear multivariable Matlab’s optimiser fmincon. The two steps have

been repeated until the relative improvement, ε, for each four parameters coefficients

changes less than 0.1% (see Figure 5.4). The relative improvement, ε, is defined as the

relative difference between the optimised value from the last and the previous loop.
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ε<0.1%?
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Figure 5.4: Steady-state conditions: scheme of the optimisation process to determine
the heat transfer coefficient and the heat loss coefficients. The objective
functions for hr and the heat loss coefficients hside, hbottom, and hjacket
are given by Eqs. (5.20) and (5.21). hside,0, hbottom,0, and hjacket,0 are the
initial guess values. ε is the relative improvement for each parameter.

The optimisation is performed with the two following objective functions:

min
hr

{[
q̇modcomp − q̇meascomp

]2
}

(5.20)

min
hside,hbottom,hjacket

{
n∑
i=1

[
(q̇modcomp,i − q̇modcool,i)− (q̇meascomp,i − q̇meascool,i)

]2
}

(5.21)

where n is the number of measurements used for the optimisation (see Tables 5.3 and 5.4).

Due to the combined principle of power-compensation and heat-balance of the calorimeter

used in this work, Eq. (5.20) could also be applied with q̇cool. Note that the optimisation

of the heat transfer coefficient hr with Eq. (5.20) is specific to each measurement and,

therefore, is performed with one measurement only.
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For few measurements (see Section 5.4.1), the experimental conditions allow to indepen-

dently determine hside, hbottom, and hjacket. Therefore, the optimisation of the heat loss

coefficient is performed with a single-variable Matlab’s optimiser fminbnd instead of a

constrained non-linear multivariable Matlab’s optimiser fmincon .

5.2.3.2 Dynamic conditions

The dynamic modelling of the reactor requires additional parameters to account for the

response time of the system. These parameters are the PID settings, the time constant,

and the dead time of the temperature regulators (Tr is controlled by the compensation

heater, q̇comp, and Tj is controlled by Peltier elements, q̇cool).

The PID controller calculation involves the three separate parameters given by:

y(t) = Kr

[
e(t) +

1

τI
·
∫ t

0

e(t′)dt′ + τD ·
δe(t)

δt

]
(5.22)

with e(t) = Tset−T (t), and τI and τD are the integral and derivative time [s], respectively.

For simplicity, the following notation is used: P = Kr, I = Kr
τI

, and D = Kr · τD. The

jacket and the reactor temperatures are controlled with individual PIDs. In the model,

the temperature of the cover, Tcover, is not controlled but is given as a boundary condition

of the system. Therefore, neither heat accumulation in the cover nor time constant of the

cover temperature controller are accounted for.

The values of the compensation heater q̇comp and of the cooling q̇cool are given by feedback

PID controls, and are constantly updated. A discretisation of the time is required and

performed using the following strategy:

• The model is set for a given reactor geometry, vessel content, heat loss coefficients,

environment and jacket temperatures, and PID settings.

• The initial values ~T0, q̇comp,0 and q̇cool,0 are given.

• The model given by Eq. (5.19) is solved for a time tsolv.

• The temperatures at tsolv are used as new initial temperatures. The values of q̇comp

and q̇cool are calculated with Eqs. (5.22), (5.24), and (5.25), and used as new input

values in Eq. (5.19)
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• The three last steps are repeated n times, where n is the total time to be modelled,

tmod, divided by tsolv. Note that with temperature modulation, the set reactor

temperature, Tr,set, is also updated at each loop.

Experimental measurements are always time-distorted due to non-ideality of the acquisi-

tion and control system. Two types of distortion can be distinguished: the time constant

and the dead time. The time constant characterises the dynamic response of a sensor

or, more generally, of a system. In Section 3.6.1, the time constants of the compensation

heater and of the cooling system were found to be 3s and 12s. The theoretical response

to a temperature step ∆T of a linear system can be written as [Burns, 2001]:

T (t) = T0 + ∆T
[
1− e−

t
τ

]
(5.23)

where T0 is the initial temperature and τ is referred to as the time constant of the sys-

tem. In the model, time constant has been implemented in the heating signals, q̇comp, in

accordance to the previous equation:

q̇comp(t) = q̇comp,0 +
[
q̇PIDcomp − q̇comp,0

]
·
[
1− e−

tsolv
τqcomp

]
= q̇PIDcomp +

[
q̇PIDcomp − q̇comp,0

]
· e−

tsolv
τqcomp

(5.24)

where q̇PIDcomp is the target value given by Eq. (5.22), and q̇comp,0 is the value of q̇comp at the

previous loop. The analogue procedure is applied to q̇cool.

Experimental measurements can also be biased by a dead time, φ, of the sensor [Wright

and Kravaris, 2003], which affects the PID controller by delaying the error function. For

the PID control of q̇comp and the measurement of Tr, it gives:

e(t) = Tr,set − Tr(t− φTr) (5.25)

The analogue correction is applied to Tj for the control of q̇cool. So, 4 additional parameters

have been introduced to account for the dynamics of the control system: τqcomp , τqcool , φTr ,

and φTj . These are determined with a constrained non-linear multivariable Matlab’s

optimiser fmincon in an iterative loop. First, the PID values for q̇comp, τqcomp , and φTr are

optimised with the following objective function:
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min
PIDqcomp ,τqcomp ,φTr

{[
q̇modcomp − q̇meascomp

]2
}

(5.26)

Then, the dynamic parameters regarding q̇cool are optimised by the analogue objective

function:

min
PIDqcool ,τqcool ,φTj

{[
q̇modcool − q̇meascool

]2
}

(5.27)

Similarly to the optimisation process for the heat loss and the internal heat transfer, as

illustrated in Figure 5.4, the two previous objective functions, Eqs.(5.26) and (5.27), are

used in series in an iterative loop, as illustrated in Figure 5.5.

Optimisation:
 PIDqcomp, 
τqcomp, φTr

Data

Optimisation:
PIDqcool, 
τqcool, φTj

no

yes

Stop

hside, hbottom
hjacket

Optim. of hr 
before ΔTr step

iterative loop

Initial values:
 PIDqcomp,0
τqcomp,0, φTr,0

 Optim. values:
 PIDqcomp, 
τqcomp, φTr

 Optim. values:
 PIDqcool, 
τqcool, φTj

Initial values:
 PIDqcool,0 
τqcool,0, φTj,0

ε<0.1%?

Figure 5.5: Dynamic conditions: scheme of the optimisation process to determine
τqcomp , τqcool , φTr , and φTj PIDqcomp , PIDqcool . The initial guess values
are indexed with 0. ε is the relative improvement for each parameter.
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5.3 Overview of the model

Overviews of the model structure and of the optimisation procedure are given in Fig-

ures 5.6 and 5.7, respectively. Note that the internal heat transfer, hr, is specific to

each experiment, while the heat loss coefficients hside, hbottom, hjacket as well as the dy-

namic parameters τqcomp , τqcool , φTr , φTj , PIDqcomp , and PIDqcool are reactor specific, and

are determined once from a training set.

Frame of the model Method and Assumptions
- Cylindric jacket
- Bulk homogenous
- No inserts in the cover
- No IR-probe at the bottom

Model dimension/geometry

Subdomains

Internal heat transfer
 coefficient

Meshing

Boundary conditions

Solving the model

Model parameter optimisation

Steady-state conditions

Model parameter optimisation

Dynamic conditions

Applications:
Temperature modulation

 Reactor design

- Mixed liquid bulk 
- Non-mixed gas bulk
- Liquid film 
- Reactor wall wet
- Reactor wall dry
- Cover
- Jacket
- Bottom insulation of the jacket
- Bottom of the vessel

Table 5.1
Sec. 5.2.2.2

Figure 5.1
Sec. 5.2.2.1
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  the bulk
- No vortex
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- Heat loss coefficients
   • if K0.01W/K:

- h
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- hbottom 
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jacket
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method of variation of 
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Eq. (5.18)
Sec. 5.2.2.6

Table 5.2
Sec. 5.2.2.5

Figure 5.4
Sec. 5.2.3.1

Figure 5.5
Sec. 5.2.3.2

Parameters:
 - Internal heat transf. hr
 - Heat loss: 
hside,hbottom,hjacket

Parameters:
 - PIDqcomp, τqcomp, φTr
 - PIDqcool, τqcool, φTj

Sec. 5.2.2.3

Figure 5.2
Sec. 5.2.2.4

-Size of the mesh specific 
to each subdomain

Sec. 5.5.2
Sec. 5.5.3

Figure 5.6: Overview of the model.
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Figure 5.7: Overview of the optimisation procedure.
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5.4 Experimental

5.4.1 Steady-state conditions

The construction principle of the reactor allows several parts to be independently thermo-

statised. These parts are the vessel content, Tr, the jacket, Tj, the cover, Tcover as well as

the coolers, that have the same temperature as the cryostat, Tcryo
4. A set of experiments

is performed to determine independently the heat loss coefficients. For determining the

heat loss at the side of the jacket, hside, the cryostat temperature, Tcryo, is changed while

the others are kept constant. For the heat loss at the top of the jacket, hjacket, only the

temperature of the cover, Tcover, is changed. For the heat loss at the bottom of the vessel,

hbottom, Tr, Tj, Tcover, and Tcryo are simultaneously changed to the same temperature set

point. Finally, a different temperature of the reactor, Tr, combines the determination

of all heat loss coefficients. Table 5.3 summarises the experimental conditions. For a

complete list of measurements, see Table E-3.

Table 5.3: Experimental conditions at steady-state for the independent and simulta-
neous optimisation of heat loss coefficients hside, hbottom, and hjacket

Heat loss side n = 500rpm, Tr = Tj = Tcover = 25℃
hside water Vr = 25ml: Tcryo = 5, 15, 20, 25, 35, and 45℃

water Vr = 40ml: Tcryo = 5, 10, 15, 20, 25, 30, 35, and 40℃
Heat loss bottom Vr = 25ml, n = 500rpm
hbottom water Tr = Tj = Tcryo = Tcover = 25, 35, 40, 45, 50, 55, and 70℃
Heat loss top n = 500rpm, Tr=35℃, Tj = Tcryo = 30℃
hjacket water 40ml, Tcover = 30, 35, 40, 45, and 50℃
All heat losses n = 500rpm, Tcryo = 20℃, Tj = 25℃

water Vr = 25ml: Tr = 25, 35, 40, 45, 50, and 55℃
water Vr = 40ml: Tr = 30, 35, 40, and 45℃
ethanol Vr = 25ml: Tr = 25, 30, 35, 40, 45, 50, and 55℃

Additionally, experiments are performed with a set of 7 solvents. The experimental con-

ditions are the same as those used for the heat capacity determination in Chapter 4 (see

Table 4.2). Note that not all the experiments performed for Cp determination have been

used here, because the heat flow sensors were not installed for all experiments. The effect

4The maximal temperature difference between the cryostat and the coolers is less than 0.5℃ when
Tcryo=150℃
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of the stirrer speed is also investigated. Table 5.4 summarises the additional measure-

ments used for the simultaneous optimisation of the heat loss coefficient. Altogether 176

experiments were performed for steady-state investigations (Tables 5.3, 5.4, and E-2 for

investigations at low temperature). For a complete list of measurements at steady-state,

see corresponding tables in Appendix E.3.

Table 5.4: Experimental conditions at steady-state with various solvents and stir-
rer speeds for the simultaneous optimisation of heat loss coefficients hside,
hbottom, and hjacket

Solvent: water, ethanol, methanol, acetone,
toluene, n-heptane, butanol

Volume: Vr = 25, 30, 35, 40, 45, and 50ml
Stirrer speed: n = 500 rpm
Temperature: Tr = 35℃, Tj=27℃, Tcryo=20℃, Tcover not controlled
Solvent: n-heptane
Volume: Vr = 25, 30, 35, 40, 45, and 50ml
Stirrer speed: n = 500rpm
Temperature: Tr= 25℃, Tj=27℃, Tcryo=20℃, Tcover not controlled
Stirrer speed: methanol, Vr = 35ml, n = 200rpm

ethanol, Vr = 25ml, n = 200, 400, 600rpm
water, Vr = 25ml, n = 200, 400, 600, 800, 1000 and 1200rpm
water, Vr = 35 & 45ml n = 200, 400, 600, and 800rpm

5.4.2 Dynamic conditions

Experiments under dynamic conditions are performed with oscillation and step temper-

ature modulations. The experimental conditions with the oscillating temperature modu-

lation are the same as those used for the heat capacity determination in Chapter 4 (see

Table 4.2). The experiments with step temperature modulations are performed with 3

solvents (water, ethanol, and toluene) and different temperature steps. Altogether 100

experiments were performed under oscillation and 16 under step temperature modulation.

Table 5.5 summarises the experimental conditions. Due to the large numbers of data re-

quired to describe the dynamic conditions, a complete set of measurements is available

electronically.



5.5 Results and discussion 111

Table 5.5: Experimental conditions for temperature modulations
O

sc
il
la

ti
on

s

Solvent: water, ethanol, methanol, acetone,
toluene, n-heptane, butanol

Amplitude: ∆Tr,set= 0.05, 0.1 and 0.2℃
Volume: Vr = 25, 30, 35, 40, 45, and 50ml
Stirrer speed: n = 500rpm
Temperature: Tr= 35℃, Tj=27℃, Tcryo=20℃, Tcover not controlled

S
te

p
s

Solvent: water, ethanol, toluene
Amplitude: ∆Tr,set= 1, 5 and 10℃
Volume: Vr = 25ml and 35ml (only with water)
Stirrer speed: n = 500rpm
Temperature: Tr= 30℃, Tj=27℃, Tcover=27℃, Tcryo=25℃
Solvent: water, toluene
Amplitude: ∆Tr,set= 3 and 8℃
Volume: Vr = 25ml
Stirrer speed: n = 500rpm
Temperature: Tr= 42℃, Tj=40℃, Tcover=40℃, Tcryo=40℃

5.5 Results and discussion

5.5.1 Modelling under steady-state conditions

5.5.1.1 Characterisation of the heat loss

The heat losses of the calorimeter were determined by optimisation of three coefficients,

either individually according to the experimental conditions given in Table 5.3 or simul-

taneously, according to Tables 5.3 and 5.4. In addition to the optimisation, overall heat

loss coefficients are given by the slopes of straight line fitting, see Figure 5.8. The corre-

sponding heat loss coefficients are used as initial estimates for the optimisation. Note that

the values obtained from these fittings correspond to the overall heat transfer between

the temperature sensor (Tr or Tj) and the surroundings (Tenv, Tcryo or Tcover), while the

optimised heat loss coefficients of the model correspond to the external heat transfers only.

As the heat transfer resistances of the jacket and the reactor wall are much smaller than

the heat transfer resistance through the insulation (see approximated values in Table 5.2),

the values obtained by both methods are comparable, see Table 5.6.
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Figure 5.8: Individual determination of the overall heat loss coefficients (a) from the
jacket to the coolers, Kside, (b) at the bottom of the reactor, Kbottom, and
(c) from the jacket to the cover, Kjacket. The dashed black lines are the
straight line fittings and the grey dashed lines are the heat loss predic-
tions with the K coefficients determined from the individual optimisation
procedures. Experimental details are given in Table 5.3.

The values of heat loss coefficients obtained by the individual optimisations, given in

Table 5.6, correspond well to the values from litterature. At the side of the reactor,

the heat loss is due to natural convection through air. The value (hside=13.2W/(m2·K))

agrees well with literature data, which are typically about 10W/(m2·K) [VDI, 2006; Perry

and Green, 1997] to 20W/(m2·K) [Vilchiz et al., 2005]. The heat loss at the bottom

of the vessel is also due to convection. At this location, a low nitrogen flow is used to

purge the IR-mirror system and the heat transfer is not anymore due to free conduction,

only. This can explain the higher value for the heat loss at the bottom (hbottom=34.6

W/(m2·K)) than at the side (hside=13.2W/(m2·K)). The top of the jacket is covered by
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an insulation material (λ =0.3W/(m·K), K=0.1W/K, see Table 5.2). Here, the heat

loss coefficient is higher than expected. However, due to the design of the reactor, the

four screws used to close the cover make a thermal ”connection” between the jacket and

the cover. These four screws are cylindric, with a diameter of 6mm and a length of

10mm. The corresponding heat transfer equals 0.18W/K, which corresponds well to the

value found by optimisation (Kjacket=0.23W/K)5. The difference between the heat loss

coefficients determined simultaneously or individually are marginal and we do not intend

to analyse these deviations in detail. Note that simultaneous optimisation is more sensitive

to the initial estimates. This is discussed later in Section 5.5.1.3. Figure 5.9 shows the

measured and modelled values of the heat loss (see also Table 5.6). Except for the fourth

measurement, which is probably biased by a measurement error, all the heat losses are

well predicted within an error of 0.05 to 0.2W.

