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Chemical Reactor Safety

• Calorimetric methods
• Heat balance on reactors
• Stability criteria
• Ideal reactors

– Batch Reactor
– Semi-Batch Reactor
– Continuous Stirred Tank Reactor
– Plug Flow Reactor

3

Chapters 7, 8, 9Chapters 6, 7, 8



Calvet Calorimeter SETARAM C80
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Reaction Calorimetry
5

• Perform process at bench scale as in 
production plant

• Continuous measurement of heat flow



Chemical Reactor Safety

• Calorimetric methods

• Heat balance on reactors

• Stability criteria

• Ideal reactors
– Batch Reactor
– Semi-Batch Reactor
– Continuous Stirred Tank Reactor
– Plug Flow Reactor
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Heat balance on reactors

• Heat release rate by reaction
• Convective heat exchange at wall
• Convective exchange by flow (sensible heat)
• Accumulation
• Evaporation
• Agitation
• Heat losses

7

Convention: 
All contributions that increase reactor 
temperature are counted for positive.



Heat release rate of reaction
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Convective exchange across the wall

( )cRex TTAUq −⋅⋅=
ex: exchange
q: heat production W
U: heat transfer coefficient W·m-2·K-1

A: heat exchange area m2

TR: Temperature reactor K or °C
Tc: Temperature heating/ K or °C

cooling media

Scale V 
m3

A 
m2

A/V 
m-1

Typical cooling capacitya

W·kg-1

Research 100 ml 0.01 100 1500
Bench 1 l 0.03 30 450
Pilot 100 l 1 10 150
Pilot/Prod 1 m3 3 3 45
Production 10 m3 13.5 1.35 20

a Cooling capacity calculated based on U=300 W·m-2·K-1 and TR-TC = 50 K, reactor filled to 
nominal value and density of 1000 kg·m-3



Accumulation
10

   R
AC i i pi

i

dTq V c
dt

ρ ′= ⋅ ⋅ ⋅ 
 
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[ ] 3
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m kg K s
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    R
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Convective exchange: sensible heat
11

( )0   CS p p Rq m c T m c T T′ ′= ⋅ ⋅∆ = ⋅ ⋅ − 

( )0    CS p p Rq v c T v c T Tρ ρ′ ′= ⋅ ⋅ ⋅∆ = ⋅ ⋅ ⋅ − 

Volume units

[ ]  kg JW K
s kg K

 
= ⋅ ⋅ ⋅ 

[ ]
3

3 kg m JW K
m s kg K

 
= ⋅ ⋅ ⋅ ⋅ 

Mass units

[ ]W
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TR



Convective exchange: sensible heat (SBR)
12

( )     AD AD p AD Rq m c T T′= ⋅ ⋅ −

[ ] kg JW K
s kg K

 
= ⋅ ⋅ ⋅ 

TAD

TR



Evaporation
13

( )VP VP Vq m H= ⋅ −∆

[ ] 1 1W kg s J kg− −   = ⋅ ⋅   
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V

q qq q q m
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+
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Agitation
14

3 5
AG P sq N dρ= ⋅ ⋅ ⋅N

[ ] [ ] 3 3 5 2 3W kg m s m kg m s− − −       = − ⋅ = ⋅ ⋅       
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Ne = f (Re)
15



Heat losses
16

( )LOSS amb Rq T Tα= ⋅ −

[ ] [ ]1W W K K− = ⋅ 

10 ml: 5,91 W/(kg.K)
100 ml: 3,68
Dewar 1l: 0,018
Reactor 2,5 m3   0,054
Reactor 10 m3 0,02



Heat balance
17

AC RX EX CS VP AG Lossq q q q q q q= + + + + +

( ) ( ) ( )R
AC RX EX p A R R C

dTq q q V c r V H U A T T
dt

ρ ′= + ⇔ ⋅ ⋅ ⋅ = − ⋅ ⋅ −∆ − ⋅ ⋅ −

Simplified
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Heat balance on stirred tank reactor
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Chemical Reactor Safety

• Calorimetric methods

• Heat balance on reactors

• Stability criteria

• Ideal reactors
– Batch Reactor
– Semi-Batch Reactor
– Continuous Stirred Tank Reactor
– Plug Flow Reactor

19



Stability criteria: Safety Constraints

Normal Operating Condition

Cooling Capacity

qrx < qex

20

In Case of Failure

Accumulation

MTSR < TD24



Stability Criteria

• Adiabatic temperature rise

• Non critical for ∆Tad < 50 K as far as no pressure

• Critical for ∆Tad > 200 K

21

( ) 0R A A R A
ad

p p

H C X Q XT
c cρ

−∆ ⋅ ⋅ ′ ⋅
∆ = =

′ ′⋅



Stability Criteria

• Reaction number B: sensitivity of the reaction rate towards temperature

22

( )0 1
E

RTr k e C X
−

∞= ⋅ ⋅ ⋅ −

( )0 2 21
E

RTdr E Ek e C X r
dT RT RT

−

∞= ⋅ ⋅ ⋅ − ⋅ = ⋅

2
adT EB

R T
∆ ⋅

=
⋅ Batch reactor

critical if 
B> 5

Temperature sensitivity

But does not take heat removal into account



Divide one side by the other, obtain the Semenov Criterion

At Tcrit, Se =1, and Se>1 depicts a critical situation

If replace with cooling Temperature T0 (and assumption ToTcrit = T2
crit)

Heat Balance Semenov
23

 

T 0 T crit 

q 0 

q crit 

T 

q 
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qex 
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𝑈𝑈𝑈𝑈𝑈𝑈𝑇𝑇02
<

1
𝑒𝑒 ≅ 0.368 For 0 order reaction, but can be extended to

other reaction kinetics

Hugo, P (2016), Chemie Ingenieur Technik 88 (11) 1643-1649
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Parametric sensitivity
24
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Stability criteria
25
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Batch reactor stable if Da/St << 1
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Heat balance
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Isoperibolic Reactor, parametric sensitivity
26
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Chemical Reactor Safety

• Calorimetric methods

• Heat balance on reactors

• Stability criteria

• Ideal reactors
– Batch Reactor
– Semi-Batch Reactor
– Continuous Stirred Tank Reactor
– Plug Flow Reactor

