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Experimental and Theoretical Steady State Maximum Temperature Local-
ization along an Exothermic Tubular Chemical Reactor
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Abstract: This article deals with the experimental and theoretical localization of steady state maximum temperature along
an exothermic tubular reactor in counter current flow configuration; which represents a key parameter for safety in the
chemical engineering processes. The fluid flowing in the inner tube is a mixture of sodium thiosulfate solution in reaction
with hydrogen peroxide. To control the reactive fluid temperature, the inner tube is cooled with a refrigerant fluid flowing
through the annular space. The steady state is obtained from the resolution of the nonlinear partial differential equations
with the McCormack numerical method. The steady state temperature of the reactive fluid along the tubular reactor pre-
sents a maximum value due to the exothermic chemical reaction. The maximum temperature value which represents the
critical point of the reactor is investigated. In particular its localization is studied for the first time according to various pa-
rameters such as flow rates, reactant concentrations and inlet temperatures.

INTRODUCTION

Catastrophic industrial accidents such as Feyzin in 1966,
Seveso in 1976 (Homberger et al., 1979) [1], Bhopal in 1984
(Gupta, 1979) [2]... marked the industrial activities and have
attracted attention to the hazards of chemical industries.
Moreover, these industries become increasingly complex
with advances in technology, which increase the potential
risks. For these reasons, various studies were carried out
and several methods of risk analysis and prevention were
developed. Thus, the chemical industry efficiencies are not
considered only in term of productivity and quality, but also
in term of safety and environmental protection. Gygax pre-
sented the extension of the chemical engineering principles
to the study of potential runaway reactions (Gygax, 1988)
[3]. The thermal runaway corresponds to the loss of tempera-
ture control of any enclosed exothermic chemical substance
(Vince, 2000) [4], (Crowl, 2002) [5]. The increase of the
reactive mixture temperature is due to the presence of exo-
thermic phenomena when the generated calorific power by
the chemical conversions is more important than the heat
capacity of cooling. The acceptable maximum temperature
then defines safety and quality, particularly when dangerous
reactions of decomposition or parasitic reactions can be initi-
ated. Maestri and Rota (Maestri, 2006) [6] have coupled the
limits diagrams of reactivity versus exothermicity with tem-
perature diagrams for thermally safe operation of liquid-
liquid semi batch reactors. Those diagrams make it possible
to determine the increase of the maximum temperature for a
certain number of operating conditions.

Note that, the batch reactors present the problem of ther-
mal accumulation. The continuous tubular reactors have the
advantage of being intrinsically safer because the instantane-
ous volume is generally reduced; which decreases the poten-
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tial risk (Verniéres-Hassimi, 2006) [7]. However, the equip-
ment is never safe from failure. For this reason, safety as-
sessment of the tubular reactors is necessary. Madellin and
Luss investigated the steady state multiplicity and stability in
a counter-current cooled tubular reactor (Madellin, 1972) [8].
Efficient refrigeration to ensure safe operation was investi-
gated by combining co-current and counter-current configu-
rations (de Morais, 2003) [9], (de Morais, 2004) [10]. For
non-adiabatic tubular reactors, involving strong exothermic
reactions, frequent operational problems are related to the
occurrence of hot spots. Preventing the development of hot
spots is important given that they may lead, in the case of
competitive reactions to a decrease of selectivity, catalyst
deactivation and particularly to reactor temperature run-
aways. The maximum temperature and its localization in the
distributed systems, in particular in the case of a continuous
tubular reactor, can be modified when the input parameters
change with the disturbances caused by other elements con-
nected to the reactor. It is thus necessary to study the varia-
tion of the maximum temperature and its localization along
the reactor with respect to the input parameters such as reac-
tant concentrations, inlet temperatures and flow rates. This
paper deals with the steady state maximum temperature,
which represents the critical point in term of safety of the
reactor, and its localization in particular is studied for the
first time according to various parameters such as flow rates,
reactant concentrations and inlet temperatures.

SET-UP DESCRIPTION AND MODELING

Fig. (1) illustrates the set-up of the tubular exothermic
chemical reactor designed and assembled in the laboratory in
order to validate experimentally the theoretical results pre-
sented in this article.