Table 5.6: Summary of the heat loss from individual and simultaneous optimisation,
as well as from straight line fitting. Experimental conditions are given in
Table 5.3

Determination Heat loss Optimisation Straight line fit.
h [W/(m2·K)] Ka [W/K] K [W/K] (Fig. 5.8)

individual side 13.2 0.057 0.063
bottom 34.6 0.044 0.039
jacket 69.6 0.230 0.211

simultaneous side 12.6 0.054
bottom 30.0 0.038 n.a.
jacket 73.5 0.243

aThe overall heat loss coefficients K are given by K = hA.

Solvent vaporisation and condensation in the vessel and at the cover are known to con-

tribute to the total heat loss, and consequently, shift the baseline of the heat signal,

leading to systematic errors [Wadsö and Goldberg, 2001]. During the course of a reaction,

the contribution to the baseline can become significant if condensable product or gas is

produced [Weisenburger et al., 2007]. The influence of the vaporisation/condensation rate

on heat loss has been investigated with water at different reactor pressures. According

to Henry’s law, the mass fraction of solvent in the gas phase should decrease with in-

creasing reactor pressure. Consequently, the vaporisation/condensation rate should also

decrease. Table 5.7 shows the effect of varying reactor pressure for three different reactor

5overall heat transfer through the screws is calculated as: Kscrew = Nscrew
π·d2screw·λscrew

4·lscrew
, with λ from

www.aksteel.com.
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Figure 5.9: Heat flow modelling at steady-state for the independent optimisation of
the heat loss coefficients hside, hbottom, and hjacket. Top: Experimental
(bar) and modelled (circle) heat loss, q̇loss. Bottom: Absolute error of the
prediction. Experimental conditions are given in Table 5.3.

temperatures. It is obvious that the pressure does not affect the heat loss, and it can be

concluded that the vaporisation/condensation effects are negligible. This agrees with the

experimental studies of Papadaki et al. [2007], who observed that, in a reaction calorime-

ter, O2 formation during hydrogen-peroxide decomposition hardly shifted the baseline of

the heat signal. Moreover, the cover of the CRCv.5 contains a large amount of Teflon,

that insulates the top of the reactor to the surrounding (see also Table 5.2) and reduces

the possible solvent condensation at its internal surface.

Despite the conclusions drawn in the last paragraph based on measurements with water,

heat loss has been measured for 7 different solvents (see Table 5.4). The resulting heat

losses shown in Figure 5.10 appear to be highly influenced by the reactor content. As

mentioned previously, higher vapour pressure and enthalpy of vaporisation should have

a larger contribution to heat loss due to the vaporisation/condensation effect. However,

according to Table 5.8 and Figure 5.10, the heat loss values are hardly correlated, nei-

ther to the vapour pressure nor to the enthalpy of vaporisation. The values shown in

Figure 5.10 have an error comprise between ±0.09 to ±0.21W due to measurement noise.

The deviations between the solvents are mostly covered by the measurement errors, and
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Table 5.7: Influence of reactor pressure, Pr, on heat loss. Solvent: H2O, Vr=25ml,
n=500rpm, Tcryo = Tj − 10℃

Tr [℃] Tj [℃] Tcover [℃] Tenv[℃] Pr [bar] q̇loss [W]
35.0 30.0 30.0 26.5 1 1.98
35.0 30.0 30.0 26.3 45 1.95
35.0 30.0 35.0 26.8 1 1.07
35.0 30.0 35.0 26.4 45 1.01
75.0 70.0 70.0 28.5 1 3.92
75.0 70.0 70.0 28.1 45 3.94
75.0 70.0 75.0 28.6 1 2.99
75.0 70.0 75.0 28.7 45 2.98

therefore, drawing reasonable conclusions is not possible. Further discussion on the errors

is given in Section 5.5.1.3.
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Figure 5.10: Measured total heat loss for a set of 7 solvents and 6 solvent volumes
at Tr=35℃, Tj=27℃, Tcryo=20℃, n=500rpm. Experimental details are
given in Table 5.4.
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Table 5.8: Vapour pressure, Pv, boiling point, Bp, and enthalpy of vaporisation,
∆vapH, of investigated solvents. Data from Yaws [2001]

solvent Pv(35℃) Pv(60℃) Bp ∆vapH(@Bp)
[bar] [bar] [℃] [kJ/mol]

butanol 0.02 0.08 117.7 43.2
water 0.06 0.20 100.0 39.5
toluene 0.06 0.19 110.6 33.6
n-heptane 0.10 0.28 98.4 31.7
ethanol 0.14 0.47 78.3 39.4
methanol 0.28 0.85 64.7 35.1
acetone 0.46 1.15 59.3 29.8

5.5.1.2 Characterisation of the internal heat transfer coefficient

The internal heat transfer coefficient at the reactor wall, hr, is an essential information

for the scale-up of chemical processes. Empirical determination of hr with the Nusselt

equation was discussed in Section 2.1.3 and applied in the dynamic model of the RC1

reactor wall presented by Karlsen and Villadsen [1987b] and Zaldivar et al. [1996]6. As hr

is a function of the operating conditions and of the fluid properties, this approach requires

additional measurements. In our work, hr is a parameter of the heat flow model and is

optimised at steady state for each experiment. The resulting values of hr are about 5 times

lower than calculated from the Nusselt equation, Eqs. (2.9) and (2.10). However, as noted

by Zlokarnik [1998], dimensionless numbers are restricted to analogue system geometry,

which is not the case here. The relative size of the stirrer (ds and Hs) compared to the

reactor (dr and Hr) is much larger than, e.g., in a RC1 (in CRCv.5, diameter: ds/dr=0.6,

height: Hs/Hr=0.2, in RC1, ds/dr=0.2, height: Hs/Hr=0.1).

Figure 5.11 shows the values of the internal and global heat transfer coefficients hr and U ,

respectively. The latter was determined with Eq. (2.8). As expected, the values of hr are

larger than U because U accounts also for the heat transfer of the vessel, λw/dw and of

the jacket, hj. Note that both Eq. (2.8) and hr optimisation are not applicable if Tj=Tr.

6As the models were applied to double-wall vessels, hj was determined by an analogue method
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Figure 5.11: Internal heat transfer coefficients, hr (grey circles) optimised from the
heat flow model and global heat transfer coefficients, U (black circles)
calculated from Eq. (2.8).

5.5.1.3 Convergence and uncertainty of the model

Influence of the initial estimates

As explained in Section 5.2.3, the optimisation of the heat transfer coefficient, hr, and

the heat loss coefficients is performed within an iterative process (see Figure 5.4). As

shown in Figure 5.12, hr is hardly influenced by heat loss. Less than 5% variation of hr

is observed when the heat loss coefficients change from 0 to 100 [W/(m2·K)]. Therefore,

the optimised value of hr is reached after few iterations, only.

On the other hand, the optimised values of the heat loss coefficients are highly dependent

on the initial estimates and, if these are badly chosen, the rate of convergence is slow. In

this case, numerous iterations are required (not shown here). The number of iterations

was reduced by using as initial guesses the values obtained from the straight line fitting

of q̇loss. In this case, the improvement of the objective function, Eq. (5.21), is less than

0.1% after three iterations only. Further discussion on the mesh size sensitivity and on

the model stability can be found in Appendix E.1.
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init. estimates=[0;0;0]

init. estimates=[100;100;100]

1st iteration, init. estimates=[14,6;63;31]

2nd iteration, init. estimates=[0;73.3;34.9]

3rd iteration, init. estimates =[5.09;73.3;34.9]

Figure 5.12: Optimisation of the internal heat transfer coefficient, hr, and of the
three heat loss coefficients as a function of the initial estimates of
hside, hjacket, hbottom. Experimental conditions: variation of the stirrer
speed, n, with 25ml of water, as given in Table 5.4. The optimised values
are: hside, hjacket, hbottom=[5.09;73.3;34.9]. Note that the training set was
restricted to the 6 experiments shown here.

Error on heat loss measurement

Experimentally, heat loss is determined from the global heat balance, Eq. (5.1), at steady

state, when no reaction or dosing take place. In this case, heat loss is calculated from

the difference between q̇comp and q̇cool. Obviously, errors in q̇loss are directly given by the

accuracy of q̇comp and q̇cool measurements. With our experimental settings, the measure-

ment errors of q̇comp and q̇cool are 1% and 0.1%, respectively. For the latter, measurement

accuracy is directly related to the calibration of the heat flow sensor, in which 2% error

seems reasonable. For details, see Eq. (3.10) and Appendix B.2.

The maximum measured values of q̇comp and q̇cool for the experimental conditions given

in Tables 5.3 and 5.4 are 67.3W±0.6W and 67.6W±0.07W, respectively, when the errors

are given by the measurement noise only. For q̇cool, 2% calibration accuracy leads to an

absolute error of 1.3W. For this special case, the heat loss, q̇loss, equals -0.3W±1.9W.

Similary, over 176 experiments (see Tables 5.3 and 5.4), only 53 measurements lead to a

relative error on q̇loss below 50%, of which 39 are below 10%. If we assume the heat flow
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sensors to be perfectly calibrated and thus the error on q̇loss to be due to measurement

noise only, the relative error of q̇loss is below 50% for 83 experiments, of which 46 are below

10%. Obviously, as the system is well insulated, the heat loss is particularly low. Thus,

the calibration dataset should be carefully chosen. The 46 experiments that show less than

10% error on q̇loss are mostly for the conditions given in Table 5.3 and in Appendix E.2

investigations at low temperature. A simultaneous optimisation of the heat loss coefficients

was performed with those 46 experiments and results in the following values:

• hside = 8.2 W/(m2·K)

• hbottom = 23.5 W/(m2·K)

• hjacket = 64.4 W/(m2·K)

The simulations of the heat loss are shown in Figure 5.13 for the heat loss coefficients

optimised with the experiments given in Table 5.3, and in Figure 5.14 for the heat loss

coefficients optimised with the 46 experiments showing relative error on q̇loss below 10%.

Both optimisation data sets seem to be working equally well. Indeed, most of the mea-

surements from Table 5.3 are included in both optimisation data sets. We do not intend to

analyse the marginal deviations between the methods in detail. It can be noticed that the

main difference is given by the hside values. As shown in Figure 5.14, a smaller hside results

in better prediction of the experimental data from Table 5.4. Errors in the prediction of

q̇loss are mostly below the accuracy of the measurement itself. Thus, a better prediction of

the heat loss is hardly possible. For the modelling under dynamic conditions, the values

of heat loss coefficients given above are used.

5.5.2 Modelling under dynamic conditions

The experiments at steady state allowed the characterisation of the heat loss and of the

internal heat transfer coefficient, hr. As discussed in Section 5.2.3.2, additional parameters

are required to account for the dynamics of the system: PID control values for both q̇comp

and q̇cool, Eq. (5.22), time constants τqcomp and τqcool , Eq. (5.24), and dead times φTr and

φTj , Eq. (5.25). The dynamic parameters were determined with a set of temperature-step

experiments (see Table 5.5). Then, the resulting values were used to model the reactor

under oscillating temperature conditions.
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Figure 5.13: Simulation of heat loss, q̇loss with the individual optimisation of heat loss
coefficients hside, hjacket, and hbottom (a) for the experimental conditions
given in Table 5.3, and (b) for 7 solvents (see Table 5.4). Top: q̇loss
experimental (bar) and modelled (circle). Bottom: Absolute difference
between modelled and measured values (circle). Measurement errors on
q̇loss with a calibration error of the heat flow sensors of 0% (black solid
line), 1%(black dashed line), and 2% (grey dashed line).
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Figure 5.14: Simulation of heat loss, q̇loss with the simultaneous optimisation of heat
loss coefficients hside, hjacket, and hbottom (a) for the experimental condi-
tions given in Table 5.3, and (b) for 7 solvents (see Table 5.4). Top: q̇loss
experimental (bar) and modelled (circle). Bottom: Absolute difference
between modelled and measured values (circle). Measurement errors on
q̇loss with a calibration error of the heat flow sensors of 0% (black solid
line), 1%(black dashed line), and 2% (grey dashed line). Dataset for the
optimisation was restricted to the 46 experiments that showed a relative
error of q̇loss below 10%.
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5.5.2.1 Temperature step

Temperature-step experiments were used to determine the dynamic parameters. Two

objective functions, given in Eq. (5.26) and Eq. (5.27) were used in series within an itera-

tive loop. However, independently of the initial values, the improvement of the objective

functions was marginal after one iteration, only. Also note that the derivative part of the

PID control for q̇cool was set to zero as it is the case experimentally. Additionally, φTr and

φTj hardly influence the optimisation process within a meaningful range of values, i.e. 0s

to 2s (a higher dead time is unrealistic). Thus, φTr and φTj were both arbitrary set to 1

second.

The dynamic parameters were optimised for each experiment independently, but were

hardly dependent on the experimental conditions. Time constants τqcomp=0.1±0.05s and

τqcool=10±2s were found, which are smaller than the experimental ones, 3s and 12s, respec-

tively; see Section 3.6.1. However, the experimental values account for the time constant

of the entire system and not for the heating and cooling circuits, only. The PID values

are 10±2(P), 1±0.5(I), and 0.1±0.05(D) for q̇comp and -80±10(P) and -1±0.5(I) for q̇cool.

Those results cannot be straightforwardly compared to the experimental PID values, be-

cause the electrical circuits (i.e. amplification, electrical resistance of the heating and

cooling circuits, etc.) are not accounted for in the model.

Figure 5.15 shows the results of the model when a step of 1℃ is applied to 25ml of

water at 30℃. Measured and simulated values agree well, especially regarding the control

of the jacket temperature. However, discrepancies in q̇comp and Tr increase when the

model is applied to other experimental conditions, e.g. with other solvents or with larger

temperature steps. An example is given in Figure 5.16, where a temperature step of 5℃
is applied to 25ml of H2O.

The discrepancies observed in Figure 5.16 as well as with other solvents (not shown here)

are too large to result from uncertainties in the physical properties of the material only,

and are probably due to a deficiency in the model. As explained in Section 5.2.3.2, the

dynamics of the cover are not accounted for in the model. The cover has an approximate

heat capacity of 440J/K and, as it is made essentially of Teflon, its thermal time constant is

particularly low. Thus, the contribution of the cover would mostly result in a smooth heat

signal shift as already seen in Figure 3.11. Additionally, the cover was kept isothermal,

and thus, should not accumulate heat.
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Figure 5.15: Modelled (dashed black line) and measured (solid grey line) values of Tr
(top left), Tj (top right), q̇comp (bottom left) and q̇cool (bottom right) for
∆Tr = 1℃ with 25ml of H2O.

30

32

34

36

T
r
[o

C
]

300 350 400 450 500
0

20

40

60

q̇
c
o

m
p

[W
]

time [s]

26.5

27

27.5
T

j
[o

C
]

350 400 450 500
0

5

10

15

20

q̇
c
o

o
l
[W

]

time [s]

Figure 5.16: Modelled (dashed black line) and measured (solid grey line) values of Tr
(top left), Tj (top right), q̇comp (bottom left) and q̇cool (bottom right) for
∆Tr = 5℃ with 25ml of H2O.
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Figure 5.17 shows the simulation of 25ml of H2O, with a total heat capacity of the bulk

empirically increased by 50%, corresponding to 50J/K. Obviously, in this case, modelled

and experimental data agree well. The bottom of the vessel supporting the IR-probe has

not been accounted for in the model. The heat capacity of this part is approximately

65J/K, which is slightly higher than the stated corrective term (i.e. 50J/K). Apparently,

the correction for the heat capacity of the bulk equals the observed discrepancies in

Cp when temperature oscillation calorimetry is applied to determine heat capacities (see

Chapter 4). This is investigated in the next section, which shows simulations under forced

temperature oscillations.
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Figure 5.17: Simulation of a temperature step ∆Tr = 5℃ with 25ml of H2O with 50%
correction on Cp,bulk. Modelled (dashed black line) and measured (grey
solid line) values of Tr (top left), Tj (top right), q̇comp (bottom left) and
q̇cool (bottom right).