27



Ideal Reactors (CRE)
28
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Batch Reactor
29

M
PI

A
B P

A + B P

BAA CCkr ⋅⋅=−



Adiabatic Reaction
30

Heat accumulation = Heat production

Tfinal = Tinitial + ∆Tad

∆Tad =
Q’R [kJ/kg]
C’p    [kJ/kg/K]

=
CA0 (-∆HR) XA

ρ C’P



Isothermal Reaction
31

Heat production = Heat exchange

qrx = qex
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Isothermal Reaction
32

Heat production = Heat exchange

qrx = qex
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Polytropic reactor
33
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Polytropic Reaction
34
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Polytropic Reactor: Sensitivity
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Batch Reactor: Determination of MTSR



Batch Reactor: Determination of MTSR
37
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MTSR for batch reactor: slow and fast reaction
38
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Batch reactor with thermal initiation

Fast heating ramp Slow heating ramp
Large overshoot for MTSR No significant overshoot
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Batch Reactor: Golden Rules

• Temperature as low as possible

• Charge must be guaranteed
– Energy Potential 
– Identity and Quality of reactants

• Temperature Control must be adequate
– Heating rate
– Maximum temperature of heating system

• Emergency measures must be provided
– In case of cooling failure or deviation from normal operating conditions

40



Ideal Reactors
41
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Semi-Batch Reactor
42

MB

A

→ PA + B

V = f(t)

A = f(t)BAA CCkr ⋅⋅=−

2V
NNkr BA

A
⋅

⋅=−



SBR: Fast Reaction
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		Reaction SBR rapide												Feed,st		3000

