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bstract

Supercritical water oxidation is an innovative and very efficient process to treat hazardous organic waste. In order to better understand the 
omplex physic phenomena involved in this process, and to design more efficient reactors or to insure future efficient scale-up, a simulation with 
he Computational Fluid Dynamics software FLUENT was carried out for a simple tubular reactor.

The turbulent non-reactive flow is well-represented using the k–ε model. Nevertheless, the k–ω model gives better results when a source term is 
dded to take into account the chemical reaction.

Two approaches are used to model the reaction rate: an Arrhenius law and the Eddy Dissipation Concept (EDC) generally used to describe 
ombustion reactions.

The results of this simulation using Arrhenius law, are in good agreement with experimental data although a simple thermohydraulic model was 
sed. Moreover, the sensitiveness to the inlet temperature has been demonstrated. It influences the reaction start-up and the shape of the measured 

all temperature peak. Equally, the simulated temperature profiles using Eddy Dissipation Concept model are in good agreement with experimental 
nes. Hence, the two approaches give similar results. Nevertheless, the EDC model predicts more precisely the thermal peak location at the reactor 
all.
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. Introduction

Supercritical water oxidation (SCWO) is a technology of
igh interest to treat organic liquid wastes. The supercritical
ater (P > 22.1 MPa, T > 647 K) offers physicochemical proper-

ies between those of gas and liquid. Thereby, waste and oxygen
re highly miscible in supercritical water leading to a single
omogeneous phase and hence to the main advantage of no
ransfer limitation. The oxidation reaction is completed within

econds. The temperature is relatively low compared to classical
ombustion mode, so there is no formation of gaseous SOx or
Ox, which is an environmental asset.
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The two well-known problems associated to the process
re corrosion and salt precipitation. First, heteroatoms such as
ulphur, chlorine or phosphorus lead to the production of the cor-
esponding acids, respectively, H2SO4, HCl and H3PO4. Those
cids can induce a corrosion attack of material especially under
ub-critical temperatures [1]. Secondly, the salts contained in
he waste or produced during the reaction can precipitate and
ead to the plugging of the reactor. This precipitation is due to
he low value of the dielectric constant and the ionic product of
ater in supercritical conditions [2–4].
Recently, the technology of double shell reactor has been

merging to overcome those problems. The external vessel
ithstands the pressure and the inner tube is made of corrosion-
esistant material. Salt precipitation is commonly reduced by
eans of a cool wall or a transpiring wall [5–7]. A new reactor

oncept has been patented and developed for nuclear waste. It
ncludes a horizontal stirrer which keeps salt under suspension
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Nomenclature

Cp specific heat (J/kg K)
dp grain size (m)
h heat transfer coefficient (W/m2 K)
�Hi species enthalpy (kJ/kg)
k kinetic energy per unit mass (J/kg)
ṁ mass transfer between the fine structures and the

surrounding (s−1)
Rj volumetric rate of creation of species j (unit

depending on the reaction model)
Sh source term (W/m3)
T temperature (K)
u velocity (m/s)

Greek letters
χ ratio of the reactive fine structures in EDC model
ε dissipation rate of turbulence kinetic energy

(m2/s3)
εp porosity
γ* mass fraction occupied by the fine structures in

EDC model
λ thermal conductivity (W/m K)
μ dynamic viscosity (kg/m s)
ν kinematic viscosity (m2/s)
ρ fluid density (kg/m3)
τ* time scale (s)
υj stoichiometric coefficient for reactives or prod-

ucts j in reaction R
ω specific dissipation rate (s−1)

Subscripts
0 reference
f fluid
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NOVA SWISS membrane compressor with a maximum pressure
of 55 MPa and a maximum flow rate of 3000 N L/h. Water is
pressurized by a LEWA membrane pump. The pump allows a
flow ranging between 500 and 4000 g/h. The waste is pressurized
s solid

o avoid the deposition and a titanium inner tube which limits
he corrosion phenomena [8,9].