5.5.2.2 Temperature oscillations

The optimised dynamic parameters found in the previous section were used to simulate

the calorimeter under temperature oscillation conditions. Typical results are shown in

Figures 5.18 to 5.21 for water, ethanol, and toluene. The simulated temperature of the

reactor, Tr agrees particularly well with experimental data. However, similarly to the

temperature step experiments, the simulation of q̇comp results in a signal that is too weak.
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Figure 5.18: Experimental (solid lines) and simulated (dashed lines) q̇comp (top,
black), q̇cool (top, grey) and Tr (bottom) for 25ml of H2O, with
∆Tr,set=0.2℃. Experimental conditions are given in Table 5.5.
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Figure 5.19: Experimental (solid lines) and simulated (dashed lines) q̇comp (top,
black), q̇cool (top, grey) and Tr (bottom) for 45ml of H2O, with
∆Tr,set=0.2℃. Experimental conditions are given in Table 5.5.
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Figure 5.20: Experimental (solid lines) and simulated (dashed lines) q̇comp (top,
black), q̇cool (top, grey) and Tr (bottom) for 25ml of ethanol, with
∆Tr,set=0.2℃. Experimental conditions are given in Table 5.5.
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Figure 5.21: Experimental (solid lines) and simulated (dashed lines) q̇comp (top,
black), q̇cool (top, grey) and Tr (bottom) for 25ml of toluene, with
∆Tr,set=0.2℃. Experimental conditions are given in Table 5.5.
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Once again, when the heat capacity of the bulk is increased by 50J/K, simulated q̇comp

agree better (see Figure 5.22). It can be noticed that the correction is particularly appro-

priate for the measurement with water.
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Figure 5.22: Simulation of q̇comp under temperature oscillation conditions with ∆Tr,set
= 0.2℃ and correction in Cp,bulk of 50J/K. q̇meascomp (solid black line), q̇modcomp

before (dashed black line) and after correction (dashed grey line). Top
left: 25ml of H2O, top right: 45ml of H2O, bottom left: 25ml of ethanol,
bottom right: 25ml of toluene. Experimental conditions similar to Fig-
ures 5.18 to 5.21

In Chapter 4, it has been mentioned that the contribution of the heat accumulated in

the reactor wall during temperature oscillation was probably not negligible. Additionally,

the temperature variation of the jacket was hardly larger than the noise level of the

measurement. Figure 5.23 shows the maximum temperature amplitude at the different

nodes and the density of heat accumulation for the simulation with 25ml of water. From

these results, it can be concluded that the bulk, including the film, and the bottom of the

reactor are most affected by the oscillation, with oscillation amplitudes of 0.23 and 0.13℃,

respectively. This confirms the hypothesis given in the previous section that the bottom

has a large contribution to the error in Cp determination with TOC. However, the reactor
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wall and the jacket do apparently not accumulate heat during temperature oscillations,

and are not the source of error on the heat capacity when determined by TOC.
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Figure 5.23: Maximum temperature amplitude (left) and resulting density of heat
accumulation (right), during the temperature oscillation of 25ml of water,
with ∆Tr,set=0.2℃.

5.5.3 Optimisation of the reactor design

Assessment of the jacket material

Aluminium, copper, Hastelloy, and stainless steel have been assessed as material for the

jacket from modelling under dynamic conditions. Figure 5.24 shows the response of q̇cool

when a temperature step of 5℃ is applied to the reactor temperature, Tr. Hastelloy shows

the worst dynamics, and 600s after the temperature step is applied, q̇cool is still oscillating.

Oscillation behaviour can be avoided with a slower PID control, but then, the response

time of the jacket would most probably be too large to compense adequately the change

of the overall heat transfer coefficient during the course of a reaction. Stainless steel is

slightly better and, obviously, copper and aluminium give the fastest response for q̇cool.

Copper has a higher heat capacity than aluminium and is a better material as long as the

reactor is aimed to be used under isoperibolic conditions. In this case, the temperature of

the jacket will be less sensitive to environmental temperature fluctuations and to noise of

the control system. On the other hand, if fast heating or cooling of the jacket temperature

is aimed, an aluminium jacket would require a less powerful cooling system than with a

copper jacket.
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Figure 5.24: Assessment of the jacket material with simulation of q̇cool when a reactor
temperature step of 5℃ is applied to 25ml of H2O at 25℃.
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Figure 5.25: Effect of number of the averaged measurements, N, for PID filter. Results
of simulation for q̇comp and q̇cool when a step ∆Tr = 5℃ is applied to 25ml
of H2O.
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Assessment of the PID filter

As already explained in Section 3.5.2, the reactor and jacket temperatures, Tr and Tj,

are filtered by a simple moving average method to decrease the measurement noise and,

therefore, to avoid control fluctuations. The drawback is obviously to slow down the

dynamics of the controllers. As the signals resulting from the simulation are free of noise,

the effect of the filter can be assessed (experimentally, the filter would always affect the

controller dynamics and the measurement noise simultaneously). A moving average filter

over 20 measurements (N=20) was used experimentally (see Table C-3). As shown in

Figure 5.25, a moving average of 20 values still shows good dynamics when compared to

the unfiltered signals (N=1). Filtering with more than 20 values would considerably slow

down the dynamics of the compensation heater. Note that the cooling system is hardly

affected by the filtering.

Assessment of the operating conditions

When reactions at high temperature are investigated, the contribution of the heat loss

to the global heat balance becomes important. Therefore, even a small inaccuracy in

the heat loss calibration can result in a significant error of the reaction heat, and finally,

in the prediction of the reaction enthalpy. So, optimal operating conditions should aim

to minimise the heat loss. The heat loss of the calorimeter has been modelled for five

different experimental settings when the reactor and the jacket operate at 180℃ and

170℃, respectively. The following operation settings have been investigated:

case 1: Tcryo=150℃, Tcover=not controlled, screws in stainless steel.

case 2: Tcryo=150℃, Tcover=not controlled, screws in PEEK.

case 3: Tcryo=150℃, Tcover=Tj=170℃, screws in stainless steel.

case 4: Tcover=Tcryo=Tj = 170℃, screws in stainless steel.

case 5: Tcover=Tcryo=Tj = 170℃, with insulation at the bottom of the vessel, and

screws in stainless steel.

Figure 5.26 shows the results of the 5 reactor simulations under different operational

conditions. Heating the cover (case 3) or using screws in PEEK instead of stainless

steel (case 2) decreases the heat loss by 50%. However, screws in PEEK will reduce the
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Figure 5.26: Simulation of the total heat loss for the jacket to the coolers (black), from
the jacket to the cover (light grey), and at the bottom of the vessel (dark
grey), under different temperature settings and construction materials.
Tr=180℃, Tj=170℃.

pressure range by a factor of 10. Setting the temperature of the cryostat equal to the

jacket temperature (case 4) would slightly reduce the heat loss, but a stronger cryostat

than the one used in this work would be required (see Appendix F.2 for an overview of

the temperatures allowed in the system). Case 5 shows optimal operating conditions as

the heat loss is below the detection limit of the system. However, this case requires the

bottom of the vessel to be insulated and, therefore, to sacrifice the IR-probe at the bottom

of the vessel.

5.6 Critical assessment

In reaction calorimetry, the global heat balance given in Eq. (5.1) is usually used to

determine the heat liberated or absorbed during a reaction. The heat loss contribution of

the global heat balance is normally determined empirically by calibration experiments. In

this study, with few simple experiments under steady state conditions, the total heat loss

has been characterised as the sum of three contributions, coming from the top, the side,
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and the bottom of the reactor system. Even if the reactor vessel is kept under strictly

isothermal conditions, if variation in the global heat transfer is observed, either due to

dosing or changes of physical properties of the bulk, the heat flow through the reactor

wall would vary. In this case, the temperature profile within the system is modified and

heat can accumulate within the wall and the surroundings. This results in an undesired

and certainly unpredictable baseline shift. The thermal effects of the wall and of the

surrounding jacket are considerably larger in small-scale calorimetry. To distinguish the

heat effect specifically due to the sample from the undesired contribution of the apparatus,

heat-flow modelling of the calorimeter provides an appropriate tool. However, reactor

modelling is often avoided due to the lack of flexibility, the numerous parameters to be

fitted, and the complexity of the software.

Most often, the thermal effects are calibrated with a well-defined reference material. How-

ever, the properties of the reference material and of the sample should be similar, which is

often not possible. Even after rigourous experimental calibrations with a DSC, Höhne and

Shenogina [1998] required a finite element model of the heat flow to correctly interpret

measurements under temperature modulation conditions. Calibration procedures increase

experimentation time and should preferentially be avoided. Heat flow modelling is an al-

ternative method to calibration. In our model, no additional calibration nor knowledge

of the reactor content, except for the sample volume, is required.

The main assumption in our model concerns the bulk. Heat transfers are essentially

local phenomena directly related to fluid hydrodynamics. Local heat transfer phenomena

have been measured [Haam et al., 1992; Engeskaug et al., 2005], as well as modelled by

computational fluid dynamics (CFD) [Zakrzewska and Jaworski, 2004]. The highest values

of the heat transfer are mostly at the impeller level. CFD allows a deeper view of the

mixing conditions, especially to determine the concentration profile of mixing-sensitive

reactions [Brucato et al., 2000; Bourne, 2003; Baldyga and Makowski, 2004], to prevent

local hot spots and, thus, possible runaway reactions [Rudniak et al., 2004]. The major

drawback to include CFD is the complexity of the model, and the high computational

requirements. To investigate local heat transfer in a bench-scale reactor, Zakrzewska and

Jaworski [2004] used several hundred thousand cells, and, however, still ended up with 10

to 20% discrepancies to corresponding measured values.

Our model focuses on heat transfer but neither momentum nor mass transfer were con-

sidered. This restricts its application to Newtonian liquids under well-mixed conditions.

According to Zlokarnik [2005], for a stirrer speed from 200 to 1500rpm, the mixing time



5.6 Critical assessment 133

is between 0.1 and 5s. A mixing time of 5s is undesirable in our case, but those ap-

proximations are mostly valid for 1 litre bench-scale to pilot plant reactors, and probably

not applicable with small-scale vessels. Additionally, dosing of acetic anhydride into water

monitored by IR-spectroscopy showed that, except for a stirrer speed slower than 200rpm,

the mixing time was less than 1s7. When using the compensation heater principle, one

should avoid hot spots at the surface of the heater. Zogg [2003] shows that, even when

80W were applied in glycerine, the temperature close to the surface of the heater and the

temperature in the bulk were equal. Therefore, neither inhomogeneity in the bulk nor

local variation of the internal heat transfer were accounted for. According to the previous

discussion, a perfectly mixed bulk and a homogenous heat transfer coefficient seem to be

highly reasonable assumptions for our small-scale calorimeter.

7One second was the fastest possible acquisition time of the IR-spectra.





Chapter 6

Final Discussion and Conclusions

6.1 Development of the new reaction calorimeter

The goal of this project was to develop a flexible and versatile small-scale reaction

calorimeter that is suited for the determination of chemical reaction parameters (i.e. rate

constants, reaction enthalpies) in a wide range of applications in chemical and life-science

oriented industries. The rigourous characterisation of a chemical process is a prerequisite

for an inherent safe, raw material efficient and economic chemical production process.

Therefore, real-time analytics have been integrated into the calorimeter. The starting

point was the previous version of the calorimeter [Visentin, 2005].

The targeted device characteristics have been achieved. The vessel volume of 25 to 50ml

bridges the gap between commercially available reaction calorimeters, which typically

work on a one-litre scale, and micro-volume thermo-analytical instruments. Despite its

small volume, an ATR-FTIR probe is mounted directly at the bottom of the reaction vessel

for infrared spectroscopic monitoring. The maximum working pressure was increased

from 30 to 60bar, which allows not only to study reactions under high-pressure, such as

hydrogenations, but also extends the safety margins, especially when operating closed to

the explosion limit of a reactive mixture. The temperature range is -50℃ to 200℃, but

the operational pressure range decreases at low temperature (Tr <-10℃) due to O-ring

material.

The construction combines the compensation heater and heat flow principles. The com-

pensation heater allows quasi-isothermal control of the reactor temperature, even during

135
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highly exothermic reactions (maximum temperature deviation of 0.5℃/(kW/l), maximal

reaction power up to 3 kW/l). Calibration-free heat balance is achieved by using heat

flow sensors for the measurement of the heat of cooling. In the previous versions of the

calorimeter, heat of cooling was measured with Peltier elements, but offset errors of the

baseline correction were observed [Zogg, 2003], most probably due to inaccurate calibra-

tion of the Peltier elements. No baseline offset is not anymore observed when the heat of

cooling is determined with heat flow sensors, as shown in Figure B-4.

An actively temperature controlled lid reduces the heat loss by 50% and decreases the

time-to-steady state by 75%. The design of the lid gives the ability to follow a reaction

online simultaneously with two additional sensors (e.g. UV-Vis, pH).

The calorimeter has demonstrated its capability to investigate fast reactions in the liquid

phase by elucidating the kinetics of hydrolysis of acetic anhydride at 25, 40 and 55℃.

Kinetic data were evaluated with hard-modelling of the spectroscopic and calorimetric

data. The activation energy and the reaction rate at the different temperatures calcu-

lated either from calorimetric or spectroscopic data showed less than 10% deviation from

corresponding published data.

The total reaction enthalpies of the hydrolysis of sulphuric acid and the hydrolysis of acetic

anhydride have been determined within 7% and 5% deviation from literature values. The

targeted maximal relative error on the determination of ∆rH below 10% is then reached.

The detection limit of the heat signal was less than 5% of ∆rH.

In conclusion, the calorimeter has a number of advantages as compared to existing com-

mercially available devices, in particular its outstanding combination of volume and accu-

racy, its time constants of few seconds only, and its perfect compatibility with an on-line

FTIR device. Thermal activation of the lid and elimination of the calibration procedures

during experimentation shortens the timeline of a process characterisation campaign and

significantly reduces one of the bottlenecks in the time-to-market of new drugs or high-

value chemicals.
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6.2 Determination of heat capacity by temperature

oscillation calorimetry

Knowledge of the heat capacity is crucial for process development in chemical and phar-

maceutical industry. In this work, we propose a method to calculate the heat capacity of

liquids using temperature oscillation calorimetry. Only small perturbations of the temper-

ature (±0.16℃to ±0.77℃) are applied into the reactor so that the system is kept under

quasi-isothermal conditions. Applying TOC requires a homogeneous temperature in the

jacket. This is well achieved with the symmetric metal jacket and the powerful cooling

system of the CRC.v5.

Heat capacities were determined for eight liquids under various experimental conditions.

The difference between calculated heat capacity and the corresponding literature value

was strongly dependent on the experimental conditions, and correlated with the Reynolds

number. With our equipment, it was not possible to determine the Reynolds number

online. Therefore, other calibration methods have been investigated. One is based on a

simple linear correlation with the total heat transfer coefficient calculated directly online.

Additionally, two multivariate calibration techniques, Partial Least Squares and Neural

Network, were applied in order to exploit a large set of measurable input variables.

Measurements under laminar flow were excluded from the calibration. Heat capacities

were calculated with a mean relative error of about 10%. This compares well with other

methods. All three calibration methods showed similar prediction accuracy. For some

measurements, e.g. with 1-octanol, the input variables used for the prediction were outside

the range covered by the training subset and thus led to poorer results. This is not due

to the proposed method and could easily be improved by extending the training set for

the corresponding input variables.

The method was successfully applied to homogenous ethanol/water mixtures and the hy-

drolysis of sulphuric acid. For the latter, the determination of the reaction enthalpy was

hardly affected by the temperature oscillations. A difference less than 5% was observed be-

tween the enthalpy measurements performed under the oscillating and the non-oscillating

conditions.



138 Chapter 6 Final Discussion and Conclusions

6.3 Modelling of the heat flow

When a thermal process, e.g. chemical reaction or phase change, is investigated in a

calorimeter, the resulting measurements are mostly a combination of the heat effect specif-

ically due to the sample plus a contribution of the apparatus. Different techniques are

commonly used to account for the influence of the instrumentation. Precise calibration

with well-defined references is frequently performed, but may still lead to inaccurate re-

sults. As an alternative to time-consuming calibration, heat flows within the calorimeter

have been rigourously modelled with Finite Difference Method. The only few reasonable

assumptions of the model were a totally homogenous bulk and an internal heat coeffi-

cient without local variations. The latter is determined for each experiment by a simple

optimisation function. Simultaneously, the heat loss was characterised.

