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GENERAL INFORMATION

For the prediction of the thermal behaviour in kg-scale, in semi-adiabatic and ton-scale under

adiabatic conditions under any temperature mode click the icon “Prediction”.
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In all large-scale experiments dT/dt and T(t) are determined by applying appropriate heat balance
equations (see figure below). In kg-scale the change of the sample temperature rate dT/dt depends
among others, on the reaction rate da/dt and on the container radius r as well. The temperature of
the sample will not be the same in the centre and at the surface of a package and, in addition, it
will depend on its size, i.e. r value. In order to determine thermal behaviour in kg-scale, the
convective heat transfer from the package (the boundary conditions) and the conductive heat
transfer within the package are introduced into the calculating procedure.
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— TIME-TO-MAXIMUM RATE UNDER ADIABATIC CONDITIONS —
(TMRAD) / ADIABATIC THERMAL SAFETY DIAGRAM
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Determination of

Time to Maximum Rate under adiabatic conditions (TMR_,)

Key parameters for adiabatic conditions

Temperature profile of an adiabatic runaway
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FIG. 1 - The plot presents the temperature profile of an adiabatic reaction and depicts
the meaning of its key parameters: ATad the adiabatic temperature
rise, TMRad: Time to Maximum Rate and maximum Self-Heating Rate.
Zo7ay FBAKIEORETR 7 7 AVERL, ENEN T XA —XDEIRIX
ATad : WiEMEE - 5.
TMRad : SRHE I & ORK H CHBEE ¥ TR,
E-LEARNING
WEBINAR



% Predictions ®

¥ Predictions

Temperature profiles Sample controlled thermal analysis
Iso Mon-Iso Step Modulated Shock Worldwide STANAG Customized
SADT Thermal Stability Diagram

Safety Diagram |  TMRad
Automatic Report

Safety diagram : Initial temperature and runaway time under adiabatic conditions

Calculation of AT ad Conditions

AHr = Heat of reaction (J/g) Initial Temp (°C)  ATO error {°C)

Cp = Spedfic heat (1fg/K) +|1 ~ Each (°C) |1 v

Phi = Thermal inertia factor (-) "AT0 error” can be used for calaulation of the confidence interval

AHF Ccp Phi ATad = ATad error
(fa) Qfa) | QEm)] G -AHr/Cp//Phi
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FIG. 2 - Click on the tab “Adiabatic Safety Diagram” to calculate the “Time to Maximum Rate”
under adiabatic conditions for any arbitrarily starting temperature. Introduce the lowestrequired initial
temperature (in presented example 50°C) and the heat capacity value(here 1.5 J/g/K) of the substance.
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FIG. 3 - Adiabatic safety diagram - Influence of the initial temperature on the corresponding
adiabatic induction time TMRad for following conditions: AHr = -555.9+15.1 1/g
and ATad=(-AHr)/Cp)= 370.6+10.1°C for ® =1and Cp =15 J/g/K.
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FIG. 4 - The simulation of T-time relationships under adiabatic conditions.
For an initial temperature of 51.5°C TMRad amounts to 24 h.
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Safety data for following input parameters: AHr=-555.9%15.11/g, Cp=1.53/g/K, Phi=1

TStart °C

89
88
87
86
85
84
83
82
81
80
79
78
77
76
75
74
73
72
71
70
69
68
67
66
65
64
(f)e3

TMRad (mean value)
(TInitial, DeltaTad=370.6°C)

5227 min
56.55 min
61.21 min
66.28 min
71.82 min
77.85 min
84.43 min
91.61 min
99.45 min
108.03 min
17.4 min
127.65 min
138.87 min
151.15 min
164.61 min
179.37 min
195.55 min
213.31 min
232.82 min
254.25 min
277.8 min
5.06 hours
554 hours
6.06 hours
6.64 hours
7.27 hours
(*) 7.98 hours

TMRad (lower value) (TInitial+1°C,
DeltaTad=380.7°C)