To scale up this reactor, a better understanding of the whole
henomenon in the SCWO process is previously required. In the
iterature, many simulations using a one-dimensional approach
ave been carried out to study heat transfer and energy recovery
n SCWO process [6,10,11]. In many previous works, the reactor
s tubular and assimilated to a heat exchanger with an inter-
al energy source. Other works show more detailed simulation
n two and three dimensions. A three-dimensional simulation
f continuously-fed stirred tank reactor has been carried out
nd demonstrates that CFD is a well-adapted tool to study and
mprove reactor efficiency [14]. Nevertheless, in this simulation,
he waste mass flow rate is very small, equal to 1 g/h. Several
eactors, a tubular one [12] and a vessel one [13] were simulated
n two dimensions. In both cases, the turbulence flow is described

ith a k–ε model. For vessel reactor, the experimental near wall

emperatures are in good agreement with predicted temperatures
n three places. For a quasi-adiabatic vertical reactor, Dutournié
2

t al. [12] recommend a one-dimensional approach because there
s no radial temperature and no concentration gradient due to a
at velocity profile. The simulated temperature profiles obtained
re in good agreement with experimental data [10]. But, because
f quasi-adiabatic reactor, temperature profiles at reactor wall
re very similar in four tests. Moreover, no turbulence model
as used.
The tubular reactor studied in this work is not adiabatic. A

emperature peak can be observed at reactor wall during the oxi-
ation of dodecane. Hence, the temperature gradient is supposed
ven more important inside the reactor. To compute the temper-
ture field and the maximum temperature reached in the reactor,
CFD simulation of the tubular reactor is a well-suited method.

The simulation was performed with FLUENT® 6.2.16. In this
tudy, the ability of this commercial CFD code to describe all
spects of the complex thermohydraulic phenomena involved in
he SCWO process, is checked.

The aim of this study is to get onto the hydrodynamic model
ithin the framework of the flow of a supercritical fluid, and

o investigate the influence on turbulence on reaction rate. Two
pproaches are used in order to simulate the oxidation reaction
ate. Firstly, the reaction rate is simulated with an Arrhenius
aw. The influence of some parameters is investigated like inlet
emperature and heat transfer coefficient between the wall of
he reactor and the fluidized sand bath used for heating and
ontroling temperature. Secondly, the reaction rate is simulated
ith the Eddy Dissipation Concept (EDC) model which takes

nto account for chemistry–turbulence interactions.

. Materials and methods

.1. Experimental set up

The tubular reactor is a tube made of SS316 of 2.5 m length
nd an i.d./o.d. of 9.525/5.2 mm. The tube is plunged in a flu-
dized sand bath in order to keep a homogeneous temperature
alue about 773 K. The flowsheet of this process is shown in
ig. 1.

Oxidant (40% oxygen and 60% nitrogen) is pressurized by a
Fig. 1. Flow sheet of supercritical water oxidation process.
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y a LEWA pure membrane pump with a flow ranging from 100
o 400 g/h.

Oxidant and water are heated separately to 673 K by means
f an electric heater. Water and waste are mixed before entering
he reactor where the oxidation reaction takes place. At the outlet
f the reactor, the effluents are cooled down and then depressur-
zed through a back pressure regulator. Gas and liquid are then
ontinuously separated and monitored.

The reactor is equipped with 20 thermocouples in order to
easure the temperature profile along the outer reactor wall.
he spacing between thermocouples is short from 0 to 1 m from

he entrance and then enlarged. In the first part of the reactor, a
eak of temperature appears, due to the strong exothermicity of
he reaction. Depending on the operating conditions, the shape
nd the height of temperature peaks vary. Simulation is useful
o provide more data on the temperature inside the reactor.

.2. Calculations

The aim of this study is to check the ability of this commercial
FD code to model main aspects of the complex thermohy-
raulic phenomena involved in the SCWO process.

.2.1. Meshing
The preliminary step is to represent the simplified 2D axisy-

etric geometry of the tubular reactor thanks to GAMBIT®

oftware. The tubular reactor mesh is shown in Fig. 2. The built
esh contains about 35,000 cells. Their distributions are refined

n the zone where a large temperature variation is expected, in
he first part of the reactor. To simulate the fluid zone, 20 nodes
re shared out on a fluid section. They are closer in the vicinity
f the wall.

.2.2. Model
Considering the system as incompressible fluid is the major

ypothesis needed, though a supercritical fluid is usually con-
idered like a compressible fluid. Nevertheless, the fluid flow
ate is lower by far than sound speed in the medium. The Mach
umber defined by the ratio of the fluid velocity over the sound
peed is lower than 0.1. So, the compressibility effects can be
eglected and the variation of gas density with pressure can be
gnored in the flow modelling.