The mixture of hydrogen peroxide and sodium thiosulfate
flows in the glass inner tube while the refrigerant fluid circu-
lates in counter current configuration through the glass outer
tube. The composition in several modules provides a flexible
tubular chemical reactor. The length of each module is 0.75
m. Temperature sensors are placed at the inlet and outlet of
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Fig. (1). Experimental set-up of the tubular reactor with its data acquisition system.

each module in order to measure the temperatures along the
tubular reactor. The probes are connected to a data acquisi-
tion system to collect the data on a workstation. The pumps
allow the flow of the mixture of sodium thiosulfate and hy-
drogen peroxide in the glass inner tube.

The geometrical and physical parameters of the tubular
reactor are indicated in Table 1.

The choice of this reaction was based on well-known
Kinetics reaction parameters in open literature (Cohen and
Spencer, 1962) [11]. Many chemical reactions were high-
lighted in this reference:

2 Na,S,03 + H,0, > Na,S;06 + 2 NaOH (l)
Na,S,03; + H,0, > Na,S,0, + H,0 (”)
3 Na,S,0; + 4 H,0, 2> 2 Na,S;06 + 2 NaOH + 3 H,0

(i

3 Na,S,03 + 5 H,0, > Na,S,0¢ + 2 Na,SO,4 + 5 H,0 (lV)
2 Na,S,03 + 4 H,0, > Na,S;0¢ + Na,SO,4 + 4 H,0 (V)
The reaction rate is given by the Arrhenius relation:

r

E
r= Aoexp[—%]cf\‘ ct )

Where T, represents the mixture temperature, Ca and Cg
are respectively the hydrogen peroxide and the sodium thio-
sulfate concentration, Ea is the activation energy, R is the
perfect gas constant and Aq represents the frequency factor.

Cohen and Spencer showed that the main reaction (V) is

le.% (Cohen and
[5,05]

Spencer, 1962) [11]. In this case, the parameters o and Bdo
not vary and were identified as:

o =1.5 and 3 =0.6.

The values of the reaction Kinetics parameters were de-
termined by Aimé (Aimé, 1991) [12]:

obtained in majority when

Ay =6.75 108 L.mol st
Ea=80256J.mol*
AH=-553 kJ.mol?!

Table1l. Geometrical and Physical Parameters of the Tubular Chemical Reactor
Geometrical Parameters Physical Parameters
D (m) ew (M) L (m) A (W.mK™) Cp(3kg™K™) p (kgm™)
inner pipe 1.84x 107 1.80x10° 8.6 1.22 380 2200
outer pipe 3x 107 2x10° 8.6 1.22 380 2200
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An averaged value of the enthalpy is considered.

The model of this chemical system is obtained from the
energy and mass balances taking into account the reaction
chemical kinetics. The assumptions made are:

- Fluids are in turbulent flow since the Reynolds number is
Re > 3000

- Radial variation of temperature is neglected; the Peclet
number in our experiments is Pe >> 1

- Fluids are incompressible and single phased

- Thermophysical properties of the fluids are assumed to
be constant

- Heat exchange with external environment is neglected

In order to obtain the governing differential equations in
steady state, the tubular reactor is subdivided in many ele-
mental volumes of length dx. While flowing through the
elemental volume, the mixture reacts as a source of energy
and transfers convective heat to the wall resulting in change
of its outlet enthalpy. Energy balance applied to a differential
volume of reactive fluid and coolant fluid leads to the first
and second equations of system (2) after simplification and
rearrangement. Mass balance applied to the reactant fluid for
both hydrogen peroxide and sodium thiosulfate gives the
third and the fourth equations of system (2).

__y 4T (x) B
O0=-v, dx +Kr(Tc(X) Tr(x))

AH Ea
- Agexp| — %ch
PrCor [ RT; }: 8

dT. (x
0= T4k (7, (0~ T, (0) @
dC A (X) Ea .o p
O0=—v,—2——=+vApexpl — C
" dx VaAQ EXP RT, ALB
0=- VrM+UBAOEXp _Ea %CBB
RT,

v, and v, are respectively the mean velocity of the reactional
fluid and the cooling fluid.

Kr and the Kc are the coupling coefficients related to the
convective heat transfer coefficients and to the thermal con-
ductivity of the separating wall, and are given by the follow-
ing expressions:

UA UA
KI' = = KC = * (3)
C, Ce
U is the global heat transfer coefficient and is given below:
1 1 |
1_1.& 1 (4)
U h, A1 h,

A is the heat transfer area between the reactive fluid and
the cooling fluid.