The design of the reactor allows the vessel media, the jacket, the cover, and the cool-

ing system to be independently thermostated. Therefore, a precise determination of the

heat loss is possible, which is specially important for the investigation of reaction en-

thalpies. By an iterative optimisation procedure, three heat losses were characterised:

from the jacket to the coolers,hside=8.2W/(m2·K), from the bottom of the vessel to the

environment, hbottom=23.5 W/(m2·K), and finally from the jacket to the cover, hjacket=64.4

W/(m2·K). The discrepancies between the simulated and measured heat losses were below

the measurement accuracy for most of the 180 different experimental conditions that were

investigated.

Under dynamic conditions, additional model parameters were required: values of the PID

controller, time constant, and dead times for both the compensation heater and the cooling

system. These dynamic parameters were determined by an optimisation procedure when a

temperature step was applied to the reactor temperature. The values were independently

optimised for about 20 different experiments. All the experiments converged around the

same values: 10±2(P), 1±0.5(I), and 0.1±0.05(D) for q̇comp and -80±10(P) and -1±0.5(I)

for q̇cool, and τqcomp=0.1±0.05s and τqcool=10±2s. The dead times hardly influenced the

convergence of the objective function.

Then, dynamic modelling was used under temperature oscillation conditions. Resulting

simulations showed good prediction of the reactor temperature, but the signal of the

compensation heater was systematically underestimated. By adding a corrective term of

50J/K to the total heat capacity of the reactor content, the signal of the compensation

heater fitted much better. Obviously, this correction corresponded to the discrepancies
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mentioned earlier, when heat capacities of the reactor content were determined with tem-

perature oscillation. This corrective term is most likely due to the heat capacity of the

bottom of the vessel. In fact, the IR-probe is mounted at this location and it has an

approximative heat capacity of 60J/K. Thus, the combination of Temperature Oscillation

Calorimetry and Heat Flow Modelling allows the simultaneous and fast determination

of the heat capacity of the reactor content and of the internal heat transfer coefficient,

without calibration nor prior knowledge of the reactor content.

The model was finally applied to assess possible improvements in the design of the subse-

quent calorimeter generation. For investigations under isoperibolic conditions, copper is

the best material for the jacket. The heat loss is minimised, if the temperature of the cover

and of the cryostat are set equal to the jacket temperature. Ultimately, if the bottom of

the vessel is isolated, heat loss is negligible even at high temperature. However, in this

case, the IR-probe at the bottom of the vessel cannot be used anymore.





Chapter 7

Outlook

7.1 Calorimeter

In the present work, the 5th generation of the Combined Reactor Calorimeter (CRC) was

developed. Substantial efforts were invested to improve the flexibility of the apparatus

and to extend its field of investigations. This included the possibility to use additional

in-situ sensors, such as UV-Vis, or pH probes, and a pressure range up to 60bar.

Without radical changes of design or material, the upper limit for pressure and tem-

perature is reached (60bar and 200℃). At higher pressure, as the maximum pressure of

IR-probe is 103bar, the safety conditions would not be fulfilled anymore (a margin of

1/3 of the working pressure is required). One option is the replacement of the ATR-

FTIR probe at the bottom of the vessel with an available fibre optical probe designed

for high-pressure (e.g. Bruker, ATR MIR-Fibre-Probe IN350-T: Pressure up to 300 bar,

Temperature: -100 to 180℃).

Several parts of the reactor are not available for higher temperature. However, a sub-

sequent calorimeter generation is currently developed for working at low temperature.

Major improvements will include:

• A cooling system for the cover, with a working principle analogue to the cooling

system of the reactor, i.e. with Peltier elements, as shown in Figure 7.1.

• New material for the tubing of the cooling system as a replacement for Silicon.

141
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• New O-ring material for sealing as a replacement for Kalrez 4079.

• A dry environment around the reactor to avoid water condensation, e.g. by N2

purging.

Connection for cooling 
liquid from the cryostat

Lid thermostat

Peltier 

Cooler

Multi-dosing unit

Figure 7.1: Prototype of a cooling system for the cover and of a multi-dosing unit.

Figure 7.1 also shows a prototype of a multi-dosing unit. So far, the restricted number of

free inserts only allowed 1 or 2 liquid additions simultaneously. The dosing unit increases

the number of possible simultaneous additions.

7.2 Heat capacity determination

A measurement of the heat flux directly at the reactor wall, e.g. by heat-flow sensors or

thermopile, most likely reduces the damping effect on the heat of cooling, q̇cool. Under

oscillating conditions, this should lead to larger amplitudes of the corresponding signal,

∆qcool, and in turn allow a larger range of input frequencies. An improvement in the

calibration of the heat capacity offset can be expected. The IR-probe at the bottom of

the vessel has a substantial heat capacity. The determination of heat capacity with a

reaction vessel lacking an IR-probe may provide more accurate predictions.
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’Perfectly mixed reactor content’ is a sine qua non for applying the global heat balance

used generally in reaction calorimetry. Therefore, measurements under laminar flow were

not accounted for in the method developed for the determination of the heat capacity of

the reactor content. Under laminar flow conditions, the thermal control of the reactor

content may be problematic. In fact, the heat transfer is due to convection only, and

some hotspot may appear in the mixture. In addition, segregation in the bulk leads

to erroneous values of the heat capacity when calculated with temperature oscillation

methods [Guerrini De Luca and Scali, 2002]. However, determination of Cp with TOC

under laminar flow can most likely be achieved. However, it is probably not the entire

sample that is affected by the forced temperature oscillations. Certainly, the method

would be applicable only under restricted conditions, similarly to Cp measurement with

DSC [Hatta, 1999]. A better description of the flow conditions within the bulk will be

required, e.g. by computational fluid dynamics.

7.3 Simulation of the calorimeter

In the model developed in this studies, neither the cover nor the IR-probe at the bottom

of the vessel were accurately accounted for. These two parts of the calorimeter have a

higher geometrical complexity than, for example, the vessel or the jacket.

The model developed in this study focused on the simulation of heat transfer only. Dy-

namics of the control circuit was accounted for simply by adding dead-times and time

constants to the temperature and the heat signals, respectively. The entire acquisition

system could be modelled, i.e. with Simulink software. This software runs under Matlab

and contains build-in simulation of an acquisition system. Different types of thermocou-

ples could be tested and an improvement of the measurement accuracy is expected.

Simulation including heat, momentum and mass transfer would be ideal for substantial

improvement of the design, such as the type and size of stirrer, the best locations for

the baffle, and the position of the compensation heater. Additionally, with reactions in

a slurry, an IR-probe at the bottom of a vessel is often avoided as solid particles may

settle and bias the spectroscopic data. Such a model will permit to validate or to reject

the IR-measurement and a subsequent kinetic analysis. Computational Fluid Dynamics

(CFD) is probably the best method. For example, ANSYS software provides multiphysics

capabilities for simulating fluid flow, heat and mass transfers.
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Appendix A

Construction of the New Reaction

Calorimeter, CRC.v5

A.1 Jacket and thermocouples

The temperature of the jacket, Tj, is measured at six different locations in the copper

block as shown in Figure A-1. The thermocouples are of type K and have a diameter of

1mm, a time constant of 0.6s, an Inconel Alloy 600 sheath and are provided by Thermo-

coax. Before inserting the thermocouples into the jacket, the holes where to place the

thermocouples were filled with thermal grease to prevent air gaps.

An average value of the six temperature measurements, Tj,1...6, is used for Tj. Similarly, the

temperatures of both sides of the Peltier elements, T uppelt and T downpelt are an average for the

six measurements T uppelt,1...6 and T downpelt,1...6, respectively. Thus, the measurement noise and

temperature inhomogeneities in the copper block and in the cooling system are minimised.

The thermocouples were calibrated in a thermostatic bath with a reference temperature

sensor over a range of 0 to 100℃. An ice bath was also used for the 0℃ reference. The

currents and the voltages were calibrated by measuring the real value at the terminals

of the device (compensation heater, Peltier elements, heat flow sensors, ...) with a high-

precision multi-meter. A straight line calibration was used.

A-1
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Figure A-1: Position of the thermocouples inside the reactor, the jacket and the cool-
ing system.

A.2 Cooling system

The cooling system is constructed based on a multilayer design. Thermoelectric elements

are solid-state heat pumps that utilise the Peltier effect. They are used to control the

temperature of the jacket. Many models with different properties (size, maximal cool-

ing/heating capacity, temperature range, ...) are commercially available. The model used

in this work (HT 6-12-40-T2) is provided by Melcor and offers a temperature operation

up to 200℃. The maximal cooling/heating capacity is about 50W per element at room

temperature. As the six sides of the hexagonal jacket are covered with Peltier elements,

the maximal cooling/heating capacity of the jacket is 300W. The six Peltier elements are

electrically connected in parallel and in series as shown in Figure A-2 to homogenise the

voltage and the current through all the elements.

The heat pumped through the Peltier elements is carried out of the system by a set of

coolers made of copper. The coolers are interconnected with silicon tubing and finally

lead to a cryostat. As the cooling liquid carries out the heat pumped by the Peltier

elements, its rise of temperature may break the thermal symmetry of the jacket. To

prevent this effect, the cooling flow is equally separated to circulate in both directions in
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1 3 5
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Figure A-2: Connection of the Peltier elements.

the coolers (two separate circulating channels are drilled into the coolers). Additionally,

the temperature rise of the cooling liquid is minimised by imposing a high flow-rate of the

cooling liquid (about 15l/min) and by using a cooling liquid with a high heat capacity.

The different cooling liquids used in this work are given in Table A-1. Water-ethanol or

water-glycol mixtures can also be used. Note that silicon oil is incompatible with silicon

tubes and may not be used. A maximal pressure of 2 bar is allowed into the cooling

system. The temperature of the cooling liquid is controlled by a cryostat from Haake,

model P1-C50P, with a working temperature from -40 to 150℃. The cryostat is connected

to the cooling system with tubing in Viton insulated with Armaflex HT (thickness 15mm)

from Armacell.

Table A-1: Cooling liquids

Cooling liquid Temperature range [℃] Heat capacity [J/(kg·K)]
Julabo Thermal M +50 to +170 2.7
Water +5 to +95 4.2
Ethanol -100 to +10 2.2
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A.3 ATR-FTIR system

The system for IR spectra measurement is composed of the following components: a

Di-Comp (diamond) ATR sensor, a spectrophotometer ReactIR 4000, running with the

software ReactIR 3.0, and a K-4 mirror system, that provides a purged path for the

infrared beam to travel from the spectrophotometer to the sensor, and back to the detector.

The IR system is provided by Mettler-Toledo.

Due to the light absorption of the diamond sensor itself, some wavenumbers are not

available. For the given crystal material, the optical range is comprised between 4400-

2200cm−1 and 1950-650cm−1. Further details on the ATR-FTIR system are given in

Table A-2. The settings for the IR measurements during the hydrolysis of acetic anhydride

are given in Table C-2.

Table A-2: Details of the ATR-FTIR system

Temperature -80 to 200℃
pH 1-14
Maximum pressure 103 bar
Focusing Crystal Material ZnSe
Sampling Crystal Material Diamond
Optical range 4400-2200cm−1,

1950-650cm−1

Sealing material Gold
Probe material C-276
Conduit K-4 mirror
Probe style Tiara HP Vessel
Spectrophotometer ReactIR 4000
Software ReactIR 3.0

A.4 Pressure system

The high pressure reservoirs are designed for a pressure up to 300bar and are used to

feed gas at high pressure into the reactor. Each reservoir is equipped with a release

valve and connected to the system via a Quick-Connecter system, provided by Swagelock.

The pressure in the reservoirs is monitored by a pressure sensor (model Leo, 300bar)
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provided by [Keller]. The system is composed of the individual parts given in Table A-

3. The pressure in the reactor is controlled with a Brooks pressure controller (Model

5866). Additionally, the pressure in the reactor is monitored by a pressure sensor (model

HEM-375TM-70Bar A) from Kulite. The reactor is also connected to a compressed air

flow (6bar), to a nitrogen flow (6bar) and to a vacuum pump via a multi-way-valve. The

multi-way-valve (model: VICI 6 way rotary valve) is provided by Valco Instrumentation

and controlled by Labview via communication port RS-232. A scheme of the high pressure

system is shown in Figure 3.6. Unwanted over-pressure in the reactor is prevented by a

safety valve (2-way valve model SCB262C080 provided by ASCO), which electrically opens

when a user-defined safety pressure threshold is reached in the reactor. A rupture disk is

also mounted on the reactor in case of failure of the safety valve.

Table A-3: Individual parts of the high pressure system. If not explicitly specified,
the construction material is stainless steel.

Description Pmax [bar]

H
ig

h
P

re
ss

u
re

R
es

er
vo

ir

150ccm (2x) reservoir 344
Adjustable release valve 275 - 344
Quick-Connect 310 (coupled)

69 (uncoupled)
17 (for coupling)

1/16 in. OD x 0.049in. wall tube 558
1/4 in. OD x 0.065in. wall tube 517
Leo pressure sensor 300
Manual pressure regulator 413 (input)

0-103 (output)
Brooks pressure controller 100 (input)

3-60 (output )

R
ea

ct
or

2-way valves ASCO 150 (gas)
Rupture disc Sitec in Hastelloy 90
Kulite pressure sensor 70
1/16 in. OD x 0.03 in ID PEEK tube 240
Multi-way valve VICI 99
ATR Probe 103
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A.5 Data acquisition and amplifications

The entire reactor system is controlled by a software programmed with Labview 7.5 (from

National Instruments) running on a personal computer. The software has three tasks: the

signal generation, the signal acquisition, and the periphery control. The list of channels

is given in Table A-5.

Signal generation : The voltage generated by the PXI Chassis is 10V maximum. As

more power is required, several signals are amplified. The list of amplified signals is

given in Table A-4. The amplifiers were designed and home-built in the electronic

workshop.

Table A-4: Signal amplification

Power [W] Voltage [V] Current [A]
Peltier element 280 ± 35 ± 8
Compensation heater 150 38 4
Stirrer 10 20 0.5
Cover heater 30 -10 -3

Data acquisition : The sampling rate of the data acquisition and the subsequent update

of the output channels is 10Hz. Within a loop, i.e. 0.1s, the acquisition signals

were measured 10 times at 1kHz and averaged to decrease the noise. As shown in

Table A-5, some signals were filtered with a 10kHz low pass filter.

The previous denomination ”slow” and ”fast” in Table A-5 refers to the frequency of

recording. Indeed, even if all channels are read every 0.1s, slow data are recorded every

second and fast data every 0.1 second for data saving reasons.
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Table A-5: List of channels

Channels Type Connectors Mux DAQ low-pass record
filters

Tdown
pelt,1...6 AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow

Tup
pelt,1...6 AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow

Tdos AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow
Ttest,1,2 AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow
Tenv AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow
Treservoir AI TC SCXI-1303 SCXI-1102 PXI-6280 na slow
Uhf,1...6 AI LV SCXI-1303 SCXI-1102 PXI-6280 na slow
Tr AI TC SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Tj,1...6 AI TC SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Tcover AI TC SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Preservoir AI LV SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Pr AI LV SCXI-1328 SCXI-1125 PXI-6280 10kHz slow
Icomp AI LV SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Istirr AI LV SCXI-1328 SCXI-1125 PXI-6280 10kHz slow
Ipelt AI LV SCXI-1328 SCXI-1125 PXI-6280 10kHz fast
Upelt AI HV SCXI-1313 SCXI-1125 PXI-6280 10kHz fast
Ustirr AI HV SCXI-1313 SCXI-1125 PXI-6280 10kHz slow
Pcontroller AI HV SCXI-1313 SCXI-1125 PXI-6280 10kHz –
Ucomp AI HV SCXI-1313 SCXI-1125 PXI-6280 10kHz fast
Ucomp,O AO SC-B68 SH6868-D1 PXI-6704 fast
Ipelt,O AO SC-B68 SH6868-D1 PXI-6704 fast
Ustirr,O AO SC-B68 SH6868-D1 PXI-6704 –
UP,controller AO SC-B68 SH6868-D1 PXI-6704 –
UPr,source AO SC-B68 SH6868-D1 PXI-6704 –
Hcover DO SC-B68 SH6868-D1 PXI-6704
Valve N2 DO SC-B68 SH6868-D1 PXI-6704
Valve Vacuum DO SC-B68 SH6868-D1 PXI-6704
Valve Safety DO SC-B68 SH6868-D1 PXI-6704
Watchdog DO SC-B68 SH6868-D1 PXI-6704
Cryostat Com-port RS-232
Multi-way valve Com-port RS-232
Syringe pump Com-port RS-232

AO = analogue out, AI=analogue in, TC=thermocouple, LV=low voltage, HV=high voltage,
DO=digital out, Mux=multiplexer, DAQ= Data acquisition device.
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A.6 Dimension of the reactor

Table A-6: Characteristic dimensions of the reactor

Vessel
Height 46mm
Diameter 40mm
Thickness of the wall 2.5mm

Stirrer
Diameter 23mm
Height 8.5mm
Axis diamater 5mm
Axis height 30mm
Number of blades 4
Angle of the blades 45°

Copper block
Side length 43.3mm
Height of the jacket 47.5mm



Appendix B

Calculation of the Heat Balance

B.1 Calibration of the Peltier elements

In Section 3.6.3 and Chapter 4, Peltier elements were used to measure the heat of cooling,

q̇cool. q̇cool is determined by the heat balance over the Peltiers, which is calculated as

follows:

q̇cool = q̇pelt − q̇ohm + q̇losspelt (B-1)

where q̇pelt is the heat pumped through the Peltier, q̇ohm is the heat released in the Peltier

by the Joule effect, and q̇losspelt is the heat flow due to conduction from one to the other side

of the Peltier. As given in Section 3.5.1, the previous equation can be extended to:

q̇cool = α · Ipelt · T uppelt −
1

2
·R · I2

pelt + κ · (T uppelt − T
down
pelt ) (B-2)

Ipelt is the current through the Peltier (the current is positive during cooling)[A], α is the

Seebeck coefficient [V/K], R is the electrical resistance of the Peltier [Ω], κ is the heat

conduction coefficient in [W/K], and T uppelt and T downpelt are the temperatures at the sides

of the Peltier elements on the jacket and the coolers positions, respectively, as shown in

Figure A-1.