		time		Qrx		MTSR		X		accu		mr		X%		mr%		feed%

		5.00E-05		2.17		100		3.66E-07		1.09E-05		3000		0.0		0.0		0.0

		0.03		37.2		100		0.00729		1.88E-04		3020		0.7		0.7		0.0

		0.06		36.9		100		0.0147		1.91E-04		3040		1.5		1.3		0.0

		0.08		36.7		100		0.0197		1.93E-04		3060		2.0		2.0		0.0

		0.11		36.4		100		0.0272		1.95E-04		3080		2.7		2.7		0.0

		0.13		36.3		100		0.0322		1.97E-04		3090		3.2		3.0		0.0

		0.16		36		100		0.0397		2.00E-04		3120		4.0		4.0		0.0

		0.18		35.8		100		0.0447		2.02E-04		3130		4.5		4.3		0.0

		0.21		35.6		100		0.0522		2.05E-04		3150		5.2		5.0		0.1

		0.23		35.4		100		0.0572		2.07E-04		3170		5.7		5.7		0.1

		0.26		35.1		100		0.0647		2.10E-04		3190		6.5		6.3		0.1

		0.28		35		100		0.0697		2.12E-04		3210		7.0		7.0		0.1

		0.31		34.7		100		0.0772		2.15E-04		3230		7.7		7.7		0.1

		0.33		34.6		100		0.0822		2.17E-04		3240		8.2		8.0		0.1

		0.36		34.3		100		0.0897		2.20E-04		3270		9.0		9.0		0.1

		0.38		34.2		100		0.0947		2.22E-04		3280		9.5		9.3		0.1

		0.41		33.9		100		0.102		2.25E-04		3300		10.2		10.0		0.1

		0.43		33.8		100		0.107		2.28E-04		3320		10.7		10.7		0.1

		0.46		33.6		100		0.114		2.31E-04		3340		11.4		11.3		0.1

		0.48		33.4		100		0.119		2.33E-04		3360		11.9		12.0		0.1

		0.51		33.2		100		0.127		2.36E-04		3380		12.7		12.7		0.1

		0.53		33		100		0.132		2.39E-04		3390		13.2		13.0		0.1

		0.56		32.8		100		0.139		2.42E-04		3420		13.9		14.0		0.1

		0.58		32.7		100		0.144		2.44E-04		3430		14.4		14.3		0.1

		0.61		32.5		100		0.152		2.48E-04		3450		15.2		15.0		0.2

		0.63		32.3		100		0.157		2.50E-04		3470		15.7		15.7		0.2

		0.66		32.1		100		0.164		2.54E-04		3490		16.4		16.3		0.2

		0.68		32		100		0.169		2.56E-04		3510		16.9		17.0		0.2

		0.71		31.8		100		0.177		2.60E-04		3530		17.7		17.7		0.2

		0.73		31.6		100		0.182		2.63E-04		3540		18.2		18.0		0.2

		0.76		31.4		100		0.189		2.67E-04		3570		18.9		19.0		0.2

		0.78		31.3		100		0.194		2.69E-04		3580		19.4		19.3		0.2

		0.81		31.1		100		0.202		2.73E-04		3600		20.2		20.0		0.2

		0.83		31		100		0.207		2.76E-04		3620		20.7		20.7		0.2

		0.86		30.8		100		0.214		2.80E-04		3640		21.4		21.3		0.2

		0.88		30.7		100		0.219		2.83E-04		3660		21.9		22.0		0.2

		0.91		30.5		100		0.227		2.87E-04		3680		22.7		22.7		0.2

		0.93		30.4		100		0.232		2.90E-04		3690		23.2		23.0		0.2

		0.96		30.2		100		0.239		2.94E-04		3720		23.9		24.0		0.2

		0.98		30.1		100		0.244		2.97E-04		3730		24.4		24.3		0.2

		1.01		29.9		100		0.252		3.01E-04		3750		25.2		25.0		0.3

		1.03		29.8		100		0.257		3.04E-04		3770		25.7		25.7		0.3

		1.06		29.6		100		0.264		3.09E-04		3790		26.4		26.3		0.3

		1.08		29.5		100		0.269		3.12E-04		3810		26.9		27.0		0.3

		1.11		29.3		100		0.277		3.16E-04		3830		27.7		27.7		0.3

		1.13		29.2		100		0.282		3.20E-04		3840		28.2		28.0		0.3

		1.16		29		100		0.289		3.24E-04		3870		28.9		29.0		0.3

		1.18		28.9		100		0.294		3.28E-04		3880		29.4		29.3		0.3

		1.21		28.7		100		0.302		3.33E-04		3900		30.2		30.0		0.3

		1.23		28.6		100		0.307		3.36E-04		3920		30.7		30.7		0.3

		1.26		28.4		100		0.314		3.41E-04		3940		31.4		31.3		0.3

		1.28		28.3		100		0.319		3.45E-04		3960		31.9		32.0		0.3

		1.31		28.2		100		0.327		3.50E-04		3980		32.7		32.7		0.3

		1.33		28.1		100		0.332		3.54E-04		3990		33.2		33.0		0.3

		1.36		27.9		100		0.339		3.59E-04		4020		33.9		34.0		0.3

		1.38		27.8		100		0.344		3.63E-04		4030		34.4		34.3		0.3

		1.41		27.7		100		0.352		3.68E-04		4050		35.2		35.0		0.4

		1.43		27.6		100		0.357		3.72E-04		4070		35.7		35.7		0.4

		1.46		27.4		100		0.364		3.78E-04		4090		36.4		36.3		0.4

		1.48		27.3		100		0.369		3.82E-04		4110		36.9		37.0		0.4

		1.51		27.1		100		0.377		3.88E-04		4130		37.7		37.7		0.4

		1.53		27		100		0.382		3.92E-04		4140		38.2		38.0		0.4

		1.56		26.9		100		0.389		3.98E-04		4170		38.9		39.0		0.4

		1.58		26.8		100		0.394		4.03E-04		4180		39.4		39.3		0.4

		1.61		26.7		100		0.402		4.09E-04		4200		40.2		40.0		0.4

		1.63		26.6		100		0.407		4.13E-04		4220		40.7		40.7		0.4

		1.66		26.4		100		0.414		4.20E-04		4240		41.4		41.3		0.4

		1.68		26.3		100		0.419		4.25E-04		4260		41.9		42.0		0.4