C’r and Cc are respectively the heat capacity of the reac-
tive fluid and the cooling fluid, which play an important role
in defining the steady state of the tubular reactor. These pa-
rameters are functions of the temperature but can be consid-
ered uniform along the tubular reactor according to the tem-
perature range of this study.
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The distributed boundary conditions are the reactive and
cooling fluids inlet temperatures, and the inlet concentra-
tions:

Tr(x=L)=Tn
Te(x=0)=Tcn
Ca(x=L)=Chpin
Cg(x=L)=Cgjn

(5)

The convective heat transfer coefficient in the inner tube
is obtained from the Colburn correlation (Colburn, 1933)
[13] and is given as:

0.14

4

Nu, =0.023Prr% Re/5[ K (6)
Hw

Kawamura proposed two correlations for turbulent annu-
lar flow as a function of radius ratio of inner and outer tube
(Kawamura, 1973) [14]:

4
Nu, = 0.022 ¢ Pr}? Re/5 @)

The accommodation factor ¢; represents the ratio of the
shear stress on the inner wall to the average shear stress on
the inner and outer walls. More details of these correlations
are given in reference (Kawamura, 1973) [14].

To solve system (2), the iterative McCormack method is
used in Matlab® environment (McCormak, 1971) [15]. This
method is based on a discretization of the first order equa-
tions with regular steps. A predictor and corrector constitute
the scheme of this method. The iterative predictor scans the
tubular reactor to evaluate the temperatures and the concen-
trations by taking account of the boundary conditions of one
side, and the corrector scans backwards from the reactor to
adjust the values of the temperatures and the concentrations
by considering the other side’s boundary conditions. This
method makes it possible to take into account the non line-
arities due to the exponential factor of the reaction Kinetics.

RESULTS AND DISCUSSIONS

The model presented in the previous section is at first
validated with experimental results obtained on the experi-
mental set-up described before. It should be noted that for all
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Fig. (2). Reactive fluid temperature along the tubular reactor (Qr =
0.06 kg/s).
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presented results in this paper, the inlet of the reagents corre-
sponds to the position x=L and their outlet corresponds to the
position x=0. Fig. (2) shows the experimental and theoretical
profiles of reactive fluid temperature along the tubular reac-
tor.

The experimental conditions of Fig. (2) are indicated in
Table 2.

Verniéres-Hassimi et al.

same conditions as figures 2 and 3. The maximum tempera-
ture is reached when the chemical reaction is complete, as
illustrated on the curves of the figure 4 representing concen-
tration profiles along the tubular reactor.

The theoretical results of Figs. (2), (3) and (4) are ob-
tained with the parameters reported on Table (3).

Table 3. Simulation Parameters of Figs. (2-4)

Table2. Experimental Conditions of Fig. (2)
Cain Cain Qr Qe Trin Tein Re Pr Nu | sh(W/m’K) | UWmK)
(mol.m® | (mol.m? (kg/s) (kg/s) (°C) (°C)
Reactive
1300 545 0.060 0.268 25.5 20.7 fluid 6280 4.6 41.8 1636
397
. . Coolant
The experimental temperature presents a maximum value fluid 6780 6.8 70.5 2308
and corroborates the theoretical results. As described in the

previous sections, the temperature of the reactive fluid in-
creases and reaches its maximum value T, m.x before decreas-
ing along the inner pipe.
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Fig. (3). Cooling fluid temperature along the tubular reactor (Qr =
0.06 kg/s).

With the same experimental conditions indicated in Table
2, Fig. (3) shows the experimental and theoretical tempera-
ture of the cooling fluid along the tubular reactor. The cool-
ing fluid temperature is an increasing function with the posi-
tion along the reactor.

Fig. (4) shows the concentrations of sodium thiosulfate
and hydrogen peroxide along the reactor obtained with the
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Fig. (4). Concentrations of reagents along the tubular reactor (Qr =
0.06 kg/s).

In order to validate the model, other experiments were
performed as illustrated by Figs. (5, 6) and (7) obtained with
a different value of the reactive fluid flow rate (Qr= 0.147
kg/s).
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Fig. (5). Reactive fluid temperature along the tubular reactor (Qr =
0.147 kgls).