47.64 min
51.51 min
55.72 min
60.31 min
65.30 min
70.75 min
76.69 min
83.17 min
90.24 min
97.96 min
106.39 min
115.62 min
125.7 min
136.74 min
148.83 min
162.08 min
176.59 min
192.51 min
209.98 min
229.17 min
250.24 min
273.41 min
298.89 min
5.45 hours
5.96 hours
6.53 hours
(*) 716 hours

Confidence
interval %

8.87
8.92
897
9.02
9.07
9.12
9.17
9.22
9.27
9.32
9.37
9.43
9.48
9.53
9.59
9.64
9.70
9.75
9.81
9.86
9.92
9.98
10.04
10.10
10.16
10.22
10.28

(*)Means that determined TMRad is about 8 hours (7.98 h) for an initial temperature of about 63°C,
(@ more conservative value is 7.16 h)

62
61
60
59
58
57
56
55
54
53

(*4)52

8.75 hours
9.61 hours
10.55 hours
11.6 hours
12.75 hours
14.04 hours
15.46 hours
17.03 hours
18.78 hours
20.72 hours

(**)22.87 hours

7.85 hours
8.61 hours
9.45 hours
10.38 hours
1.4 hours
12.54 hours
13.8 hours
15.2 hours
16.74 hours
18.46 hours

(**)20.36 hours

10.34
10.40
10.46
10.52
10.59
10.65
10.71

10.78
10.84
10.91

10.97

(**) Means that determined TMRad is about 24 hours (22.87 h) for an initial temperature of about 52°C,
(@ more conservative value is 20.36 h)

51
50

25.27 hours
27.94 hours

22.48 hours
24.83 hours

11.04
nn

TABLE. 1 - Thermal safety table: Dependence of TMRad on initial temperatures under adiabatic conditions.
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—— ADIABATIC RUNAWAY AND SELF-HEATING RATE CURVES ——
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FIG. 1 - Click on the tab “TMRad” to calculate the “Time to Maximum Rate” with or without confidence interval
for any arbitrarily chosen initial temperature.
Specify the values of initial temperature (in this example 51.5°C) and heat capacity (here 1.5 J/g/K).
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FIG. 2 - Adiabatic runaway curve for the reaction with AHr = -555.9+15.1J/g and Cp =1.5 J/g/K with

the confidence interval for the prediction:

Tinitial =51.5+1°C. ATad=(-AHr)/Cp)=370.6+10.1°C for ® =1.

AHr=-555.9+15.1J / ¢ DEFRARFE/$E Cp=15J/ g/ K. FRIDIEEXM: Tinitial =51.5+1° C,
ATad=(-AHr)/ Cp)=370.6+10.1° C(P=1 DES),

The TS software also allows the calculation of self-heating rate curves in adiabatic conditions

(see below):
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TMRad : Time to Maximum Rate under adiabatic conditions

Calculation of AT ad Remark
AHr = Heat of reaction (1/g) [ confidence interval
Cp = Spedfic heat (J/g/K) "AT0 error” can be used for calculation of the confidence interval

Phi = Thermal inertia factor (-}
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(=) 0

AHr Cp Phi ATad=  ATaderror  Underlying heating
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FIG. 3 - Click on the tab “TMRad" to calculate the “Time to Maximum Rate" for any arbitrarily chosen initial
temperature. Specify the values of initial temperature (in this example 51.5°C) and heat capacity (here 1.5 3/g/K).
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FIG. 4 - Adiabatic runaway curve with TMRad = 24h as a function of time for following conditions:

AHr = -555.9+15.1 3/g, ATad=(-AHr)/Cp)=370.6+10.1°C, & =1and Cp = 1.5 J/g/K.

The graph displays the time-dependence of the temperature (top), self-heatingrate (middle) and reaction
extent (bottom).

ROEHDERORBESEL TD TMRad = 24h D ETEVRERER: AH=-555.9+15.1J / g.
ATad=(-AHr)/ Cp)=370.6%+10.1° C. P=1H&LU Cp=15J/¢g/ K,
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FIG. 5 - Heat exchange properties of the system characterized by Phi factor are significantly influence

the TMRad, ATad and the temperature dependence of the reaction progress.