		1.71		26.2		100		0.427		4.32E-04		4280		42.7		42.7		0.4

		1.73		26.1		100		0.432		4.36E-04		4290		43.2		43.0		0.4

		1.76		26		100		0.439		4.43E-04		4320		43.9		44.0		0.4

		1.78		25.9		100		0.444		4.48E-04		4330		44.4		44.3		0.4

		1.81		25.7		100		0.451		4.56E-04		4350		45.1		45.0		0.5

		1.83		25.6		100		0.456		4.61E-04		4370		45.6		45.7		0.5

		1.86		25.5		100		0.464		4.69E-04		4390		46.4		46.3		0.5

		1.88		25.4		100		0.469		4.74E-04		4410		46.9		47.0		0.5

		1.91		25.3		100		0.476		4.82E-04		4430		47.6		47.7		0.5

		1.93		25.2		100		0.481		4.87E-04		4440		48.1		48.0		0.5

		1.96		25.1		100		0.489		4.96E-04		4470		48.9		49.0		0.5

		1.98		25		100		0.494		5.01E-04		4480		49.4		49.3		0.5

		2.01		24.9		100		0.501		5.10E-04		4500		50.1		50.0		0.5

		2.03		24.8		100		0.506		5.16E-04		4520		50.6		50.7		0.5

		2.06		24.7		100		0.514		5.25E-04		4540		51.4		51.3		0.5

		2.08		24.6		100		0.519		5.31E-04		4560		51.9		52.0		0.5

		2.11		24.5		100		0.526		5.41E-04		4580		52.6		52.7		0.5

		2.13		24.4		100		0.531		5.47E-04		4590		53.1		53.0		0.5

		2.16		24.3		100		0.539		5.57E-04		4620		53.9		54.0		0.5

		2.18		24.2		100		0.544		5.64E-04		4630		54.4		54.3		0.5

		2.21		24.1		100		0.551		5.74E-04		4650		55.1		55.0		0.6

		2.23		24		100		0.556		5.81E-04		4670		55.6		55.7		0.6

		2.26		23.9		100		0.564		5.92E-04		4690		56.4		56.3		0.6

		2.28		23.8		100		0.569		5.99E-04		4710		56.9		57.0		0.6

		2.31		23.7		100		0.576		6.11E-04		4730		57.6		57.7		0.6

		2.33		23.6		100		0.581		6.19E-04		4740		58.1		58.0		0.6

		2.36		23.5		100		0.589		6.30E-04		4770		58.9		59.0		0.6

		2.38		23.4		100		0.594		6.38E-04		4780		59.4		59.3		0.6

		2.41		23.3		100		0.601		6.51E-04		4800		60.1		60.0		0.6

		2.43		23.2		100		0.606		6.59E-04		4820		60.6		60.7		0.6

		2.46		23.1		100		0.614		6.72E-04		4840		61.4		61.3		0.6

		2.48		23.1		100		0.619		6.81E-04		4860		61.9		62.0		0.6

		2.51		22.9		100		0.626		6.95E-04		4880		62.6		62.7		0.6

		2.53		22.9		100		0.631		7.04E-04		4890		63.1		63.0		0.6

		2.56		22.8		100		0.639		7.19E-04		4920		63.9		64.0		0.6

		2.58		22.7		100		0.644		7.29E-04		4930		64.4		64.3		0.6

		2.61		22.6		100		0.651		7.44E-04		4950		65.1		65.0		0.7

		2.63		22.5		100		0.656		7.54E-04		4970		65.6		65.7		0.7

		2.66		22.4		100		0.664		7.70E-04		4990		66.4		66.3		0.7

		2.68		22.3		100		0.669		7.81E-04		5010		66.9		67.0		0.7

		2.71		22.2		100		0.676		7.98E-04		5030		67.6		67.7		0.7

		2.73		22.2		100		0.681		8.10E-04		5040		68.1		68.0		0.7

		2.76		22.1		100		0.689		8.28E-04		5070		68.9		69.0		0.7

		2.78		22		100		0.694		8.40E-04		5080		69.4		69.3		0.7

		2.81		21.9		100		0.701		8.59E-04		5100		70.1		70.0		0.7

		2.83		21.8		100		0.706		8.73E-04		5120		70.6		70.7		0.7

		2.86		21.7		100		0.714		8.93E-04		5140		71.4		71.3		0.7

		2.88		21.7		100		0.718		9.07E-04		5160		71.8		72.0		0.7

		2.91		21.6		100		0.726		9.28E-04		5180		72.6		72.7		0.7

		2.93		21.5		100		0.731		9.43E-04		5190		73.1		73.0		0.7

		2.96		21.4		100		0.738		9.66E-04		5220		73.8		74.0		0.7

		2.98		21.4		100		0.743		9.82E-04		5230		74.3		74.3		0.7

		3.01		21.3		100		0.751		0.001		5250		75.1		75.0		0.8

		3.03		21.2		100		0.756		0.00102		5270		75.6		75.7		0.8

		3.06		21.1		100		0.763		0.00105		5290		76.3		76.3		0.8

		3.08		21		100		0.768		0.00106		5310		76.8		77.0		0.8

		3.11		21		100		0.776		0.00109		5330		77.6		77.7		0.8

		3.13		20.9		100		0.781		0.00111		5340		78.1		78.0		0.8

		3.16		20.8		100		0.788		0.00114		5370		78.8		79.0		0.8

		3.18		20.7		100		0.793		0.00116		5380		79.3		79.3		0.8

		3.21		20.7		100		0.801		0.0012		5400		80.1		80.0		0.8

		3.23		20.6		100		0.806		0.00122		5420		80.6		80.7		0.8

		3.26		20.5		100		0.813		0.00125		5440		81.3		81.3		0.8

		3.28		20.4		100		0.818		0.00128		5460		81.8		82.0		0.8

		3.31		20.3		100		0.826		0.00132		5480		82.6		82.7		0.8

		3.33		20.3		100		0.831		0.00134		5490		83.1		83.0		0.8

		3.36		20.2		100		0.838		0.00139		5520		83.8		84.0		0.8

		3.38		20.1		100		0.843		0.00142		5530		84.3		84.3		0.8

		3.41		20.1		100		0.85		0.00146		5550		85.0		85.0		0.9