The model used with the assessment methods of the heat
transfer coefficients and the chemical reaction kinetics lead
to results that are in agreement with those obtained from the
experimental set-up.

Note that when the flow rate increases, the maximum
temperature of the reactant fluid is shifted toward its outlet.
On the other hand, the value of the maximum temperature is
relatively independent of the flow rate of the reactive fluid.
After reaching the maximum temperature, the heat transfer
phenomena are dominant for cooling the product.

— theoretical

Fig. (6). Cooling fluid temperature along the tubular reactor with
Qr=0.147 kgfs.
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As illustrated in Fig. (7), when the reactive fluid flow
rate increases, the complete chemical conversions occur at a
position shifted toward the outlet in correlation with the
maximum temperature.

Concentration

1400 - \
== hydrogen peroxide !

1200 7 |— sodium thiosulfate ’X ‘
= .

Fig. (7). Reagents concentrations along the reactor with Qr = 0.147
kg/s.

The theoretical results are obtained with the parameters
indicated on Table (4).

Table4. Simulation Parameters of Figs. (5-7)
Re Pr Nu h (W/m*K) U (W/m?K)
Reac.tlve 15389 4.6 85.6 2783 453
fluid

The parameters linked to the coolant fluid are the same of
that indicated on Table 3.

INFLUENCE OF THE HYDROGEN PEROXIDE
CONCENTRATION

In order to highlight the influence of the flow rate of the
reactive fluid for various concentrations of the hydrogen
peroxide, the maximum temperature and its localization are
extracted from the temperature profiles along the tubular
reactor. The extracted results are presented on Fig. (8) which
illustrates the variation of the maximum temperature (Fig.
(8a)) and its localization (Fig. (8b)) according to the reactive
fluid flow rate for various hydrogen peroxide concentrations.
It should be noted that the maximum temperature increases
when the concentration of hydrogen peroxide increased. In-
deed, an increase in the concentration at the inlet Cpy, in-
creases the probability of the collision of the molecules in
reaction. The localization of the maximum temperature indi-
cated on the curves of Fig. (8b) is a decreasing linear func-
tion according to the reactive fluid flow rate.

It should be noted also that the more the concentration of
hydrogen peroxide increases, the more the position of the
maximum temperature move toward the reactor inlet. Indeed,
the chemical kinetics reaction increases with the concentra-
tion.

Fig. (9) shows the confrontation of the theoretical results
with the experimental values of the maximum temperature
localization according to the reactive fluid flow rate.

The Open Chemical Engineering Journal, 2008, Volume 2 61

95
(a}) A

—~ 90 : B
& l C
g 8 +--—-—--------—- Ao
= |

80 |

\‘ D
75 T T 1 T T
004 006 008 0.1 4 012 014 0.16
Qr(kgs )
10 ; (b) ; ;
sfo SRR (S
| | |
6] \ b
§4, \ : e
| | | B

2o o AT -

0 : : : : :

004 006 008 0.0 012 014  0.16

Qi(kg.s™)

Fig. (8). Maximum temperature (a) and its localization (b) accord-
ing to the reactive fluid flow rate.

Cg,in=500 mol.m™, Q.=0.270 kg.s?,

T.in=27.9 °C, T¢jn=21.0 °C

(A) Cain = 1500 mol.m™; (B) Cain = 1400 mol.m™
(C) Caiin = 1250 mol.m®; (D) Ca jn = 1000 mol.m™
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Fig. (9). Experimental and theoretical localization of the maximum
temperature versus the flow rate of the reactive fluid.

The maximum temperature position is obtained with an
accuracy of + 0.20 m. The theoretical results are in agree-
ment with those obtained experimentally. Note that the dif-
ference of approximately 12% observed for a flow rate of
0.06 kg.s™ is due to the variation of the inlet temperature of
the reagents which depends on the environment temperature
of the experimental device in the laboratory. Considering the
linearity of the maximum position according to the flow rate,
Xmax Can be expressed according to the mean velocity of the
reactive fluid v, by the following relation:
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X max = = Tmax Ve + L (8)

where the characteristic time Ty represents the reactive
fluid residence time to reach the maximum temperature posi-
tion.