The experimental runs were carried out at 30 MPa in order to
nsure supercritical conditions. So, all reactions and fluid evolu-
ions are considered to be isobaric at 30 MPa. Fluids properties at
0 MPa were specified in FLUENT®. The standard enthalpies of

ach species are calculated at 30 MPa using a thermo-chemical
ycle. An ideal mixing is assumed and density, viscosity, ther-
al conductivity and specific heat of mixing are calculated by
eighted means.

Fig. 2. Mesh of tubular reactor in 2D axisymetric.
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FLUENT® software solves the classical mass, momen-
um and energy conservation equations to describe the fluid
ehaviour and properties. In order to model a turbulent flow,
odels with only two equations, based on the computation of

he turbulent viscosity, are commonly used. Two models have
een tested, the k–ε model developed by Jones and Launder [15]
nd the k–ω turbulence model developed by Wilcox [16].

In the k–ε model, μt is defined using k, the turbulence kinetic
nergy and ε, its dissipation rate as shown in Eq. (1). k and ε add
wo equations to the system.

t = 0.0845ρk2

ε
(1)

In the k–ω turbulence model, μt is defined using the turbu-
ence kinetic energy k and the specific dissipation rateω as shown
n Eq. (2). k and ω solving add two equations to the system.

t = ρk

ω
(2)

The quantity ω can be thought of as the ratio of ε to k.
hereby, the k–ω model is more accurate than the k–ε model

or incompressible boundary layers in adverse pressure gradi-
nt. Moreover, the model equation can be integrated through the
iscous sub-layers with no particular difficulty.

Chemistry is taken into account thanks to a source term named
h.

h =
∑

j

(
�H0

j (T0) +
∫ T

T0

νjCpj dT

)
Rj (3)

.2.3. Simplified chemical kinetics
The reaction considered in this simulation is the oxidation

f dodecane. Dodecane is a classical model compound for the
ontaminated organic waste resulting of the retreatment of the
pent nuclear fuel. The oxidation of dodecane has been studied
y Limousin [17] at 30 MPa pressure in the same tubular reactor.
two-step reaction mechanism with formation of acetic acid has

een investigated.

12H26 + 6.5O2 → 6CH3COOH + H2O

H3COOH + O2 → CO2 + H2O

For both reactions, the kinetic parameters have been deter-
ined from 160 tests at temperatures from 673 to 773 K, water
ass flow rates from 1000 to 3200 g/h and dodecane mass flow

ates from 8 to 32 g/h. The measurement of TOC in aqueous
ffluent and CO2 and CO in gaseous effluent at the outlet made
t possible to check the mass balance. The pre-exponential con-
tant, the activation energy and the order for each reaction have
een obtained by minimization of the sum of the square of yield
eviation. Both reactions parameters are presented in Table 1. In
oth cases, because oxygen is in large excess its reaction order
s assumed to be equal to zero [19].
.2.4. Eddy Dissipation Concept
In this model developed by Magnussen [18], reaction rates

re supposed to be controlled by the turbulence motion. The
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Table 1
Kinetics parameters for dodecane oxidation

Pre-exponential constant (s−1 mol(1−α) L(1−α)) Activation energy (kJ/mol) Reaction order

R 147 2.87
R 98 1.33
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Table 2
Parameters and fixed values used in the simulation

Inlet temperature (K) 623
Wall temperature (K) 793
W
h

d
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tion is shown in Fig. 3. We can observe that the calculation result
is not in agreement with the experimental data. The wall temper-
ature is equal to the fluidized sand bath temperature. A laminar
eaction 1 6 × 1014

eaction 2 1 × 107

ean reaction rate is based on the following assumption: the
hemical reaction takes place in the fine structures, that is to say
he smaller eddy, where reactants are mixed at a molecular scale.
he mass fraction occupied by fine structures is modelled as

∗ = Cγ

(νε

k2

)3/4
(4)

here the asterisk denotes fine structures quantities, ν is kine-
atic viscosity, and the constant Cγ = 2.1377
Species are then assumed to react within the fine structures

ver a time scale τ*

∗ = Cτ

(ν

ε

)1/2
(5)

here Cτ is a time scale constant equal to 0.4082.
The mass transfer by unity of fluid and time, between the fine

tructures and the surrounding can be expressed as

˙ = Cτ

Cγ

(νε

k2

)1/4 ε

k
(6)

he reaction rate is defined as

i = ṁ
χ

1 − γ∗χ
Cmin (7)

here χ is the fraction of fine structures which reacts and Cmin
s the smallest of Cw and CO2/s where Cw and CO2 are the local

ean concentrations of waste and oxygen, and s the stochiomet-
ic oxygen requirement.