α, R, and κ coefficients are temperature dependent and calibrated by the manufacturer.

However, the values measured by Zogg [2003] and Visentin [2005] showed up to 15% of

B-1
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discrepancies when compared to the corresponding data from the manufacturer. Addi-

tionally, the manufacturer’s data are available at 25 ℃and 50℃, only. Therefore, α, R,

and κ were determined by a calibration proposed by Huang et al. [2000].

The calibration procedure was performed as follows:

• First, α is calibrated. When the steady-state is reached, the Peltier current, Ipelt is

turned off during 25s. During this time, the voltage and the temperatures at both

sides of the Peltiers are recorded. α is calculated as follows [Huang et al., 2000; Zogg

et al., 2003]:

α =
Upelt(Ipelt = 0)

T uppelt − T downpelt

(B-3)

where Upelt is the voltage of the Peltier. This procedure is repeated three times, and

the average value is considered. The time between each calibration equals 200s.

• Then, as the Peltier current, Ipelt is turned on again, R is determined with the

following equation:

R =
Upelt
Ipelt

−
α(T uppelt − T downpelt )

Ipelt
(B-4)

This equation is always valid, even during a reaction.

• Finally, κ is determined by a linear regression when the temperature of the cryostat

is changed by ∆Tcryo = 0 , -1, -2, 2 and 1℃ around the initial set temperature. The

temperature steps of the cryostat last 350s. During the calibration period, the heat

of cooling, q̇cool, is assumed constant while Tcryo, and consequently T downpelt variate.

Therefore, κ is determined using the following linear least square regression:

min
κ,q̇cool

{[
(q̇pelt − q̇ohm)− (κ · (T downpelt − T

up
pelt) + q̇cool)

]2
}

(B-5)

where q̇pelt, q̇ohm, T downpelt , and T uppelt are measured. Figure B-1 shows the profile of Ipelt and

T downpelt during the calibration procedure. α, R, and κ are temperature dependent and are

calibrated before and after each experiment.

The values of α (top left), R (top right), and κ (bottom) are given in Figure B-2 for

Peltier temperatures between 15 and 75℃.
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Figure B-2: Results of the Peltier calibration for α, R, and κ. The dashed lines with
the circles are the values given by the manufacturer and the full lines with
the crosses are the measured values.
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B.2 Calibration of the heat flow sensors

In Chapter 5, heat flow sensors were used instead of the Peltier elements to determine the

heat of cooling, q̇cool. The heat of cooling with the heat flow sensors is calculated with

the following relationship:

q̇cool =
6∑
i=1

q̇cool,i =
6∑
i=1

Ahf · Uhf,i
si

(B-6)

where si is the sensitivity of the heat flow sensor i [V/(W/cm2)], Ahf is the area of the

sensor in [cm2], and Uhf,i is the voltage of the heat flow sensor i [V]. The voltages are

independently measured for the six heat flow sensors and the sum of the individual q̇cool,1...6

is used. Similarly to the Peltier elements, the sensitivities of the heat flow sensors are

given by the manufacturer. However an additional calibration was performed with the

home-built calibration apparatus shown in Figure B-3.

Mount

Heater, Uheater

heat flow sensor, Uhf

T1ref

T2ref

Cooler

Cryostat, Tcryo

qref

qelect

qhf

Aluminum wall

Tcooler

Theater

Thf

Talu

l

d

Nickel bridge

Figure B-3: System for the calibration of heat flow sensors.
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The working principle is the following: a constant heat, q̇elect, is given into the system

by the two heating elements placed below the heat flow sensor. The generated heat (1W

and 4W) is flowing through the sensor, through a Nickel bridge and finally into a cooling

element. The heat is taken away by the cooling liquid via a cryostat. The reference heat

flow, q̇ref , is calculated with the temperature difference between T ref1 and T ref2 through

the Nickel bridge as follows:

q̇ref =
πd2 · λNi

4 · l
· (T ref1 − T ref2 ) (B-7)

where d is the diameter of the Nickel cylindric bridge [m], l the distance between T ref1 and

T ref2 [m], λNi is the thermal conductivity of the Nickel [W/(m·K)]. The area of the cylinder

(πd2/4) is 2cm2, and l is 2cm. The Nickel used is an alloy Ni 201. The reference values of

the thermal conductivity were taken out of the Material Property Database (MPDB) from

JAHM Software, Inc. (www.jahm.com). At room temperature, these values corresponded

to the ones given by the furnisher (Bibus Metals, Wallisellen, Switzerland) within 0.3%.

The aluminium wall keeps the temperature homogeneous at the bottom of the device. The

heat losses of the system are minimised by working at room temperature. For calibration

at higher temperature, the apparatus is used in a thermostated environment. However,

as there is a temperature gradient along the Nickel bridge, heat loss could not be totally

prevented. Therefore, a heat flow model of the apparatus, based on finite element method,

is used to characterise the heat loss of the system. The COMSOL 3.4 multi-physics

software is used to model the system. Initially, the model was also used to design the

apparatus. The sensitivity s was finally calculated as:

s =
Ahf · Uhf
q̇ref

·
q̇modhf

q̇ref,mod
(B-8)

where q̇modhf and q̇ref,mod are the heat flows through the heat flow sensor and the Nickel

bridge, respectively, calculated with the heat flow model. The results of the calibration

are given in Table B-1.

At -70℃ (temperature reached with dry ice in an adiabatic environment), no deviation

of the sensitivity is observed when compared to the calibration performed at room tem-

perature (below 1%). At 120℃, a deviation below 5% is found. Thus, the sensitivity is

assumed independent of the temperature as claimed by the manufacturer.
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The difference between calibrated and manufacturer’s values reported in Table B-1 are

well correlated with other studies. van Loon et al. [1998] showed that commercially avail-

able heat flow sensors have relative errors of about 20%. Weber et al. [2007] founded up

to 26% error on heat flow calibration when compared to the data given by the manufac-

turer. Murthy et al. [2005] pointed out that ”some customers expressed concern about

the NIST (National Institute of Standards and Technology) transfer technique because of

the large differences in the measured responsivity, as high as 10 % to 15 %, between their

measurements and the NIST calibration results.”

Table B-1: Summary of the heat flow sensor calibration at room temperature

Manufacturer’s
value

[mV/(W/cm2)]

Calibrated value
[mV/(W/cm2)]

rel. diff. [%]

heat flow sensor 1 123 n.a.1 n.a.
heat flow sensor 2 123 101.8 20.8
heat flow sensor 3 124 103.7 19.6
heat flow sensor 4 125 106.6 17.3
heat flow sensor 5 126 107.5 17.2
heat flow sensor 6 128 114.0 12.3

1Heat flow sensor 1 was used for the measurements but was broken during the calibration.
An interpolated value of s=102mV/(W/cm2) was used which corresponds to a difference
of 17% to the manufacturer’s value.

B.3 Critical assessment on the heat of cooling

In the two previous sections, calibration procedures of the Peltier elements and the heat

flow sensors were presented. Figure B-4 shows the signals of the compensation heater,

q̇comp, and the heat of cooling, q̇cool, determined with Peltier and with heat flow sensors

when the stirrer speed is changed from 500, to 200, and to 800rpm. A baseline shift, which

depends on the stirrer speed is observed between the two methods. The baseline shift has

a minor importance for determining the total heat of reaction as long as the heat losses are

calibrated before and after the reaction. The heat loss comprises the baseline shift. Due

to the observed deviations of the Peltier calibrations, at a given temperature, the heat loss

may vary by ± 50% for a given experimental setting. Therefore, if calibrated heat losses

are used, as proposed by Zogg [2003], an error of 1W when the jacket temperature is set
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to 50℃ can be expected. In this case, the baseline shift has an important consequence for

the determination of the reaction enthalpy.
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Figure B-4: Comparison of the heat of cooling determined with Peltier elements and
with heat flow sensors when the stirrer speed is changed from 500, to
200, and to 800 rpm. q̇comp (solid grey line), heat flow sensors q̇cool
(dashed black line) and Peltier q̇cool (solid black line). Tr=35℃, Tj=27℃,
Tcryo=20℃, Reactor content: 25ml H2O, α=0.075V/K, κ=1.65Ω, R=2.73
W/K.

The heat balance over the Peltier is the sum of three heat flows: the heat due to the

Peltier effect, q̇pelt, the heat due to the Joule effect, q̇ohm, and the heat flow due to

conduction, q̇losspelt as shown in Eq. (B-2). Some of the three previous terms may become

small. For example, if the jacket and the cryostat are set to the same temperature, q̇losspelt

is insignificant. Similarly, the q̇cool may be small, but the individual contributions large.

This is shown in Figure B-5 when the temperature of the cryostat was changed from 25

to 5℃, q̇losspelt drops from -2W to -35W. Consequently, q̇pelt should compensate for q̇losspelt . As

the resulting q̇cool is the difference between three large values, the measurement accuracy

becomes much lower in the second case than in the first. Table B-2 summarises the

advantages and drawback of both methods.
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Figure B-5: Heat of cooling with Peltier element q̇cool,pelt (solid black line ): contribu-
tion of the three heat flows: q̇pelt (solid dark grey line), q̇losspelt (solid light
grey), and q̇ohm (dashed dark grey). Heat of cooling with heat flow sen-
sors q̇cool,hf (dashed black line). α=0.075V/K, κ=1.65Ω, R=2.73 W/K.
Tcryo=25 ℃ and 5 ℃ (after 470min)
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Table B-2: Comparison of the heat of cooling determined with Peltier elements and
with heat flow sensors

Advantages Drawbacks
Peltier

• Calibration on-line

• Temperature range

• Economically

• Protection against moisture and
corrosion possible

• No individual calibration or mea-
surement

• Error propagation to determine
q̇cool

• Calibration may be inaccurate1

• Temperature profile through the
Peltier is not linear2

Heat flow sensor

• Individual calibration and mea-
surement

• q̇cool proportional to the voltage

• Negligible temperature depen-
dence

• Off-line calibration only

• Thermal resistivity of 10W/K

• Low voltage (range of mV, higher
signal-to-noise ratio)

• No protection against moisture
and corrosion

1 In Eq. (B-3), if T uppelt ≈ T downpelt , α ≈ ∞ (i.e. when Tj ≈ Tcryo).

Similarly, in Eq. (B-4), if Ipelt ≈ 0, R ≈ ∞ (i.e. when q̇cool ≈ q̇losspelt )
2[Huang and Duang, 2000]



Appendix C

Experimental Details of the

Hydrolysis of Acetic Anhydride

The hydrolysis of acetic anhydride is a standard test reaction in reaction calorimetry

[Becker and Walisch, 1965; Köhler et al., 1973; de Domenico et al., 2001; Ampelli et al.,

2003; André et al., 2003; Zogg et al., 2003; Visentin et al., 2004]:

O
 

O
 

O
 

O
 

H
 

O
 

+   H2O                                  2 
H+H+

Figure C-1: Hydrolysis of acetic anhydride with water. The acetic anhydride was
fed together with acetic acid in order to increase the solubility of acetic
anhydride in water.

The experiments were carried out as follows. The vessel was filled with 35ml of HCl

0.1N (Titrisol, Merck) and the stirrer was set to 500rpm. The cryostat, the jacket, the

reactor temperatures and, if the cover heating was used, the cover temperature were set

to the desired working temperatures. The Peltier elements were calibrated following the

procedure described in Appendix B.1. After the steady-state was reached, the reference

background of the IR spectra was measured. Then, 2ml of a mixture of acetic anhydride

(10.7 mmol, Fluka) and acetic acid (15.1mmol, Sharlau) were fed at 5ml/min with a

syringe pump (kdS 200) provided by [kdScientific] and a Gaslight Hamilton syringe (series

1000, volume 2.5ml). The reaction was performed at 25, 40, and 55℃. The heat of dosing,

q̇dos, was calculated with the values of the heat capacity and the density given in Table C-1.

C-1
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Table C-1: Experimental conditions of the hydrolysis of acetic anhydride

Initial reactor content, ml HCl (0.1N) 35
Feed, ml (mmol) AcOAc 1.08 (10.72)

AcOH 0.9 (15.12)
Dosing rate, fdos, ml/min 5
Heat capacity, c1

p,dos, kJ/(kg·K) 1.83
Density, ρ1

dos, g/ml 1.06
Stirrer speed, n, rpm 500
Reactor temperature, Tr, ℃ 25, 40, 55
Jacket temperature, Tj, ℃ 22, 37, 49
Cryostat temperature, Tcryo, ℃ 12, 25, 27
Cover temperature, Tcover, ℃ –, 37, 49
Pressure, Pr Atm. pressure

1cp,dos and ρdos are calculated according to Onken et al. [2005] using the molar fraction
and the corresponding molar properties of the pure components, from Yaws [2001].

The reaction was followed simultaneously with calorimetric and spectroscopic measure-

ments. The experimental settings of the IR spectra acquisition are given in Table C-2.

Details concerning the IR probe have been given in Table A-2.

Table C-2: Experimental settings for the IR

Sampling rate 15s
# scan 8
Resolution 8cm−1

Gain 2
Wavenumber 1800-800cm−1

Apodization Happ-Genzel
# scan for background 8

As explained in Section 3.5.2, three sets of PIDs were used. The ’slow’ setting was used

during the baseline measurement of the heat signal before and after the reaction. The

’fast’ setting was used from dtb = 6s before, until dta = 10s after the start and the end

of the dosing, and the ’medium’ setting for the time in-between. The values of the PID

as well as the times for baseline and control settings are given in Table C-3. Note the

direct acting control of the compensation heater (an increase of q̇comp causes an increase

of Tr) and the reverse acting control of the Peltier elements (an increase of q̇cool causes a
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decrease of Tj). As the Peltier can either heat or cool, positive and negative current is

allowed. A typical sequence of an experiment is shown in Figure C-2.

Table C-3: PID and control settings for the hydrolysis of acetic anhydride

Comp PID (NTr
1) fast 3, 0.3, 0.6 (20)

medium 1.4, 0.14, 0.02 (20)
slow 0.2, 0.02, 0 (30)
min/max2 0/6

Peltier PI (NTj
1) -4, -0.2 (20)

min/max2 -5/5
Cover PI (NTcover

1) 0.1, 0.01 (20)
min/max 50%

Duration of the baseline before the
reaction with slow PID [min]

6

Time to switch to fast PID before the
start of the dosing, dtb [s]

6

Time to switch to medium PID after
the start of the dosing, dta [s]

10

Time to switch to fast PID before the
end of the dosing, dtb [s]

6

Time to switch to medium PID after
the end of the dosing, dta [s]

10

Duration of the baseline after reaction
with slow PID [min]

10

1N is the number of data used in the mean
2values of the output of the PXI Chassis before amplification (see Section A.5)
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Figure C-2: Course of an experiment: grey line: q̇comp and black line: q̇cool. Top:
Sequence of an experiment including Peltier calibration (α and κ), heat
flow baselines, and reaction. Dashed lines: start and end of the reaction.
Bottom: Control strategy at the beginning of the reaction according to
the values given in Table C-3. Dashed lines: start and end of the dosing.