BBEMRRY ¢ 7773 —(IC&oTHEBTITON S AT LOBZHBEFEIL. TMRad, ATad, B LUV RIGEITDRERK
FHICKRECEELET,

$wH® WP @ @ = TMRad Mnitisl=31.5°C, DeltaHr=-555.9)g"-1, Cp=1.5)g*-1K*-1) (Predictions) - AKTS-Thermokinetics (Thermal Haz.. [ - O X

"

File Thermokinetics RC Acquisition RC Importation RC Prediction Mathematics Functions View

. N 1 2 l Temperature
\ N =
- ®. L T j\\ @g@} fp _ E—)
- Cx Reaction Progress
Automatic Kinetics Optimize Simulation  Optimization Prediction Mixed ) Set
Baselines Baselines Cx' Reaction Rate Time =

Computing Kinetic Parameters Prediction Chart Other &

Bl Importations w7 4IF ThiRad (Tintisl=51 5°C, iH=-555.8Jg"1, Cp=1 SJg-1K"1)
=W 0.5 Kimin Curve 1
e[ 1Kimin Curve2 :
el 2Kmin Curve3 400 | Phi=1, ATad=370.6°C
W 4 Kimin Curve 4 E
= 8.01 Kimin Curve & 350 :
Clad Kinetic Results 200 H
= [V Reaction progress
=¥ Reaction rate
=¥ Differential isoconversional
[ =¥ Kinetic Parameters
[ (Ozawa)
=[] (Activation energy Ozawa) 160
=[] (ASTM EB98)
] Predictions 100
&7 Iso (DeltaHr=555.8Jg-1) Phi=10000000, ATad=0°C__ o2 3
[H = Max heat release rate T
=¥ Mon-iso (Tstart=60°C|DeltaH
Non-iso (Tstart=60°"C|2Kmin’
Step (DeltaHr=-555%Jg"-1}
Modulated (OKmin®-1|DeltaH
‘Worldwide (DeltaHr=-555.9J¢
STANAG (A2 diurnal season:
Customized (DeltaHr=555.9.
SCTA Step
SCTA Step
Safety diagram (DeltaHr=-55£
= TMRad (DeltaHr=-555 Sg*-1
e[ TMRad (DeltaHr=-5668+15.1
=[v TMRad (TInitial=51.5°C, Deli
=¥ TMRad (TInitial=51.5°C, Delt:

260

o

200

Ternperature (°C)

H

Phi=2, ATad=185.3°C

B
=
B
=
I
B

I
W
I
’7
W
I
W
I
’?
e
v

Phi=10000000, ATad=0°C

Reaction Progress (-)

T T T T T
1} 20 40 60 a0 100 120 140 160
Time ih)
< >

admin @ 531 Ready

FIG. 6 - (Top) Dependence of TMRad and ATad on the values of phi-factor marked on curves.

(Bottom) Influence of the phi-factor on the reaction progress at 51.5°C under isothermal conditions (® = 1e+7)
and the adiabatic runaway curves for an initial temperature of 51.5°C with ® =2 and 1 (for ® =1 TMRad amounts
to 24h), respectively. AHr = -555.9+15.1 J/g and Cp =1.5 J/g/K.
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The blue curve in the graph above presents the simulation of the reaction course in ton-scale (fully
adiabatic conditions, Phi=1), the green curve in mg-scale (total exchange of the reaction heat with
surrounding, Phi taken as 1e+7). The red curve displays the reaction behaviour in semi-adiabatic
conditions for Phi=2. For checking the influence of the thermal inertia (Phi factor) on TMRad
introduce required values of phi-factor in respective fields as shown below:

EDTSOOBEBHBIE. PR —IL (SEEMWHEREE, Phi=1) TORGBEDII1L—a>, mg RA7—IL (EH
LORGEDETM, Phi% le +ERELI) DIBEEEHEMBTRLTLET,

FRUOHRIE, Phi= 2 QR EHTOREERZERLTVET . TMRad [T HBMEM (717705 —) DFRESE
HERT B0, UTFISRT LI, ENEFNRDIA—ILRIZI7PAI7I03—DRBREZEALET,
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TMRad : Time to Maximum Rate under adiabatic conditions

Calculation of AT ad Remark.
AHr = Heat of reaction (J/g) [ confidence interval
Cp = Spedific heat (J/a/K) "ATO error” can be used for calculation of the confidence interval

Phi = Thermal inertia factor (-)

initial Temp ~ ATo error AHr Cp Phi ATad = ATad error  Underlying heating
(=C) () (3ja) Qfa) Qfak) | B JsHr/Cp/ Phi rate (K/min)

HSEVE.‘. HLuad‘.. o OK xCEﬂCE|

FIG. 7 - Heat exchange properties of the system characterized by Phi factor significantly influence the TMRad,
ATad and the temperature dependence of the reaction progress.
The graph displays the input of specific Phi factor values.
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FIG. 8 — Adiabatic runaway curves for different Phi factors.
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FIG. 9 - Self-heating rate curves for different Phi factors.

SFESFL Phi (RED B O REERIR

ATad /K
1 370.6
15 2471
2 185.3
2.5 148.2

TABLE. 1 - Influence of the Phi factor on the ATad at following conditions: Tinitial =51.5°C,
AHr =-5559+1513/g and Cp =15 J/g/K

ROEBTDH ATad (23T B Phi FBEODEE : Tinitial = 51.5° C.
MHr=-5559+151J / g XU Cp=15J /g /K
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THERMAL SAFETY DIAGRAM
FOR NON-ADIABATIC CONDITIONS

Click on the tab “Thermal Stability Diagram” to calculate the Time to the Maximum Rate under non-
adiabatic conditions as a function of the external conditions and the sample properties.

MBREERIF2TEIIYILT, ERBERE T TORKEEETTORMENBEEEY LTIV EORBELTHE
LET,

The Thermal Stability Diagram allows evaluating the dependence of the Time to Maximum Rate
under any, non-adiabatic conditions, as a function of the external- (temperature, size and geometry
of the container) and internal parameters, specific to the sample (such as density, specific heat,
thermal conductivity, etc).

RREMREEATHE. FFREGHT TORBMORKEENDEKFLEE, T IVICERONBCRE, Y1X,
BIURR) BFIURR/AFA—E—(GE) DEKELTHBTEE Y. BE. LR BMEERGLE),
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FIG. 1 - Input of the surrounding temperature during the evaluation of the dependence of
the time to maximum rate under non-adiabatic conditions.
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The diagram shown below displays two zones: safe and unsafe and transparently presents the time
in which the operations with the material are safe. The plot depicted below shows the impact of the
surrounding temperature on the time of reaching the maximal rate of the reaction for parameters
introduced by user.
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FIG. 2 - Influence of the surrounding temperature on time to maximum rate (TMR)under non-adiabatic
conditions for a sample mass m = 50kg and initial sample temperature Ts = 20°C.

The time to explosion is increasing, if the surrounding temperature Te is decreasing.

At Te = 70°C the TMR amounts to 23.37 hrs.
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FIG. 3 - Input of the mass required for the evaluation of the dependence of the time to maximum rate
under non-adiabatic conditions.
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FIG. 4 - Influence of the sample mass on time to maximum rate under non-adiabatic conditions for an initial

sample temperature Ts=20°C and external temperature Te = 50°C.

The time to maximum rate under non-adiabatic conditions is increasing, if the sample mass is increasing.