		3.43		20		100		0.855		0.00149		5570		85.5		85.7		0.9

		3.46		19.9		100		0.863		0.00154		5590		86.3		86.3		0.9

		3.48		19.8		100		0.868		0.00158		5610		86.8		87.0		0.9

		3.51		19.8		100		0.875		0.00164		5630		87.5		87.7		0.9

		3.53		19.7		100		0.88		0.00167		5640		88.0		88.0		0.9

		3.56		19.6		100		0.888		0.00174		5670		88.8		89.0		0.9

		3.58		19.5		100		0.893		0.00178		5680		89.3		89.3		0.9

		3.61		19.5		100		0.9		0.00185		5700		90.0		90.0		0.9

		3.63		19.4		100		0.905		0.0019		5720		90.5		90.7		0.9

		3.66		19.3		100		0.912		0.00197		5740		91.2		91.3		0.9

		3.68		19.2		100		0.917		0.00203		5760		91.7		92.0		0.9

		3.71		19.1		100		0.925		0.00212		5780		92.5		92.7		0.9

		3.73		19.1		100		0.93		0.00218		5790		93.0		93.0		0.9

		3.76		19		100		0.937		0.00228		5820		93.7		94.0		0.9

		3.78		18.9		100		0.942		0.00235		5830		94.2		94.3		0.9

		3.81		18.8		100		0.949		0.00246		5850		94.9		95.0		1.0

		3.83		18.8		100		0.954		0.00254		5870		95.4		95.7		1.0

		3.86		18.6		100		0.962		0.00267		5890		96.2		96.3		1.0

		3.88		18.6		100		0.966		0.00277		5910		96.6		97.0		1.0

		3.91		18.5		100		0.974		0.00292		5930		97.4		97.7		1.0

		3.93		18.4		100		0.979		0.00303		5940		97.9		98.0		1.0

		3.96		18.3		100		0.986		0.00321		5970		98.6		99.0		1.0

		3.98		18.2		100		0.991		0.00335		5980		99.1		99.3		1.0

		4.01		9.61		100		0.997		0.00188		6000		99.7		100.0		1.0

		4.03		2.8		100		0.999		5.58E-04		6000		99.9		100.0		1.0

		4.06		0.46		100		0.999		9.21E-05		6000		99.9		100.0		1.0

		4.08		0.138		100		0.999		2.78E-05		6000		99.9		100.0		1.0

		4.11		0.023		100		0.999		4.61E-06		6000		99.9		100.0		1.0

		4.13		0.00695		100		0.999		1.39E-06		6000		99.9		100.0		1.0

		4.16		0.00115		100		1		2.31E-07		6000		100.0		100.0		1.0

		4.18		3.48E-04		100		1		6.98E-08		6000		100.0		100.0		1.0

		4.21		5.76E-05		100		1		1.15E-08		6000		100.0		100.0		1.0

		4.23		1.74E-05		100		1		3.50E-09		6000		100.0		100.0		1.0

		4.26		2.78E-06		100		1		5.59E-10		6000		100.0		100.0		1.0

		4.28		8.44E-07		100		1		1.69E-10		6000		100.0		100.0		1.0

		4.31		1.40E-07		100		1		2.81E-11		6000		100.0		100.0		1.0

		4.33		4.25E-08		100		1		8.52E-12		6000		100.0		100.0		1.0

		4.36		7.08E-09		100		1		1.42E-12		6000		100.0		100.0		1.0

		4.38		2.14E-09		100		1		4.29E-13		6000		100.0		100.0		1.0

		4.41		3.57E-10		100		1		7.15E-14		6000		100.0		100.0		1.0

		4.43		1.08E-10		100		1		2.16E-14		6000		100.0		100.0		1.0

		4.46		1.80E-11		100		1		3.60E-15		6000		100.0		100.0		1.0

		4.48		5.44E-12		100		1		1.09E-15		6000		100.0		100.0		1.0

		4.51		9.07E-13		100		1		1.81E-16		6000		100.0		100.0		1.0

		4.53		2.74E-13		100		1		5.50E-17		6000		100.0		100.0		1.0

		4.56		4.57E-14		100		1		9.16E-18		6000		100.0		100.0		1.0

		4.58		1.38E-14		100		1		2.77E-18		6000		100.0		100.0		1.0

		4.61		2.30E-15		100		1		4.62E-19		6000		100.0		100.0		1.0

		4.63		6.97E-16		100		1		1.39E-19		6000		100.0		100.0		1.0

		4.66		1.16E-16		100		1		2.32E-20		6000		100.0		100.0		1.0

		4.68		3.51E-17		100		1		7.05E-21		6000		100.0		100.0		1.0

		4.71		5.85E-18		100		1		1.17E-21		6000		100.0		100.0		1.0

		4.73		1.77E-18		100		1		3.55E-22		6000		100.0		100.0		1.0

		4.76		2.95E-19		100		1		5.92E-23		6000		100.0		100.0		1.0

		4.78		8.93E-20		100		1		1.79E-23		6000		100.0		100.0		1.0

		4.81		1.48E-20		100		1		2.98E-24		6000		100.0		100.0		1.0

		4.83		4.50E-21		100		1		9.03E-25		6000		100.0		100.0		1.0

		4.86		7.50E-22		100		1		1.50E-25		6000		100.0		100.0		1.0

		4.88		2.27E-22		100		1		4.55E-26		6000		100.0		100.0		1.0

		4.91		3.78E-23		100		1		7.58E-27		6000		100.0		100.0		1.0

		4.93		1.14E-23		100		1		2.29E-27		6000		100.0		100.0		1.0

		4.96		1.90E-24		100		1		3.82E-28		6000		100.0		100.0		1.0

		4.98		5.77E-25		100		1		1.15E-28		6000		100.0		100.0		1.0
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		4.63		4.63		4.63		4.63		4.63
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		4.93		4.93		4.93		4.93		4.93

		4.96		4.96		4.96		4.96		4.96

		4.98		4.98		4.98		4.98		4.98
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Sheet1