Appendix D

Temperature Oscillation Calorimetry

D.1 Temperature Oscillation Reaction Calorimetry

Temperature oscillation calorimetry was originally introduced in reaction calorimetry by

Carloff et al. [1994] and intensively investigated by Tietze et al. [1996] for the continuous

determination of the total heat transfer coefficient during polymerisation reactions. It was

initially developed for heat flow reaction calorimeters but was extended to heat balance

[Tietze, 1998] and isoperibolic calorimeters [Sempere et al., 2003]. The method can be

similarly applied to different types of calorimeters: an oscillating temperature disturbance

is applied to the reactor. Depending on the type of calorimeter, the desired temperature

oscillation can be applied in different ways: by imposing an oscillating signal on the set-

point temperature of the reactor, Tr [Tietze et al., 1996] or of the jacket, Tj, [Carloff et

al., 1994; Bou-Diab et al., 2001; Grolier and Dan, 2006], on the input temperature of the

cooling liquid, Tj,in [Tietze, 1998] or with an additional electrical heater dipping into the

reactor medium, q̇comp, [Carloff et al., 1994; Tietze, 1998; Sempere et al., 2003].

In Chapter 4, the mathematical development from the global heat balance to the algo-

rithm for determining Cp,r has been presented for the reactor developed in this study. At

the end of Section 4.2.1, the development was neither restricted to the type of reaction

calorimeter nor to its operational mode, or to the way of inducing the temperature oscil-

lations. Starting from Eqs. (4.8) and (4.9), this section presents alternative developments

of the oscillating heat balance depending on the modes and the measurement principles.

The following discussion will focus on the relevant literature on temperature oscillation

reaction calorimetry.

D-1
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Considering that heat accumulation takes place only in the reactor, Eqs. (4.8) and (4.9)

become:

Real part:

− ωCp,r∆Tr sin(ϕTk) = ∆qcomp · cos(ϕqcomp)−∆qcool · cos(ϕqcool) (D-1)

Imaginary part:

ωCp,r∆Tr cos(ϕTk) = ∆qcomp · sin(ϕqcomp)−∆qcool · sin(ϕqcool) (D-2)

where ∆qcomp is zero without power compensation principle. The determination of q̇cool

and, therefore, of q̃cool, depends on the operational mode [Zogg et al., 2004c] as in the

following:

• Heat flow calorimetry with q̇cool = UA(Tr − Tj)

q̃cool = UA[∆Tre
i·(ωt+ϕTr ) −∆Tje

i·(ωt+ϕTj )] (D-3)

• Heat balance calorimetry with q̇cool = ṁcoolcp,cool(Tj,in − Tj,out)

q̃flow = ṁcoolcp,cool[∆Tj,ine
i·(ωt+ϕTj,in ) −∆Tj,oute

i·(ωt+ϕTj,out )] (D-4)

• Heat flow isoperibolic calorimetry with q̇cool = UA(Tr − Tj)

q̃cool = UA∆Tre
i·(ωt+ϕTr ) (D-5)

• Heat balance with heat flow sensors with q̇cool ∝ Uhf

q̃cool ∝ Ũhf (D-6)

Eqs. (D-3) to (D-6) may be simplified by eiωt, extended with the Euler’s formula,

eiϕ = cosϕ+ i sinϕ, and finally separated into the real and imaginary parts. The resulting

two equations are incorporated in Eqs. (D-1) and (D-2), and used to determine Cp,r and

UA simultaneously. With heat flow calorimetry, the two equations are often combined

to remove ϕTr . In this case, Cp,r is calibrated with a temperature ramp or taken from
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literature. This results in a better robustness regarding measurement noise [Guerrini

De Luca and Scali, 2002]. Finally, the following equations are obtained (see the list of

symbol for the definition of the different terms):

• Heat flow calorimetry [Tietze et al., 1995; Tietze, 1998]{
Re: UA =

Cp,rω∆Tr sin(ϕTr )

∆Tr cos(ϕTr )−∆Tj

Im: UA = −Cp,rω
tan(ϕTr )

(D-7)

• Heat flow calorimetry [Tietze et al., 1996], removing ϕTr :

Combined Re & Im:
UA = Cp,rωr

1−( ∆Tr
∆Tj

)2

∆Tr
∆Tj (D-8)

• Heat flow calorimetry with wall correction [Tietze, 1998]1

Combined Re & Im:

UA =
−Cp,rω

tan(ϕTr)− ωτw
(D-9)

• Heat balance calorimetry [Tietze, 1998] Re: Cp,r =
ṁcoolcp,cool(∆Tj,in cosϕTj,in−∆Tj,out cosϕTj,out )

−ω∆Tr sinϕTr

Im: Cp,j =
ṁcoolcp,cool(∆Tj,in sinϕTj,in−∆Tj,out sinϕTj,out )−ω∆Tr cosϕTr

ω∆Tj

(D-10)

• Heat flow and power compensation calorimetry [Tietze, 1998]

Combined Re & Im: UA = ∆qcomp
∆Tj cos(ϕTj )−∆Tr cos(ϕTr )+tan(ϕTr )(∆Tj sin(ϕTj )−∆Tr sin(ϕTr ))

Cp,r = −∆qcomp
ω

∆Tj sin(ϕTj )−∆Tr sin(ϕTr )

∆Tj∆Tr sin(ϕTj+ϕTr )−∆T 2
r

(D-11)

• Isoperibolic heat flow and power compensation calorimetry [Sempere et al., 2003]

Combined Re & Im: {
UA = ∆qcomp

∆Tr
cos(ϕqcomp − ϕTr)

Cp,r = ∆qcomp
ω∆Tr

sin(ϕqcomp − ϕTr)
(D-12)

1To account for the dynamics of the reactor wall, Tietze includes a corrective time constant of the
reactor wall, τw in [s], given by τw = ρwcp,wdw( 1

hj
+ dw

2λw
).
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• Heat balance with heat flow sensor and power compensation calorimetry where

ϕqcomp=0 [Richner et al., 2008]

Re: Cp,r =
∆qcomp −∆qcool · cos(ϕqcool)

−ω ·∆Tr · sin(ϕTr)
(D-13)

• Heat flow calorimetry [Carloff et al., 1994]

UA =
−Cp,rω

∫ 2π

0
cos(ωt+ β)Trd(ωt)∫ 2π

0
sin(ωt+ β)(Tj − Tr)d(ωt)

(D-14)

• Heat flow and power compensation calorimetry [Carloff et al., 1994]

UA =
−Cp,rω

∫ 2π

0
cos(ωt+ β)Trd(ωt)−∆qcompπ cos(β)∫ 2π

0
sin(ωt+ β)(Tj − Tr)d(ωt)

(D-15)

Note that the two last equations from Carloff et al. [1994] are based on an other mathe-

matical development than the one presented in this work. The oscillating heat balance is

obtained by multiplying each term of the global heat balance with sin(ωt + β) and then

by integrating the remaining equation.

Despite the numerous algorithms presented in literature, relevant experimental results of

UA and Cp,r are fewer published. Indeed, the values of UA obtained from the previous

equations are often used as a baseline correction only. For instance, Bou-Diab et al.

[2001] proposed a ”two-anchor method” in which the global heat transfer coefficient, UA,

is calibrated as usually before and after the reaction, and interpolated for the values in-

between by weighting with UA obtained from TOC. Compared to Cp,r, UA values are

reactor-specific and sorely comparable with literature data. The few published values are

given by Tietze [1998], which determined Cp,r with Eq. (D-10) and reported errors from

10 to 120%, without calibration procedure.

D.2 Temperature Oscillation Differential Scanning

Calorimetry

Modulated-Temperature Differential Scanning Calorimetry (MT-DSC) has been widely

used for the determination of Cp,r, especially for the quantitative investigation of glass
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phase transition. In this case, a periodic temperature modulation is added to the linear

temperature profile. Several books [Kraftmakher, 1992, 2004; Reading and Hourston,

2006] and reviews [Coleman and Craig, 1996; Gmelin, 1997; Clas et al., 1999; Verdonck et

al., 1999; Wunderlich, 2000; Simon, 2001; Kraftmakher, 2002] are dedicated to MT-DSC.

DSC is based on a twin-system, in which the temperature difference between the sample

and a reference is measured. Heat flux or power compensation principles are currently

used. With heat flux DSC under temperature oscillation conditions, the heat capacity of

the sample, Cp,r, is determined as follows [Wunderlich et al., 1994]:

Cp,r − Cp,ref =
K∆qcool

∆(Tr − Tref )ω

√
1 +

(
Cp,ref
K

)2

ω2 (D-16)

Cp,ref is the heat capacity of the reference sample. ∆qcool is the amplitude of the heat

flow response of the sample [W], ∆(Tr−Tref ) the amplitude of the temperature difference

between the sample, Tr, and the reference, Tref , in [K]. ω is the oscillation frequency [s−1].

K is Newton’s law constant that describes the thermal conductance from the DSC heater

to the sample and the reference in [W/K]. K is calibrated with a well-known material

such as sapphire.

The ratio
Cp,ref
K

is not often valid and is preferably replaced by a factor τ(m), which

represents a relaxation time depending on the instrument, the sample and the reference

[Wunderlich, 2000]. The phase shift inducted by the relaxation time has been investigated

by Hatta and Katayama [1998]. As already mentioned in Chapter 4, mixing in a DSC

cell is due to conduction or diffusion only and it is most likely not the entire sample

that is affected by the forced temperature oscillations. In this case, one cannot expect

quantitative results [Boller et al., 1994]. The effects of the size [Hatta, 1999] and the

conductivity [Schenker and Stager, 1997] of the sample as well as the contact thermal

resistance of the apparatus [Hatta, 1999] have been studied.

Precise heat capacity measurements with MT-DSC can be expected but under restricted

experimental conditions (i.e. quantity of sample, oscillation frequency, or temperature

amplitude). Additionally, a minimum of two measurements is required per sample, which

results in a time-consuming procedure [Fraga et al., 2007]. As concluded by Lacey et al.

[2006], ”it is possible, in principle, to deal with almost all of the non-idealities of real

world DSC cells with sufficient ingenuity and effort.”
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D.3 Additional experiments

D.3.1 Heat capacity determination: Effect of PID

The value of the PID influences the control of the reactor temperature (stability of the

signal, noise, response time, ...). As the response time of the control may affect the

oscillation behaviour of the system, different PID settings were tested. The reference PID

settings were tuned using a Ziegler-Nichols method. The upper and lower PID settings

were chosen to assure a good control of the reactor temperature, according to the signal-

to-noise ratio and to the response time of a step function. The results are shown in

Table D-1. Ccalc
p,r varies about 1% and thus is assumed to be independent of the PID

settings within the range of values investigated in this work.

Table D-1: Influence of the PID control of q̇comp. In bold: reference PID settings.
Experimental conditions: 40ml of ethanol, ∆Tr, set = 0.5℃, T̄r=35℃,
T̄j=27℃, τ=2min, n=500rpm

P I D Ccalc
p,r [J/K]

3 0.3 0.06 117.8
1.4 0.14 0.02 117.5
0.7 0.07 0.001 119.1
0.1 0.01 0 118.7

D.3.2 Heat capacity determination of heterogeneous mixtures

In Chapter 4, the calibration procedure with pure solvents, as well as several applications

of the method for Cp determination with temperature oscillation calorimetry have been

presented. The applications included the investigation with pure n-heptane, with a wa-

ter/ethanol mixture and during the hydrolysis of sulphuric acid. The applications of the

method with heterogeneous mixture are shown here. A mixture with two non-miscible

solvents, water and toluene, and a mixture of water with solid particles were investigated.

The experimental conditions are given in Table D-2.

Table D-3 shows the results of the determination of Cp,r with water and toluene. After

correction with the straight line UA calibration (see Section 4.3.3), the errors on the total
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Table D-2: Experimental conditions for the determination of Cp with heterogeneous
mixtures

Reactor content Experimental conditions
Water/toluene Vr = 18.75ml H2O + 6.25ml toluene (xH2O=0.95)

Vr = 12.5ml H2O + 12.5ml toluene (xH2O=0.86)
Vr = 6.25ml H2O + 18.75ml toluene (xH2O=0.68)
T̄r = 35℃, T̄j = 27℃, Tcryo = 25℃, Tcover not controlled
τ = 2min, ∆Tr,set = 0.2℃, n = 500rpm

Water/ceramic beads Vr= 25 ml H2O + 2g, 4g, and 6g ceramic beads
T̄r = 25℃, T̄j = 17℃, Tcryo = 25℃, Tcover not controlled
τ = 2min, ∆Tr,set = 0.2℃, n = 500 and 1000rpm

heat capacity are 22.5%, 51.2%, 5.3%, 8.5%, 7.4% for a water weight fraction xH2O of 0,

0.68, 0.86, 0.95, and 1, respectively.

Table D-3: Cp determination of the heterogeneous mixture of water/toluene. For ex-
perimental conditions, see Table D-2

xH2O [-] Ccalc
p,r [W/K] Cpred

p,m [W/K] C lit
p,m [W/K] rel. error [%]

1 158.1 114.5 106.6 7.4
0.95 133.7 96.7 89.1 8.5
0.86 113.3 75.5 71.7 5.3
0.68 119.0 82.1 54.3 51.2

0 79.5 45.2 36.9 22.5

For xH2O = 0 and 1, the error corresponds to those already presented in Chapter 4.

For xH2O = 0.86 and 0.95, the error of the determination is within the range of 10% as

with pure solvents. The heat capacity with 18.75ml of toluene (xH2O=0.68) shows the

highest error (51.2%). As shown in Figure D-1, with a stirrer speed of 500rpm, the two

phases in the bulk are poorly mixed. There are even ”bubbles” of water flowing in the

toluene near the wall. These heterogeneities may create a gradient in the bulk temperature

and in the heat transfer coefficient. Therefore the assumptions made for applying TOC

(See Chapter 4) are not fulfilled anymore and the method is not applicable. It is not

clear why this large errors appear only with xH2O=0.68 and not at higher water weight

fractions. There is probably a combined effect between the low calibration accuracy
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Figure D-1: Mixing of toluene and water (xH2O=0.68): interface between the phases
(left) and top view (right) with a stirrer speed of 500rpm. Pictures taken
with an endoscope (model 84384BF, Karl Storz, Germany)

with pure toluene (see Section 4.4 ) and the heterogeneity of the bulk. However, more

investigations should be carried out for a deeper understanding of this behaviour.

Table D-4 shows the results of the determination of Cp with water and ceramic beads.

The effect of the ceramic load and of the stirrer speed were investigated. B205 Zirblast

ceramic beads by Zipro with a size distribution range of 0-63 µm were used. The following

composition is given by the manufacturer:

ZrO2 60 to 70% w/w

SiO2 28 to 33% w/w

Al2O3 6 10% w/w

Based on this composition, a minimal and maximal possible heat capacity of the ceramic,

Cp,beads, were calculated from literature values [Yaws, 2001; Perry and Green, 1997] be-

tween 0.53 and 0.56 J/(K·g). The difference is marginal compared to the precision range

of the method. So, a mean value of 0.55J/(K·g) was used.