In order to show the influence of the hydrogen peroxide
concentration, Fig. (10) illustrates the evolution of the
maximum temperature and its localization for various flow
rates of the reactive fluid. The graph (A) corresponds to the
maximum temperature as function of Cg;, for different val-
ues of the reactive fluid flow rate. This graph shows the non-
linear evolution of the maximum temperature of the reactive
fluid according to the hydrogen peroxide concentration for
various reactive fluid flows.
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Fig. (11). Experimental and theoretical Temperature profile along
the tubular reactor for two different concentration value of the hy-
drogen peroxide.

This figure shows the agreement between the theoretical
and experimental results for both cases of hydrogen peroxide
concentration. As discussed before, the increase of the con-
centration induces an increasing of the maximum tempera-
ture and shifts its localization toward the reactive fluid inlet.

INFLUENCE OF THE SODIUM THIOSULFATE
CONCENTRATION

The influence of the concentration of sodium thiosulfate
is reported in Fig. (12) for different values of the reactive
fluid flow rate. The curves (A) are relative to the maximum
temperature value as function of Cgj, and the curves (B)
represent its localization versus Cgj,. The maximum tem-
perature is an increasing linear function according to the
concentration of sodium thiosulfate.
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Fig. (10). Maximum temperature (A) and its localization (B) as
function of the hydrogen peroxide concentration for different values
of the reactive fluid flow rate.

Cg,in=300 mol.m?, T,i,=29.5 °C, T, ;,=21 °C,
Q.=0.270 kg.s*

The hydrogen peroxide concentration seems to have less
influence on maximum temperature value compared to that
of the sodium thiosulfate concentration. The maximum tem-
perature localization according to the hydrogen peroxide
concentration for various reactive fluid flow rates is shown
on the graph (B). This graph illustrates the non linear in-
creasing of the localization with the hydrogen peroxide con-
centration.

Fig. (11) shows the experimental and theoretical temperature
of the reactive fluid along the tubular reactor for two values
of the hydrogen peroxide concentration.
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Fig. (12). Maximum temperature and its localization as function of
the concentration of the sodium thiosulfate for different value of the
reactive fluid flow rate.

Cain=1275 (mol.m™®), T:in=29 (°C), T¢in=21 (°C),

Q.=0.270 (kg.sY)
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As indicated previously, the higher the concentration of
sodium thiosulfate, the higher the importance of the energy
released by the exothermic reaction. In this case, the maxi-
mum temperature is more important. The axial position in-
creases with the concentration of sodium thiosulfate and
seems to tend towards a limit value.

It is also interesting to visualize the evolution of the
maximum temperature as function of its position as illus-
trated on Fig. (13).
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Fig. (13). Maximum temperature as function of its maximum tem-
perature.

The two parameters follow the same direction of varia-
tion.

In order to compare theoretical and experimental results,
Fig. (14) shows the temperature profile along the tubular
reactor for two values of the sodium thiosulfate concentra-
tion. The curve (A) and (B) are obtained respectively for a
concentration of 545 and 300 mol.m™. The theoretical and
experimental results are in good agreement.

100
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Fig. (14). Experimental and theoretical temperature of the reactive
fluid along the tubular reactor for two different concentrations of
the sodium thiosulfate.

The parameters used for the experiments of Fig. (14) are
reported on Table 5.

The maximum temperature increases with the concentra-
tion of sodium thiosulfate.

Table5. Parameters Used for Fig. (7)
CA‘in CB‘in Qr Qc Tr‘in Tc‘in
(mol.m?®) | (mol.m?®) | (kgls) | (kgls) (°C) (°C)
(A) 1300 545 255
0.060 0.270 20.8
(B) 1275 300 295
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INFLUENCE OF THE INLET TEMPERATURE OF
THE REACTIVE FLUID

As presented before, the inlet temperature of the reactive
fluid influences significantly the chemical reaction Kinetics.
Consequently, the localization of the temperature is strongly
related to the inlet temperature as illustrated on Fig. (15).
The graph (A) of this figure shows the maximum tempera-
ture variation according to the reactive fluid inlet tempera-
ture for different values of flow rate Qr. The maximum tem-
perature increases with the inlet temperature. With the same
conditions, the graph (B) represents the maximum tempera-
ture localization for different values of the reactive fluid
flow rate. The axial position of the maximum temperature is
shifted toward the inlet of the reactive fluid when the inlet
temperature increases.
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Xmax (1)

19 24

29
Tr,in (OC)

Fig. (15). Reactive fluid maximum temperature and its localization
as function of its inlet temperature for different value of the reactive
fluid flow rate.