		Reaction SBR lente												Feed,st		40

		time		Qrx		MTSR		X		accu		mr		X%		mr%		feed%		acc%

		5.00E-05		0.0373		100		5.61E-09		1.87E-05		3000		0.0		0.0		0.0		0.0

		0.03		18.6		102		0.00178		0.00946		3040		0.2		1.3		1.0		0.9

		0.06		31.2		104		0.0064		0.016		3080		0.6		2.7		2.0		1.6

		0.08		37.2		105		0.0105		0.0194		3120		1.1		4.0		3.0		1.9

		0.11		43.5		107		0.018		0.0231		3160		1.8		5.3		4.0		2.3

		0.13		46.5		107		0.0236		0.025		3200		2.4		6.7		5.0		2.5

		0.16		49.5		108		0.0326		0.0273		3240		3.3		8.0		6.0		2.7

		0.18		50.9		108		0.0389		0.0285		3280		3.9		9.3		7.0		2.9

		0.21		52.3		108		0.0487		0.03		3320		4.9		10.7		8.0		3.0

		0.23		52.9		109		0.0553		0.0308		3360		5.5		12.0		9.0		3.1

		0.26		53.4		109		0.0655		0.0319		3400		6.6		13.3		10.0		3.2

		0.28		53.6		109		0.0723		0.0326		3440		7.2		14.7		11.0		3.3

		0.31		53.7		109		0.0827		0.0334		3480		8.3		16.0		12.0		3.3

		0.33		53.6		109		0.0897		0.034		3520		9.0		17.3		13.0		3.4

		0.36		53.4		109		0.1		0.0347		3560		10.0		18.7		14.0		3.5

		0.38		53.3		110		0.107		0.0352		3600		10.7		20.0		15.0		3.5

		0.41		53		110		0.117		0.036		3640		11.7		21.3		16.0		3.6

		0.43		52.8		110		0.124		0.0364		3680		12.4		22.7		17.0		3.6

		0.46		52.5		110		0.135		0.0372		3720		13.5		24.0		18.0		3.7

		0.48		52.2		110		0.142		0.0376		3760		14.2		25.3		19.0		3.8

		0.51		51.9		110		0.152		0.0383		3800		15.2		26.7		20.0		3.8

		0.53		51.6		110		0.159		0.0388		3840		15.9		28.0		21.0		3.9

		0.56		51.2		110		0.17		0.0395		3880		17.0		29.3		22.0		4.0

		0.58		51		110		0.177		0.04		3920		17.7		30.7		23.0		4.0

		0.61		50.6		110		0.187		0.0408		3960		18.7		32.0		24.0		4.1

		0.63		50.3		111		0.194		0.0413		4000		19.4		33.3		25.0		4.1

		0.66		49.9		111		0.205		0.042		4040		20.5		34.7		26.0		4.2

		0.68		49.7		111		0.212		0.0426		4080		21.2		36.0		27.0		4.3

		0.71		49.3		111		0.222		0.0433		4120		22.2		37.3		28.0		4.3

		0.73		49		111		0.229		0.0439		4160		22.9		38.7		29.0		4.4

		0.76		48.6		111		0.24		0.0447		4200		24.0		40.0		30.0		4.5

		0.78		48.4		111		0.247		0.0452		4240		24.7		41.3		31.0		4.5

		0.81		48		111		0.257		0.0461		4280		25.7		42.7		32.0		4.6

		0.83		47.7		111		0.264		0.0467		4320		26.4		44.0		33.0		4.7

		0.86		47.3		112		0.274		0.0475		4360		27.4		45.3		34.0		4.8

		0.88		47.1		112		0.281		0.0481		4400		28.1		46.7		35.0		4.8

		0.91		46.7		112		0.292		0.0491		4440		29.2		48.0		36.0		4.9

		0.93		46.4		112		0.299		0.0497		4480		29.9		49.3		37.0		5.0

		0.96		46.1		112		0.309		0.0506		4520		30.9		50.7		38.0		5.1

		0.98		45.8		112		0.316		0.0513		4560		31.6		52.0		39.0		5.1

		1.01		45.4		112		0.326		0.0523		4600		32.6		53.3		40.0		5.2

		1.03		45.2		112		0.333		0.0529		4640		33.3		54.7		41.0		5.3

		1.06		44.8		113		0.343		0.054		4680		34.3		56.0		42.0		5.4

		1.08		44.6		113		0.35		0.0546		4720		35.0		57.3		43.0		5.5

		1.11		44.2		113		0.36		0.0557		4760		36.0		58.7		44.0		5.6

		1.13		43.9		113		0.367		0.0564		4800		36.7		60.0		45.0		5.6

		1.16		43.6		113		0.377		0.0575		4840		37.7		61.3		46.0		5.8

		1.18		43.3		113		0.384		0.0583		4880		38.4		62.7		47.0		5.8

		1.21		42.9		113		0.394		0.0595		4920		39.4		64.0		48.0		6.0

		1.23		42.7		114		0.4		0.0602		4960		40.0		65.3		49.0		6.0

		1.26		42.3		114		0.41		0.0615		5000		41.0		66.7		50.0		6.2

		1.28		42.1		114		0.417		0.0623		5040		41.7		68.0		51.0		6.2

		1.31		41.7		114		0.427		0.0635		5080		42.7		69.3		52.0		6.4

		1.33		41.5		114		0.434		0.0644		5120		43.4		70.7		53.0		6.4

		1.36		41.1		114		0.444		0.0657		5160		44.4		72.0		54.0		6.6

		1.38		40.8		115		0.45		0.0666		5200		45.0		73.3		55.0		6.7

		1.41		40.5		115		0.46		0.068		5240		46.0		74.7		56.0		6.8

		1.43		40.2		115		0.467		0.0689		5280		46.7		76.0		57.0		6.9

		1.46		39.9		115		0.477		0.0703		5320		47.7		77.3		58.0		7.0

		1.48		39.6		115		0.483		0.0713		5360		48.3		78.7		59.0		7.1

		1.51		39.2		116		0.493		0.0728		5400		49.3		80.0		60.0		7.3

		1.53		39		116		0.499		0.0738		5440		49.9		81.3		61.0		7.4

		1.56		38.6		116		0.509		0.0753		5480		50.9		82.7		62.0		7.5

		1.58		38.4		116		0.516		0.0764		5520		51.6		84.0		63.0		7.6

		1.61		38		116		0.525		0.078		5560		52.5		85.3		64.0		7.8

		1.63		37.7		117		0.532		0.0791		5600		53.2		86.7		65.0		7.9

		1.66		37.3		117		0.541		0.0808		5640		54.1		88.0		66.0		8.1

		1.68		37.1		117		0.547		0.082		5680		54.7		89.3		67.0		8.2

		1.71		36.7		117		0.557		0.0838		5720		55.7		90.7		68.0		8.4

		1.73		36.5		118		0.563		0.085		5760		56.3		92.0		69.0		8.5

		1.76		36.1		118		0.573		0.0869		5800		57.3		93.3		70.0		8.7

		1.78		35.8		118		0.579		0.0881		5840		57.9		94.7		71.0		8.8

		1.81		35.4		118		0.588		0.0901		5880		58.8		96.0		72.0		9.0

		1.83		35.2		119		0.594		0.0914		5920		59.4		97.3		73.0		9.1

		1.86		34.8		119		0.603		0.0935		5960		60.3		98.7		74.0		9.4

		1.88		34.5		119		0.61		0.0948		6000		61.0		100.0		75.0		9.5

		1.91		34.1		119		0.619		0.097		6000		61.9		100.0		75.0		9.7

		1.93		33.8		120		0.625		0.0984		6000		62.5		100.0		75.0		9.8

		1.96		33.4		120		0.634		0.1		6000		63.4		100.0		75.0		10.0

		1.98		33.1		120		0.64		0.102		6000		64.0		100.0		75.0		10.2

		2.01		32.7		121		0.649		0.104		6000		64.9		100.0		75.0		10.4

		2.03		32.5		121		0.655		0.106		6000		65.5		100.0		75.0		10.6

		2.06		32		121		0.663		0.108		6000		66.3		100.0		75.0		10.8

		2.08		31.8		121		0.669		0.11		6000		66.9		100.0		75.0		11.0

		2.11		31.3		122		0.678		0.112		6000		67.8		100.0		75.0		11.2

		2.13		31		122		0.684		0.114		6000		68.4		100.0		75.0		11.4

		2.16		30.6		123		0.692		0.117		6000		69.2		100.0		75.0		11.7