The correction was performed with the straight line UA calibration. The errors of the Cp

determination are given in Table D-4. C lit
p,m is given by the sum of the total heat capacities

of water and of ceramic beads. The accuracy on the determination of Cp is within the

same range as with pure solvents, except for the highest ceramic load at 500rpm. With a
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Table D-4: Cp determination of the heterogeneous mixture of water and ceramic beads.
For experimental conditions, see Table D-2

beads load [g] Ccalc
p,r [W/K] Cpred

p,m [W/K] C lit
p,m [W/K] rel. error [%]

50
0r

p
m

0 156.3 109.6 106.0 3.4
2 153.2 106.2 107.1 -0.8
4 162.3 115.0 108.2 6.3
6 176.0 128.6 109.3 17.7

10
00

rp
m 2 163.5 112.8 107.1 5.3

4 165.5 114.9 108.2 6.2
6 161.9 111.4 109.3 1.9

Figure D-2: Mixing of 25ml water and 6g ceramic beads, stirrer speed at 500rpm (left)
and 1000rpm (right). Pictures taken with an endoscope (model 84384BF,
Karl Storz, Germany)

stirrer speed of 500rpm, there is a lot of sedimentation due to the density of the ceramic

(about 6g/cm3) as shown in Figure D-2. The amount of ceramic at the bottom of the

vessel may partially bury the compensation heater and bias the value of q̇comp. Indeed,

with a stirrer speed of 1000rpm, less sedimentation appears and the error on Cp is only

1.9%. It should be noticed that the contribution of the ceramic to the total heat capacity

of the bulk is less than 5%.
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D.4 Heat capacity determination with temperature

step modulations

D.4.1 Theory

Different types of temperature modulations can be applied for Cp determination. In the

case of a step function, q̇cool is expressed as [Lòpez-Mayorga et al., 1987]:

q̇cool = q̄cool + q̃cool = q̄cool + qcool,0 +

j∑
n=1

qcool,ne
−λqcool,n ·t (D-17)

where j is the order of the transfer function of q̇cool. Tr and q̇comp are expressed similarly

to q̇cool. As the step function is applied on q̇comp, this signal is a pure step, i.e, the value

of q̇comp rises instantaneously from q̇comp to q̇comp + qcomp,0. In other words, as the step is

applied to q̇comp, the order of q̇comp equals 0.

Similarly to TOC, the following reasonable assumptions are made:

- The temperatures in the bulk and in the jacket are homogenous. The heat accumu-

lates only with respect to Tr. The heat accumulation in the jacket is neglected.

- The total heat capacity of the reactor content, Cp,r, is the sum of the heat capacities

of the reactor medium, Cp,m, and the inserts, Cp,i.

- The thermo-physical properties of the system are constant during one step period.

According to these assumptions, for j equals 1, the global modulated heat balance can be

written as follows:

Cp,r
d(Tr,0+Tr,1e

−λTr,1·t)
dt

= Cp,r · (−λTr,1) · Tr,1e−λTr,1·t

= qcomp,0 − (qcool,0 + qcool,1e
−λqcool,1 ·t)

(D-18)

As limt→∞ e
−t = 0, qcomp,0 = qcool,0, which results in:

Cp,r · (−λTr,1) · Tr,1e−λTr,1·t = −qcool,1e−λqcool,1 ·t (D-19)
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Finally, for the particular case in which t=0, the total heat capacity of the reactor content,

Cp,r, is given by:

Cp,r =
qcool,1

λTr,1 · Tr,1
(D-20)

D.4.2 Experimental and results

Matlab’s constrained non-linear optimiser fmincon allows the determination of the first

order constant, λqcool,1 and the first order coefficient, qcool,1, of the heat of cooling, q̇cool

according to the following least-squares optimisation, Eq. (D-21).

min
qcool,1,λqcool,1

{
t0+10min∑

t0

[
(q̄cool + qcool,0 + qcool,1e

−λqcool,1 ·t)− q̇meascool

]2
}

(D-21)

q̄cool and qcool,0 are determined at steady-state before and after the step. The same proce-

dure is applied to fit the measured reactor temperature, Tmeasr , in order to receive all the

necessary parameters required in Eq. (D-20). The reference time, t0, is taken as the time

when the step is initiated.

The experiment was performed as follows: the reactor was first filled with 25ml of water.

The temperature of the reactor, Tr, was set to 25℃. The jacket temperature, Tj, was set

to 20℃, the cryostat temperature to 10℃ and the stirrer speed at 500rpm. After steady-

state was reached, a step function was applied to the compensation heater. The amplitude

was preliminary calculated to correspond to a change of the reactor temperature, Tr,0, of

about 0.8℃. The duration of the step was 10min. After 60min, 25ml of water was fed with

a dosing rate of 0.125ml/min. Heat capacities were calculated every 20 minutes. Then,

the experiment was repeated with ethanol as initial reactor content and feed. The heat

of cooling, q̇cool, was calculated with Peltier elements.

Typical step signals are given in Fig. D-3. Similarly as with forced temperature oscillation,

the jacket temperature is not affected by the temperature step.

Figure D-4 shows the heat capacities of water and ethanol calculated from Eq.(D-20).

As expected, the heat capacities determined by step modulation show a linear behaviour

during the dosing phase. However, similarly to TOC, the results show discrepancies

between the calculated total heat capacity, Ccalc
p,r , and the corresponding literature values,
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C lit
p,m. The discrepancies are larger than the one observed with oscillations. Although the

step modulation showed promising results, no further investigations, neither to calibrate

nor to explain these discrepancies were performed. The time required for determining

one Cp with this method is much longer than with oscillation, which represents a major

drawback.

Similarly as with TOC, the step function can be applied to the set reactor temperature,

Tr,set. Figure D-5 shows the corresponding signals. The advantage is the possible time

reduction per step, but the resulting signals cannot be assumed to be first order and

Eq. (D-20) is not valid anymore. Signals resulting from a PID control cannot be treated

simply as in Eq. (D-17). Further investigations will be required here.
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Figure D-5: Step applied to the reactor set temperature, Tr,set: Tr, Tj , q̇cool, and
q̇comp profiles during a temperature step with 25ml of H2O, Tr,0=1℃,
n=500rpm, T̄r=30℃, T̄j=27℃, n=500rpm.



Appendix E

Reactor Heat Flow Modelling

E.1 Model stability

Finite Difference Method is based on the approximate of the derivative function by a

Taylor serie expansion. As shown in Eq. (5.9), the local truncated errors of the approxi-

mation, O(∆x2) for the second spatial derivative, decrease with the size of the increment

∆x. The size of ∆x is a compromise between accuracy and computational time. Often,

when solving heat flow problems with Finite Difference Method, the time is also discre-

tised. In this case, the time increment, ∆t may not be chosen independently of ∆x, but

should fulfil some stability criterion. This stability criteria depends on the size of the

space increment ∆x and on the physical properties used in the model. If the stability cri-

terion is not fulfilled, the solution may be unstable and shows undesirable and unrealistic

oscillation behaviour. The stability criterion is expressed with the finite difference form

of the Fourier number as follows:

Fo =
α∆t

∆x∆y
≤ 1

4
(E-1)

where α is thermal diffusivity [m2/s], given by α = λ
ρcp

. For a given mesh size, it gives the

upper values of ∆t. The last equation is valid for interior nodes. At the boundary of the

system, for a node at a plane, it becomes:

Fo(2 +Bi) ≤ 1

2
(E-2)

E-1
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And finally, for a node at an exterior corner:

Fo(1 +Bi) ≤ 1

4
(E-3)

where Bi is the Biot number given as a function of the external heat transfer coefficient,

h (e.g. the heat loss):

Bi =
h∆x

λ
(E-4)

Incropera and Dewitt [2002] demonstrated and discussed in details the problem of stability

with Finite Difference Method. As explained in Section 5.2.2.6, in this work, the resolution

of the ODEs does not required time discretisation. As the system of ODEs is of first order

and linear, the method of variation of parameters is used [Braun, 1993]. Therefore, time

is considered continue, and the stability criterion analysis is not applicable.

Several meshing sizes were investigated, as shown in Table E-1, for 25ml of water. The

effect of the mesh to the temperature profiles in r- and z- direction is shown in Figure E-

1. The intermediate mesh was used in this work, and showed insignificant temperature

differences with the finer mesh along the r-axis. The discrepancies are more important in

the gas phase of the bulk. But this has only a minor influence on the model.

Table E-1: Meshing: number of nodes. Settings used in this work are give

r-axis z-axis # ODEs
vessel film wall jacket bottom vessel gas lid

2 2 2 1 2 2 2 1 49
6 5 5 5 3 4 4 2 273
11 10 10 10 5 8 8 4 1025
11 20 20 8 10 10 10 10 not supported
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Figure E-1: Temperature profile through the bulk in the r-axis (left), and z-axis (right)
for different meshing: coarse (black line), intermediate (dashed black line),
and fine (dashed black line). See Table E-1 for details.

E.2 Measurements at low temperature

A series of measurements was performed at low temperatures. These measurements were

used to characterise the heat loss below room temperature. As shown in Table E-2 the

reactor and the jacket temperatures were investigated down to -45 and -50℃, respectively.

Table E-2: Experimental conditions at steady-state at low temperature with ethanol,
Vr=30ml, n =500rpm, Tcover not controlled

# exp. Tr [℃] Tj [℃] Tcryo [℃]
1 15 10 0
2 5 0 -5
3 -10 -15 -20
4 -20 -25 -30
5 -30 -35 -33
6 -35 -40 -32
7 -40 -45 -28
8 -45 -50 -25
9 -5 -10 -20
10 -15 -20 -30
11 -25 -30 -35
12 15 10 10
13 -5 -10 -5
14 -20 -15 -25
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Figure E-2 shows the measured and the modelled values of q̇loss. The heat loss coef-

ficients used for modelling were hjacket=64.4 W/(m2·K), hbottom=23.45 W/(m2·K), and

hside=2.5W/(m2·K). The heat loss determined with the heat flow model showed discrep-

ancies of 0 to 1W when compared to the measured values. Those values are larger than

the measurement errors even with an error of 2% on heat flow sensor calibration. How-

ever, as already explained, the accuracy of the heat flow model is highly dependent on

the physical properties of the material. Those are often available at room temperature

only. The heat loss coefficients are temperature-dependent, too. When working at low

(or high) temperature, the heat loss coefficients should most likely be recalibrated. For

example, heat conductivities of air and stainless steel are expected to vary by 20% and

10%, respectively, compared to the values at room temperature [Yaws, 2001]. Moreover,

the reactor was not flushed with N2, which resulted in freezing of water at the side of the

reactor. Obviously, the layer of ice had an impact on the heat loss. Note also that the

thermocouples were not calibrated for this temperature range, and measurement errors

up to 3℃ should be expected.
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Figure E-2: Modelling of heat loss, q̇loss, at low temperature. Top: Experimental
(bar) and modelled (circle) heat loss, q̇loss. Bottom: Absolute difference
between modelled and measured values (circle). Measurement errors on
q̇loss with a calibration error of the heat flow sensors of 0% (black full
line), 1%(black dashed line), and 2% (grey dashed line). Data set for the
optimisation was restricted to the 46 experiments that showed a relative
error of q̇loss below 10%. Experimental conditions given in Table E-2.
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E.3 Experimental data performed at steady-state

Table E-3: Summary of experiments conducted at steady-state for the independent

and simultaneous optimisation of heat loss coefficients hside , hbottom , and

hjacket, see Table 5.3

Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

H2O 25 500 0.18 25 -1.00 25 24.96 25.68 5

H2O 25 500 0.17 25 -0.47 25 25.01 26.25 15

H2O 25 500 0.04 25 -0.02 25 24.76 26.41 20

H2O 25 500 0.20 25 0.01 25 26.73 27.62 25

H2O 25 500 0.00 25 0.81 25 26.77 27.44 35

H2O 25 500 0.00 25 1.33 25 26.23 27.24 45

H2O 40 500 0.11 25 -0.77 25 25.00 25.98 5

H2O 40 500 0.07 25 -0.57 25 25.00 26.25 10

H2O 40 500 0.03 25 -0.33 25 25.00 26.64 15

H2O 40 500 0.00 25 -0.09 25 25.05 26.82 20

H2O 40 500 0.00 25 0.22 25 25.27 26.97 25

H2O 40 500 0.00 25 0.63 25 25.79 27.47 30

H2O 40 500 0.00 25 0.98 25 26.13 27.74 35

H2O 40 500 0.00 25 1.34 25 26.46 28.05 40

H2O 40 500 12.70 35 12.74 30 30.00 26.92 30

H2O 40 500 12.56 35 13.60 30 35.00 26.89 30

H2O 40 500 12.44 35 14.53 30 40.00 27.05 30

H2O 40 500 12.32 35 15.45 30 45.00 27.24 30

H2O 40 500 12.23 35 16.42 30 50.00 27.33 30

H2O 25 500 0.25 25 0.07 25 25.00 25.00 25

H2O 25 500 0.23 30 -0.12 30 30.00 25.00 30

H2O 25 500 0.23 35 -0.33 35 35.00 25.00 35

H2O 25 500 0.25 40 -0.52 40 40.00 25.00 40

H2O 25 500 0.22 45 -0.71 45 45.00 25.00 45

H2O 25 500 0.24 50 -0.93 50 50.00 25.00 50

H2O 25 500 0.36 70 -1.32 70 70.00 29.30 70

H2O 25 500 0.04 25 -0.02 25 26.23 27.24 20

H2O 25 500 10.23 35 10.07 25 25.87 27.21 20

H2O 25 500 20.92 40 20.75 25 25.82 27.42 20
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Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

H2O 25 500 42.81 45 42.82 25 25.93 26.27 20

H2O 25 500 54.89 50 54.96 25 26.16 26.49 20

H2O 25 500 67.30 55 67.61 25 26.64 26.75 20

H2O 40 500 12.80 30 12.82 25 25.19 26.22 20

H2O 40 500 22.21 35 22.28 25 25.30 27.21 20

H2O 40 500 40.18 40 40.63 25 26.16 27.77 20

H2O 40 500 54.48 45 55.22 25 26.89 27.59 20

ethanol 25 500 0.06 25 -0.07 25 24.73 25.98 20

ethanol 25 500 14.34 35 14.29 25 25.08 26.28 20

ethanol 25 500 21.92 40 21.95 25 25.44 26.51 20

ethanol 25 500 29.89 45 30.02 25 25.76 26.75 20

ethanol 25 500 38.20 50 38.43 25 26.07 27.01 20

ethanol 25 500 46.95 55 47.28 25 26.29 27.17 20

Table E-4: Summary of experiments conducted at steady-state with various solvents

and stirrer speed for the simultaneous optimisation of heat loss coefficients

hside, hbottom, and hjacket, see Table 5.4

Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

H2O 25 500 16.06 35 15.84 27 26.95 26.49 20

H2O 25 500 16.07 35 15.87 27 27.25 26.96 20

H2O 30 500 17.48 35 17.40 27 27.44 27.27 20

H2O 30 500 17.47 35 17.44 27 27.56 27.45 20

H2O 35 500 19.06 35 19.00 27 27.67 27.64 20

H2O 35 500 19.09 35 19.04 27 27.77 27.78 20

H2O 40 500 20.35 35 20.33 27 27.86 27.84 20

H2O 40 500 20.39 35 20.38 27 27.95 27.99 20

H2O 45 500 22.11 35 21.96 27 27.66 28.35 20

H2O 45 500 21.89 35 22.07 27 28.75 28.57 20

H2O 50 500 23.52 35 23.51 27 28.68 28.60 20

H2O 50 500 23.39 35 23.56 27 28.70 28.65 20

methanol 25 500 13.56 35 13.27 27 26.96 26.01 20
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Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