Cain=1275 (mol.m*); Cg;,=500 (mol.m®);

Tein=21 (°C); Qc=0.270 (kg.s™)

CHARACTERISTIC TIME SENSITIVITY TO INLET
PARAMETERS

Characteristic time Ty Was defined before as being the
residence time of the reactive fluid to reach the position of
its maximum temperature. The evolution of this characteris-
tic time is studied according to the inlet concentrations of the
two reagents and their inlet temperature. Fig (16) illustrates
the variation of the characteristic time T, according to the
inlet concentration of hydrogen peroxide Ca jn.

The characteristic time is a decreasing function versus
CAin-
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The sensitivity of this characteristic time to the inlet
concentration of sodium thiosulfate is presented on Fig. (17).

18 I
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Fig. (16). Characteristic time as function of the inlet concentration
of hydrogen peroxide.

Qc=0.270 (kg.s™)
CAin=1400 (molm-)
T, =279 (C) T, =21(T)

c,in
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Cy,p (mol.m™)

Fig. (17). Characteristic time as function of the inlet concentration
of sodium thiosulfate.

In the same way, characteristic time decreases when the
concentration Cgj, increases. In both cases, when the con-
centration of one of the two reagents increases, the chemical
reaction kinetics increase, and thus the maximum tempera-
ture is reached more quickly in the chemical reactor.

The variation of characteristic time according to the inlet
temperature of this fluid is studied, since the advance of the
reaction depends on it. Fig. (18) shows the evolution of Ty,
versus Ty jn.
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Fig. (18). Characteristic time as function of the inlet temperature of
the reactive fluid.

The characteristic time decreases when the inlet tempera-
ture of the reactive fluid increases.
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CONCLUSIONS

This work corresponds to a contribution to the safety of
tubular reactors by investigating the experimental and theo-
retical localization of the axial position of the steady state
maximum temperature according to various parameters
along a tubular reactor in which an exothermic reaction be-
tween sodium thiosulfate and hydrogen peroxide is carried
out. The localization of this maximum temperature repre-
sents a key parameter for safety in chemical engineering
processes in order to anticipate the corrective actions. The
steady state is obtained from the resolution of the model with
the McCormack numerical method. The theoretical results
are in good agreement with the experimental data obtained
from the experimental set-up. The influence of the concen-
trations is investigated. The maximum value of the tempera-
ture increases and its position moves toward the inlet of the
reactor when the concentration of hydrogen peroxide is more
important. The maximum temperature is an increasing linear
function according to the concentration of sodium thiosul-
fate. The axial position increases with the concentration of
sodium thiosulfate and seems to tend towards a limit value.
The influence of the inlet temperature is also a point dis-
cussed in this paper. The maximum temperature increases
with this parameter and its axial position is shifted toward
the inlet of the reactive fluid when the inlet temperature in-
creases. The position of the maximum temperature is a linear
function of the reactive fluid flow rate. A characteristic time
corresponding to the residence time to reach the position of
the maximum temperature is defined and investigated ac-
cording to various parameters.

NOMENCLATURE

Ay = Frequency factor

A = Heat transfer area (m?)

C = Concentration (mol/m?)
c = heat capacity (J/K)

Cp = Specific heat (J/kg.K)

D = Diameter (m)

e = Thickness (m)

Ea = activation Energy (J/mol)
h = Convective heat transfer coefficient (W/m? K)
AH = reaction enthalpy (J/mol)
L = Length (m)

Nu = Nusselt number

Pe = Peclet number

Pr = Prandtl number

Q = Flow rate (kg/s)

r = Reaction rate

R = Constant

Re = Reynolds number

S = Heat transfer area (m?)

= Temperature (°C)
U = Global heat transfer coefficient (W/m? K)
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v = Mean velocity (m/s)

X = Position (m)

GREEK SYMBOL

o = Reaction parameter

B = Reaction parameter

T = Characteristic time

A = Thermal conductivity (W/m.K)

u = Dynamic viscosity (kg.m™.s™)

v = Stochiometric coefficient

P = Fluid density (kg/m?®)

[0 = Accommodation factor

INDEX

A = Hydrogen peroxide

B = Sodium thiosulfate

c = Coolant fluid

i = Inner

in = Input

max = Maximum

r = Reactant mixture

w = Wall
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