		2.18		30.3		123		0.698		0.119		6000		69.8		100.0		75.0		11.9

		2.21		29.9		123		0.706		0.122		6000		70.6		100.0		75.0		12.2

		2.23		29.6		124		0.712		0.124		6000		71.2		100.0		75.0		12.4

		2.26		29.1		124		0.72		0.127		6000		72.0		100.0		75.0		12.7

		2.28		28.8		124		0.725		0.129		6000		72.5		100.0		75.0		12.9

		2.31		28.4		125		0.734		0.132		6000		73.4		100.0		75.0		13.2

		2.33		28.1		125		0.739		0.134		6000		73.9		100.0		75.0		13.4

		2.36		27.6		126		0.747		0.137		6000		74.7		100.0		75.0		13.7

		2.38		27.3		126		0.752		0.139		6000		75.2		100.0		75.0		13.9

		2.41		26.8		126		0.76		0.143		6000		76.0		100.0		75.0		14.3

		2.43		26.5		127		0.765		0.145		6000		76.5		100.0		75.0		14.5

		2.46		26.1		127		0.773		0.149		6000		77.3		100.0		75.0		14.9

		2.48		25.7		128		0.778		0.151		6000		77.8		100.0		75.0		15.1

		2.51		25.2		128		0.785		0.155		6000		78.5		100.0		75.0		15.5

		2.53		24.9		129		0.79		0.158		6000		79.0		100.0		75.0		15.8

		2.56		24.4		129		0.797		0.162		6000		79.7		100.0		75.0		16.2

		2.58		24.1		130		0.802		0.164		6000		80.2		100.0		75.0		16.4

		2.61		23.6		130		0.809		0.168		6000		80.9		100.0		75.0		16.8

		2.63		23.3		131		0.814		0.171		6000		81.4		100.0		75.0		17.1

		2.66		22.7		131		0.821		0.176		6000		82.1		100.0		75.0		17.6

		2.68		22.4		131		0.825		0.174		6000		82.5		100.0		75.0		17.4

		2.71		21.9		130		0.832		0.167		6000		83.2		100.0		75.0		16.7

		2.73		21.5		129		0.836		0.163		6000		83.6		100.0		75.0		16.3

		2.76		21		127		0.843		0.156		6000		84.3		100.0		75.0		15.6

		2.78		20.7		127		0.847		0.152		6000		84.7		100.0		75.0		15.2

		2.81		20.2		125		0.853		0.146		6000		85.3		100.0		75.0		14.6

		2.83		19.8		125		0.858		0.141		6000		85.8		100.0		75.0		14.1

		2.86		19.3		123		0.864		0.135		6000		86.4		100.0		75.0		13.5

		2.88		18.9		123		0.868		0.131		6000		86.8		100.0		75.0		13.1

		2.91		18.4		122		0.873		0.126		6000		87.3		100.0		75.0		12.6

		2.93		18		121		0.877		0.122		6000		87.7		100.0		75.0		12.2

		2.96		17.5		120		0.883		0.116		6000		88.3		100.0		75.0		11.6

		2.98		17.1		119		0.886		0.113		6000		88.6		100.0		75.0		11.3

		3.01		16.6		118		0.892		0.107		6000		89.2		100.0		75.0		10.7

		3.03		16.2		117		0.895		0.104		6000		89.5		100.0		75.0		10.4

		3.06		15.7		116		0.9		0.0993		6000		90.0		100.0		75.0		9.9

		3.08		15.4		116		0.904		0.0959		6000		90.4		100.0		75.0		9.6

		3.11		14.8		115		0.908		0.0911		6000		90.8		100.0		75.0		9.1

		3.13		14.5		114		0.911		0.088		6000		91.1		100.0		75.0		8.8

		3.16		13.9		114		0.916		0.0834		6000		91.6		100.0		75.0		8.3

		3.18		13.6		113		0.919		0.0804		6000		91.9		100.0		75.0		8.0

		3.21		13.1		112		0.923		0.0761		6000		92.3		100.0		75.0		7.6

		3.23		12.7		112		0.926		0.0733		6000		92.6		100.0		75.0		7.3

		3.26		12.2		111		0.93		0.0692		6000		93.0		100.0		75.0		6.9

		3.28		11.9		111		0.933		0.0665		6000		93.3		100.0		75.0		6.7

		3.31		11.4		110		0.937		0.0627		6000		93.7		100.0		75.0		6.3

		3.33		11		109		0.939		0.0602		6000		93.9		100.0		75.0		6.0

		3.36		10.6		109		0.943		0.0567		6000		94.3		100.0		75.0		5.7

		3.38		10.2		108		0.945		0.0543		6000		94.5		100.0		75.0		5.4

		3.41		9.8		108		0.948		0.051		6000		94.8		100.0		75.0		5.1

		3.43		9.49		107		0.951		0.0489		6000		95.1		100.0		75.0		4.9

		3.46		9.03		107		0.954		0.0457		6000		95.4		100.0		75.0		4.6

		3.48		8.73		107		0.956		0.0438		6000		95.6		100.0		75.0		4.4

		3.51		8.28		106		0.959		0.0409		6000		95.9		100.0		75.0		4.1

		3.53		7.99		106		0.96		0.0391		6000		96.0		100.0		75.0		3.9

		3.56		7.57		105		0.963		0.0364		6000		96.3		100.0		75.0		3.6

		3.58		7.29		105		0.965		0.0347		6000		96.5		100.0		75.0		3.5

		3.61		6.89		105		0.967		0.0323		6000		96.7		100.0		75.0		3.2

		3.63		6.62		104		0.969		0.0308		6000		96.9		100.0		75.0		3.1

		3.66		6.24		104		0.971		0.0285		6000		97.1		100.0		75.0		2.9

		3.68		5.99		104		0.972		0.0271		6000		97.2		100.0		75.0		2.7

		3.71		5.63		103		0.974		0.0251		6000		97.4		100.0		75.0		2.5

		3.73		5.39		103		0.976		0.0238		6000		97.6		100.0		75.0		2.4

		3.76		5.05		103		0.977		0.022		6000		97.7		100.0		75.0		2.2

		3.78		4.83		103		0.979		0.0209		6000		97.9		100.0		75.0		2.1

		3.81		4.51		102		0.98		0.0192		6000		98.0		100.0		75.0		1.9

		3.83		4.31		102		0.981		0.0182		6000		98.1		100.0		75.0		1.8

		3.86		4.02		102		0.983		0.0167		6000		98.3		100.0		75.0		1.7

		3.88		3.83		102		0.984		0.0158		6000		98.4		100.0		75.0		1.6

		3.91		3.56		102		0.985		0.0145		6000		98.5		100.0		75.0		1.5

		3.93		3.38		102		0.986		0.0137		6000		98.6		100.0		75.0		1.4

		3.96		3.14		101		0.987		0.0125		6000		98.7		100.0		75.0		1.3

		3.98		2.98		101		0.988		0.0118		6000		98.8		100.0		75.0		1.2

		4.01		2.74		101		0.989		0.0107		6000		98.9		100.0		75.0		1.1

		4.03		2.58		101		0.989		0.0101		6000		98.9		100.0		75.0		1.0

		4.06		2.35		101		0.99		0.00924		6000		99.0		100.0		75.0		0.9

		4.08		2.2		101		0.991		0.0087		6000		99.1		100.0		75.0		0.9

		4.11		2.01		101		0.992		0.00794		6000		99.2		100.0		75.0		0.8

		4.13		1.89		101		0.992		0.00747		6000		99.2		100.0		75.0		0.7

		4.16		1.72		101		0.993		0.00682		6000		99.3		100.0		75.0		0.7

		4.18		1.62		100		0.993		0.00641		6000		99.3		100.0		75.0		0.6

		4.21		1.47		100		0.994		0.00586		6000		99.4		100.0		75.0		0.6

		4.23		1.39		100		0.994		0.00551		6000		99.4		100.0		75.0		0.6

		4.26		1.26		100		0.994		0.00503		6000		99.4		100.0		75.0		0.5

		4.28		1.19		100		0.995		0.00474		6000		99.5		100.0		75.0		0.5

		4.31		1.09		100		0.995		0.00433		6000		99.5		100.0		75.0		0.4