methanol 25 500 13.59 35 13.31 27 27.14 26.17 20

methanol 25 500 13.55 35 13.31 27 27.30 26.21 20

methanol 30 500 14.48 35 14.31 27 27.43 26.44 20

methanol 30 500 14.45 35 14.31 27 27.50 26.51 20

methanol 30 500 14.46 35 14.32 27 27.57 26.60 20

methanol 35 500 15.5 35 15.38 27 27.59 26.63 20

methanol 35 500 15.49 35 15.38 27 27.59 26.71 20

methanol 35 500 15.49 35 15.37 27 27.62 26.82 20

methanol 40 500 16.56 35 16.46 27 27.73 27.12 20

methanol 40 500 16.42 35 16.39 27 27.77 27.21 20

methanol 40 500 16.32 35 16.26 27 27.80 27.28 20

methanol 40 500 16.6 35 16.39 27 27.59 26.46 20

methanol 40 500 16.59 35 16.41 27 27.63 26.55 20

methanol 40 500 16.61 35 16.42 27 27.65 26.63 20

methanol 45 500 17.66 35 17.42 27 27.81 26.77 20

methanol 45 500 17.58 35 17.44 27 27.84 26.87 20

methanol 45 500 17.6 35 17.44 27 27.87 26.96 20

methanol 50 500 18.57 35 18.37 27 28.09 27.29 20

methanol 50 500 18.54 35 18.39 27 28.14 27.38 20

methanol 50 500 18.55 35 18.40 27 28.19 27.22 20

methanol 35 500 15.46 35 15.25 27 26.91 25.73 20

acteone 25 500 12.01 35 11.52 27 26.50 25.44 20

acteone 25 500 11.99 35 11.58 27 26.75 25.99 20

acteone 25 500 11.98 35 11.60 27 26.91 26.24 20

acteone 30 500 12.87 35 12.54 27 27.18 26.62 20

acteone 30 500 12.81 35 12.55 27 27.25 26.62 20

acteone 30 500 12.81 35 12.55 27 27.31 26.72 20

acteone 35 500 13.73 35 13.52 27 27.44 26.88 20

acteone 35 500 13.78 35 13.59 27 27.51 26.72 20

acteone 35 500 13.73 35 13.58 27 27.61 26.97 20

acteone 40 500 14.57 35 14.49 27 27.70 27.07 20

acteone 40 500 14.62 35 14.49 27 27.74 27.22 20

acteone 40 500 14.79 35 14.69 27 27.75 27.43 20

acteone 45 500 15.6 35 15.45 27 27.74 27.05 20



E-8 Appendix E Reactor Heat Flow Modelling

Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

acteone 45 500 15.55 35 15.43 27 27.70 26.83 20

acteone 45 500 15.56 35 15.44 27 27.68 26.59 20

acteone 50 500 16.52 35 16.35 27 27.72 26.45 20

acteone 50 500 16.52 35 16.35 27 27.73 26.53 20

acteone 50 500 16.5 35 16.33 27 27.74 26.50 20

butanol 25 500 10.27 35 9.86 27 26.59 26.24 20

butanol 25 500 10.24 35 9.86 27 26.85 26.53 20

butanol 30 500 10.88 35 10.59 27 27.10 26.76 20

butanol 30 500 10.88 35 10.67 27 27.38 27.12 20

butanol 35 500 11.54 35 11.32 27 27.50 27.24 20

butanol 35 500 11.51 35 11.37 27 27.62 27.44 20

butanol 40 500 12.15 35 11.98 27 27.72 27.24 20

butanol 40 500 12.12 35 11.96 27 27.49 27.72 20

butanol 45 500 12.82 35 12.74 27 27.70 27.71 20

butanol 45 500 12.83 35 12.73 27 27.87 27.60 20

butanol 50 500 13.59 35 13.44 27 27.92 27.50 20

butanol 50 500 13.58 35 13.47 27 28.00 27.55 20

toluene 25 500 11.73 35 11.31 27 26.63 25.88 20

toluene 25 500 11.73 35 11.36 27 26.81 26.19 20

toluene 30 500 12.52 35 12.20 27 26.94 26.21 20

toluene 30 500 12.52 35 12.22 27 27.03 26.27 20

toluene 35 500 13.38 35 13.12 27 27.20 26.45 20

toluene 35 500 13.36 35 13.13 27 27.29 26.56 20

toluene 40 500 14.17 35 13.97 27 27.37 26.62 20

toluene 40 500 14.18 35 13.99 27 27.42 26.82 20

toluene 45 500 14.68 35 14.46 27 27.45 26.96 20

toluene 45 500 14.68 35 14.52 27 27.51 27.08 20

toluene 50 500 15.84 35 15.61 27 27.63 27.23 20

toluene 50 500 15.75 35 15.60 27 27.74 27.07 20

ethanol 25 500 11.49 35 11.31 27 27.10 26.02 20

ethanol 30 500 12.4 35 12.25 27 27.19 26.08 20

ethanol 35 500 13.31 35 13.18 27 27.27 26.18 20

ethanol 40 500 14.11 35 14.03 27 27.38 26.17 20

ethanol 45 500 14.99 35 14.93 27 27.50 26.11 20
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Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

ethanol 50 500 15.89 35 15.83 27 27.77 26.08 20

ethanol 50 500 15.97 35 15.83 27 27.87 26.06 20

ethanol 50 500 15.82 35 15.88 27 27.94 26.03 20

H2O 25 500 14.81 35 14.75 27 27.00 25.00 20

H2O 30 500 16.48 35 16.27 27 27.03 25.12 20

H2O 35 500 18.05 35 18.03 27 27.17 25.57 20

H2O 40 500 19.48 35 19.49 27 27.47 25.99 20

H2O 45 500 20.75 35 20.73 27 27.61 26.11 20

H2O 50 500 22.96 35 22.86 27 27.97 26.16 20

n-heptane 25 500 10.76 35 10.43 27 26.46 25.51 20

n-heptane 30 500 11.68 35 11.46 27 26.94 25.71 20

n-heptane 35 500 12.51 35 12.41 27 27.18 25.86 20

n-heptane 40 500 13.36 35 13.24 27 27.26 25.66 20

n-heptane 45 500 14.26 35 14.14 27 27.39 25.42 20

n-heptane 25 500 10.6 25 11.51 17 19.58 24.99 15

n-heptane 30 500 11.55 25 12.40 17 19.41 25.26 15

n-heptane 35 500 12.4 25 13.22 17 19.40 25.62 15

n-heptane 40 500 13.2 25 14.10 17 19.56 26.09 15

n-heptane 45 500 14.03 25 14.93 17 19.60 26.18 15

n-heptane 50 500 14.94 25 15.79 17 19.80 26.38 20

methanol 35 200 12.1 35 11.73 27 27.06 25.89 20

methanol 35 200 12.03 35 11.76 27 27.13 26.10 20

ethanol 25 200 8.87 35 8.50 27 27.00 24.47 20

ethanol 25 400 10.95 35 10.58 27 27.00 25.00 20

ethanol 25 600 12.26 35 11.91 27 26.99 25.24 20

H2O 25 200 13.78 35 13.42 27 27.00 25.46 20

H2O 25 400 15.37 35 15.06 27 27.00 25.99 20

H2O 25 600 16.33 35 16.05 27 27.01 25.72 20

H2O 25 800 17.09 35 16.84 27 27.05 25.70 20

H2O 25 1000 17.56 35 17.34 27 27.13 25.82 20

H2O 25 1200 17.81 35 17.60 27 27.17 25.84 20

H2O 35 200 16.28 35 16.00 27 27.12 25.94 20

H2O 35 400 18.42 35 18.19 27 27.13 26.16 20

H2O 35 600 19.62 35 19.43 27 27.20 26.36 20
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Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

H2O 35 800 20.41 35 20.26 27 27.27 26.40 20

H2O 45 200 12.39 35 12.16 27 27.29 26.56 20

H2O 45 400 18.78 35 18.56 27 27.31 26.68 20

H2O 45 600 21.34 35 21.16 27 27.37 26.77 20

H2O 45 800 22.81 35 22.64 27 27.50 26.84 20

Table E-5: Summary of steady-state experiments conducted at low temperature, see

Table E-2

Solvent Volume Stirrer speed q̇comp Tr q̇cool Tj Tcover Tenv Tcryo

[ml] [rpm] [W] [℃] [W] [℃] [℃] [℃] [℃]

ethanol 30 500 7.57 15 10.47 10 19.94 24.62 0

ethanol 30 500 7.36 5 8.95 0 5.73 25.58 -5

ethanol 30 500 6.82 -10 9.38 -15 -5.44 25.60 -20

ethanol 30 500 6.47 -20 9.71 -25 -12.35 25.22 -30

ethanol 30 500 5.98 -30 10.15 -35 -19.78 25.06 -33

ethanol 30 500 5.69 -35 10.85 -40 -21.61 25.11 -32

ethanol 30 500 5.41 -40 11.50 -45 -23.88 25.26 -28

ethanol 30 500 5.16 -45 11.86 -50 -27.50 25.59 -25

ethanol 30 500 6.68 -5 9.42 -10 -0.79 25.27 -20

ethanol 30 500 6.16 -15 9.62 -20 -9.07 25.16 -30

ethanol 30 500 5.62 -25 10.20 -30 -15.94 25.14 -35

ethanol 30 500 7.35 15 9.73 10 17.86 25.08 10

ethanol 30 500 8.91 -5 12.93 -10 0.60 25.43 -5

ethanol 30 500 8.94 -20 12.97 -25 -14.24 25.00 -25



Appendix F

Risk Analysis

F.1 High pressure test

Pressure is the effect that occurs when a force is applied on a surface. When pressurised,

a container should resist to the resulting forces, given by the pressure difference between

inside and outside of the container and the corresponding surface area.

With the reaction calorimeter developed in this study, the forces are applied at three

different locations: the bottom, the top and the side of the vessel. At the bottom, where

the IR probe is located, a maximal pressure of 103bar is allowed. At the side, as the

thickness of the vessel and of the jacket are 2.5mm and 15mm, respectively, the resulting

forces are not an issue. At the top, the forces applied to the cover are compensated by the

four screws, which are screwed in the copper block. These mechanical connections require

special investigations. The size of the screws should be minimised to keep the symmetry

in the copper block but without decreasing the safety regarding pressure.

Experiments are performed with a manual press to simulate potential over-pressure in

the reactor. Table F-1 shows the results with different types of screws. Basically, three

scenarios can happen: the screws break (Exp. A.1 to A.4), the threads of the screws

break (Exp. A.5 and A.6), or the threads in copper block break. The last scenario is

mostly undesirable, because the copper block would have to be replaced. Fortunately,

this scenario never occurred.

The yield strength gives the limit at which the screw are irreversibility deformed while

the breaking strength is the force at which the screws break. Reaching the yield strength

F-1
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limit is not a safety issue but the screws should be immediately replaced. Reaching the

breaking strength limit leads to an explosion of the device. For experiments A.3 and

A.4, the yield strength limit has not been observed. For experiments A.5 and A.6, the

fittings of the screws have broken before the yield strength was reached. The difference

between experiments A.1 and A.4 as well as between A.2 and A.6 is probably due to

error of reading or calibration. Note that experiments A.1 and A.2 are performed with an

other press equipment than experiments A.3 to A.6. As long as the screw’s threads are

longer than 12mm (in this work, 13mm), the pressure limit in the reactor is higher than

400bar. As the reactor is aimed to work at 60bar, the design of the copper block and the

attachment of the lid fulfilled the safety requirement.

A second set of experiments is performed to investigate the pressure limit of the connectors

on the cover. Pressure is given with pressurised gas and water at room temperature and

at elevated temperature. Table F-1 shows the results of the different experiments. In

experiment B.1, before the thermal cycles, the test vessel was filled with compressed gas

at room temperature. As 160bar was reached, the Kalrez O-ring were deformed and could

not keep the reactor pressure-proof. In Experiment B.2, when the pressure was applied

with water, a rift appeared in the copper blocks at 10bar, only. This was probably

due to a material failure, because the rift did not appear at the thinner location of the

copper block and was not supporting any screws. After several temperature cycles at

high temperature, the tensile modulus of copper may decrease, which results in a loss

of material rigidity. This was investigated by weekly heating the copper block with the

following thermal cycle: 56h at 200℃, 16h at room temperature, 80h at 200℃, and finally

16h at room temperature. The cycle was repeated during 10 weeks. After the thermal

cycles and a stay of 7 months at room temperature, the reactor was heated at 200℃ and

loaded with compressed air. The maximal pressure of 407bar has been reached, which

means the tensile modulus has not decreased in a significant manner (Experiment B.3).

The high-pressure tests permit to conclude that:

• After a long-time thermal cycling of the copper block, the breaking strength of the

screws is still lower than the one of the copper, and it corresponds to a pressure in

the reactor higher than 400bar

• The pressure-proof is limited by the O-rings at 160bar.

• In all cases, when the reactor works at 60bar, the safety parameters regarding pres-

sure are fulfilled.
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Table F-1: Pressure experiments performed at the mechanical workshop, locking torque for each experiment: 7Nm

# Exp. # Screws Type Dimension Length in

copper [mm]

Yield

strength [N]

Breaking

strength [N]

Corresponding

reactor pressurea

[bar]

A.1 4 A4-70 M6x25 12 53000 66000 407

A.2 4 A4-80 M6x20 7 53000 63000 388

A.3 4 A8-80 M6x30 17 n.a. 71800 443

A.4 4 A4-70 M6x25 12 n.a. 67000 413

A.5 4 A4-70 M6x25 6 n.a. 43500 268

A.6 4 A4-80 M6x20 7 n.a. 59200 365

Medium and

Temp.

Max.

Pressure

[bar]

Comments

B.1 4 A4-80 M6x20 13 Gas@25℃ 160 At 160bar, the

O-rings are

deformed

B.2 4 A4-80 M6x20 13 Water@25℃ 10 Rift appeared

B.3 4 A4-80 M6x20 13 Gas@200℃ 407 Without inserts in

the cover
aArea of the reactor cover: 16.2 cm2
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F.2 Overview of the maximal reactor temperature

Table F-2 summarises the maximal temperatures allowed in the different parts of the

calorimeter and of the peripheries. Details have been given in the corresponding sections.

Table F-2: Summary of the temperature range of the peripheries

Device Tmin [℃] Tmax [℃]
Peltier element <-100 200
Silicon tubing -50 230
Kalrez O-ring 4079 -10 316
ATR Probe -80 200
Heat flow sensors n.a. 180
Armaflex (Insulation tubing cryostat) -50 150
Cryostat -40 150
Viton tubes (cryostat) -60 200
Rohacell XT 71 (Insulation reactor) n.a. 240
N600 (Insulation material) n.a. 210
Multi-way valve VICI n.a. 200

n.a.=not available
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F.3 Chemical resistance

Table F-3: Chemical resistance

material contact not recommendeda

Hastelloy C-22b liquid Hydrochloric Acid >2%, boiling
Hydrochloric acid + 2% HF
Nitric acid 65%, boiling
Nitric acid + 6% HF
HNO3 20% + HF 5%, 80℃
Sulphuric acid 30%, boiling
Sulphuric acid 5% + 0.5% HCl, boiling
Sulphuric acid 10% + 1% HCl, 90℃
Sulphuric acid 10% + 1% HCl, boiling
Sulphuric Acid 11% + 200ppm Cl−, boiling
Sulphuric Acid 50% + 42g/l Fe2(SO4)3, boiling

Teflon (15% Glass)c liquid + gas Molten or dissolved alkali metals
Monoethanolamine @100℃
Fluorine, dry @100℃

PEEKd gas Acetaldehyde @20℃
Acetic acid @100℃
Bromine
HF
Hypochlorites (Na 12-14%)
Nitric Acid 90% or fuming
Königswasser
Sulphuric acid 95% or fuming

Kalrez 4079e gas Molten and gaseous alkali metal
High concentrations of some diamines, nitric
acid, and basic phenols
Suva 123 (Hydrochlorofluorocarbon
refrigerant)

Gold liquid Königswasser
HBr

Diamond liquid n.a.

afor metal and alloy, corrosion rate > 1mm per year, bwww.haynesintl.com,
cwww.zeusinc.com, dwww.tangram.co.uk, ewww.dupont.com
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F.4 Safety assessment

Table F-4: General Hazard Checklist Analysis

Failure Criticality
Utility Failure

Power failure high
Cooling high
Heating high
Pressurised Nitrogen low
Pressurised Air low

Equipment Failure

Cooling liquid high
Dosing low
Agitation low
Valves medium

Special Situations

Impurities low
Gas releases high

Special Upsets

Temperature high
Pressure high
pH-value low

Working Environment

Electrostatic low
Ventilation low

Human Factors

Quantity (Catalyst) medium
Quantity (Reagent) medium
Chemicals Spills low
Vacuum low
Pressurised Air low
Dosing rate low
Wrong reactant medium
Wrong sequence low



F.4 Safety assessment F-7

Table F-5: General Hazard What-If Analysis

What if... Consequences Safety Actions
...overheating of the
reactor (full vessel)?

Runaway and pressure rise Labview turns off power
supply

...overheating of the
reactor (empty vessel)?

Damage to reactor Labview turns off power
supply

...Labview fails? System uncontrolled Watch dog turns off the
power amplifiers (see
Table A-4)

..computer fails? System uncontrolled Watch dog turns off the
power amplifiers (see
Table A-4)

.. not opening of the
safety valve?

Explosion Rupture disk

... overheating of the
cryostat?

Peltier elements are
burned

Labview turns off power
supply and cryostat

... cooling failure of the
cryostat?

Peltier elements are
burned

Cryostat stops when
cooling liquid leaks (low
volume of cooling bath)

... overpressure in the
reactor due to a pressure
control failure?

Explosion Rupture disk, Safety valve

... pressure sensor fails? Safety valve inefficient,
Explosion

Rupture disk

... the system is involved
in a fire?

Explosion Evacuate, Use fire
extinguisher

... the gas cylinder leaks? Release of gas to the
fume-hood

Gas monitoring
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