For the sample mass of 200kg duration of the safe zone amounts to 99.63 hrs.
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— SIMULATION OF THE SELF-ACCELERATING-DECOMPOSITION —
TEMPERATURE (SADT)

The prediction of the thermal behaviour in kg-scale is illustrated by the determination of the Self-
Accelerating Decomposition Temperature (SADT) according to the recommendations of Manual of
Tests and Criteria of the United Nations on the transport of dangerous goods (the so-called “Orange
Books”). One can find few different definitions of SADT, however in our Software we apply the
definition given in the 'Orange Books'.

ke R —ILTCORBMEEOTF AL, EEYEEICETIEESSEDRBREIVEET=-A7IL (VDS TFL2D

T RBYET, SADT IZDWTIELK OO DERLGEZEBERDFTHEMTEET M, IBD VI T TIE,
[FLooTuyITEZbh-ESEEEALTMET,

SADT is defined as

|

€ the lowest environment temperature at which overheat
in the middle of the specific commercial packing

exceeds 6°C after a laps of period of seven days (168 hours)

orless,,

This period is measured from the time when the packaging center temperature
reaches 2°C below the surrounding temperature.

FIG. 1 - Definition of the Self-Accelerating-Decomposition Temperature (SADT) given in the Orange Book.

FLvITy 2ic BRI T 5 HOIESRRE (SADT) DOEE.
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Click on the tab SADT to proceed with calculations.
[SADTI#T%#IUvIL T, Bt EEHITLET .

SADT calculation requires specifying:

» The physico-chemical properties of the examined material such as its density, specific heat
capacity, heat of reaction and thermal conductivity (solids)

» Container's geometry and size

» Sample mass

SADT StE Tl L TEIEETIDENHYET,
o HE LRAE. RIGE. RCEE (B LE REXNZROMHOMEBLEMAFE
o ITFTORREYAX
o HUJIEE

Thermal Saftey Software allows to determine the effect of properties of containers on the reaction
progress and heat accumulation conditions. The user can evaluate the critical container parameters
such as its critical radius, the necessary thickness of insulation, and the influence of the surrounding
temperature on storage and transport safety.

Thermal Saftey Software ZEAT 5L, RICDETERDEB/BEHICHT 2T TFOREORELXHMTEET,
A—Y—F  EELGYE R DHERHBMOES, RELHEIORLEICHIIFAEEEOEELE. EERIVTT
NFGA—REFMTEET,
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FIG. 3 - Input of parameters (placed in scrolled table) required for SADT calculation.
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FIG. 4 - Simulation of the SADT for 50 kg sample placed in a drum with filling height H =63.4 cm and
diameter D = 31.7 cm. (pink: surrounding temperature Te = 38°C, green: sample temperature in the centre of
the drum Tc, blue: reaction extent a).

Point A indicates the time when the packaging centre temperature reaches 2°C below the surrounding
temperature.

The overheat of 6°Cin the centre of the container (point C) is reached after 4.45 days.

38°C is the lowest surrounding temperature fulfilling the SADT criterion.
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SIMULATIONS OF THE SPATIAL DISTRIBUTION
OF TEMPERATURE AND REACTION PROGRESS

Software allows the SADT determination and the simulation of the thermal behaviour of the material
in the container at any temperature (e.g. at points A, B and C in the plot above).

Uncheck “Determine SADT” and introduce in “External properties” any requested temperature
profiles.
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FIG. 1 - Input of parameters for simulation of the thermal behaviour of the material
in the container at any temperature (here at point A = 36°C, marked by an arrow).
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FIG. 2 - Simulations of the spatial distribution of temperature (left) and reaction progress « (right) for a mass
of 50 kg in a drum with ratio H/D = 2 after period at which the point A (36°C) was reached

—see Fig.4 in the previous section.
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FIG. 3 - Simulations of the spatial distribution of temperature (left) and reaction progress « (right) for a mass
of 50 kg in a drum with ratio H/D = 2 after period at which the point B (38°C) was reached
—see Fig.4 in the previous section.
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FIG. 4 - Simulations of the spatial distribution of temperature (left) and reaction progress a (right) for a mass
of 50 kg in a drum with ratio H/D = 2 after period at which the point C (44°C) was reached

—see Fig.4 in the previous section.
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