		4.33		1.02		100		0.995		0.00407		6000		99.5		100.0		75.0		0.4

		4.36		0.936		100		0.996		0.00372		6000		99.6		100.0		75.0		0.4

		4.38		0.881		100		0.996		0.0035		6000		99.6		100.0		75.0		0.4

		4.41		0.804		100		0.996		0.0032		6000		99.6		100.0		75.0		0.3

		4.43		0.757		100		0.996		0.00301		6000		99.6		100.0		75.0		0.3

		4.46		0.691		100		0.997		0.00275		6000		99.7		100.0		75.0		0.3

		4.48		0.65		100		0.997		0.00259		6000		99.7		100.0		75.0		0.3

		4.51		0.594		100		0.997		0.00237		6000		99.7		100.0		75.0		0.2

		4.53		0.559		100		0.997		0.00223		6000		99.7		100.0		75.0		0.2

		4.56		0.51		100		0.997		0.00203		6000		99.7		100.0		75.0		0.2

		4.58		0.48		100		0.998		0.00192		6000		99.8		100.0		75.0		0.2

		4.61		0.439		100		0.998		0.00175		6000		99.8		100.0		75.0		0.2

		4.63		0.413		100		0.998		0.00165		6000		99.8		100.0		75.0		0.2

		4.66		0.377		100		0.998		0.00151		6000		99.8		100.0		75.0		0.2

		4.68		0.355		100		0.998		0.00142		6000		99.8		100.0		75.0		0.1

		4.71		0.325		100		0.998		0.00129		6000		99.8		100.0		75.0		0.1

		4.73		0.306		100		0.998		0.00122		6000		99.8		100.0		75.0		0.1

		4.76		0.279		100		0.998		0.00111		6000		99.8		100.0		75.0		0.1

		4.78		0.263		100		0.998		0.00105		6000		99.8		100.0		75.0		0.1

		4.81		0.24		100		0.999		9.62E-04		6000		99.9		100.0		75.0		0.1

		4.83		0.226		100		0.999		9.06E-04		6000		99.9		100.0		75.0		0.1

		4.86		0.207		100		0.999		8.28E-04		6000		99.9		100.0		75.0		0.1

		4.88		0.195		100		0.999		7.80E-04		6000		99.9		100.0		75.0		0.1

		4.91		0.178		100		0.999		7.13E-04		6000		99.9		100.0		75.0		0.1

		4.93		0.167		100		0.999		6.71E-04		6000		99.9		100.0		75.0		0.1

		4.96		0.153		100		0.999		6.14E-04		6000		99.9		100.0		75.0		0.1

		4.98		0.144		100		0.999		5.78E-04		6000		99.9		100.0		75.0		0.1
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SBR: Slow Reaction
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Semi-Batch Reactor
Determination of MTSR
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Stability criteria: Safety Constraints

Normal Operating Condition

Cooling Capacity

qrx < qex

48

In Case of Failure

Accumulation

MTSR < TD24



SBR: Different Feed Rates
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SBR: Optimisation of MTSR
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Semi Batch Reactor: Golden Rules

• Temperature as high as possible
• Feed rate must be limited

– Adapted to cooling capacity
– Adapted to maximum tolerable accumulation

• Temperature control
– Maximum level switches off feed

– Minimum level switches off feed

• Stirrer control
– ensures good mixing, avoids accumulation
– interlock with feed in case of malfunction
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Ideal Reactors
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CSTR: Heat Balance
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CSTR
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• Mass balance:

• Energy Balance adiabatic CSTR

• Adiabatic CSTR
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CSTR: Safety Aspects
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• Low adiabatic rise if operated at high 
conversion

• Equivalent to batch reactor at start-up
• Critical choice of operating temperature:

Optimisation for low MTSR

( ) adArcf TXTT ∆−+= 1

CA0

CA = CA0 (1-XA)



CSTR: Dynamic Control

• Easy control at steady state

• Hysteresis at start-up / shut down
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CSTR: Autothermic 
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Optimisation of CSTR
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Ideal Reactors
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PFR: Tubular reactor 
Engineering Characteristics

60

• Small volume
• High productivity 
• Concentration / temperature profile
• High specific heat exchange area

CA0 CA = CA0 (1-XA)



Heat Removal and Geometry
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A/V m2/m3 qex
kW/m3

Laboratory 0.1 l 100 1000
Bench Scale: 2.0  l 40 400
Pilot plant 100 l 10 100
Production 1 m3 4 40
Production 25 m3 1 10

Tube-Diameter 100 mm 40 400
Tube-Diameter   10 mm 400 4000
Tube-Diameter     1 mm 4000  40000
Tube-Diameter  0.1 mm          40000  400000

(U=1000 W/(m2.K), ∆T = 10 K



Comparison 10m3 / tubular / micro :
Temperature Control 
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Construction of the microchannel

• Find a precise, flexible technique to build microchannel at low cost
– Silk-screen printing of a thick-film dielectric
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d = 250µm
e = 100µm
L = 18.75mm
 

 p.199



PFR: Safety aspects

• High specific heat exchange area
• Short distance center to wall

avoids heat accumulation conditions
• "Thermal dilution"
• Hot spot

CA0 CA = CA0 (1-XA)



PFR: X and T Profiles
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Isoperibolic with Tc = 293K, T0 = 300K
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PFR: Thermal Dilution

• Heat Capacity of the Reactor itself

Reaction mass:  0.06 kJ/K
Wall: 0.17 kJ/K
Water: 28.2  kJ/K

Φ = 473
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PFR: Cooling Failure

• Heat Accumulation:
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Eaq

RT
r crit

⋅⋅

⋅⋅
=

ρ

λδ
2

r: critical radius [m]
λ: Thermal conductivity [W/(K∙m)]
δcrit: form factor
Ea: activation energy [J/mol]
q: heat release rate [W/kg]
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