.2.5. Heat transfer coefficient
The heat transfer coefficient between the reactor wall and the

uidized sand bath mainly depends on sand grain size. It can be
ssessed with the Wender and Cooper correlation.

h × ds

λf(1 − εp)

(
λf

Cpf × ρf

)0.43

= 3.5 × 10−4
(

u × dp × ρf

μ

)0.23(
Cps

Cpf

)0.8(
ρs

ρf

)0.66

(8)

In our case, the grain size is ranging from 50 to 100 �m.
ccording to Eq. (8), the heat transfer coefficient is estimated
etween 340 and 580 W/m2 K.

The heat transfer coefficient between the fluid and the inner
all of the reactor is computed by FLUENT® software using a

tandard wall function.
.2.6. Initial conditions
The main input parameters are summarized in Table 2 with

he set values for each of them. A uniform temperature variation
f 20 K is assumed at the reactor wall. Indeed, the experimental

F
a

all temperature gradient (K/m) 8
(W/m2 K) 500

ata show a fluidized sand bath temperature of 793 K at the
ottom and a temperature of 773 K at the top. This variation
orresponds to the temperature gradient of 8 K/m specified in
able 2.

. Results and discussions

.1. Hydrodynamic model determination

.1.1. Influence of the hydrodynamic model on the
urbulent flow simulation

In a first evaluation, the flow appears to be turbulent; Reynolds
umber at reactor entrance ranges from 3500 to 6000. We have
imulated a laminar flow, and a turbulent flow with two differ-
nt models, in order to check this assumption. For the turbulent
ow case, we use the k–ε and the k–ω models in order to simu-

ate the hydrodynamics in the reactor. It is known that the k–ω

odel offers a better description of the flow at the wall than the
–ε model. The boundary conditions are the same as operating
ondition of test “blank” shown in Table 3.

If we assume the flow is laminar, the specific viscosity is equal
o the dynamic viscosity. The result of the laminar flow simula-
ig. 3. Simulated wall temperature using a laminar flow assumption, a k–epsilon
nd a k–omega turbulent model for a non reactive flow.
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Table 3
Operating conditions for the three tests

Blank Test 1 Test 2 Test 3 Test 4

Mass flow rate (kg/s) 8.797 × 10−4 9.323 × 10−4 8.936 × 10−4 7.946 × 10−4 8.661 × 10−4
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experimental temperatures is obtained for each boundary con-
wt O2 14.99 14.87

wt N2 22.49 22.30

wt Dodecane 0 2.652

ow does not suitably represent the hydrodynamic inside the
eactor. The heat transfers are experimentally enhanced due to
he turbulent flow. The simulated wall temperatures obtained
sing a k–ε model and a k–ω model, are shown in Fig. 3. The
imulated temperature profiles are similar to the experimental
ne observed. Nevertheless, the best results are obtained with
he k–ε model. Both models will be used in order to simulate the
xidation reaction to conclude on the accuracy of one model to
ne other.

.1.2. Influence of the hydrodynamic model on the reactive
urbulent flow simulation

This simulation is performed in the same condition as test
taking into account the oxidation reaction of dodecane using
rrhenius rate based on the two step chemistry mechanism. The

imulated wall temperature profiles obtained when the hydro-
ynamic is defined by a k–ε and by a k–ω models are shown
n Fig. 4. Using a k–ε model, we notice a temperature peak
t the wall similar to the experimental one observed but the
hape is different. The simulation assumes a more local oxida-
ion reaction than experimentally. The best results are obtained
ith the k–ω model. The simulated wall temperature profiles
sing k–ω model shown in Fig. 4 is in good agreement with
xperimental data. For both turbulent models, the deviation for
he simulated wall temperature in relation to the experimen-
al data is minimal between 1 and 2.5 m that is to say when
he oxidation reaction is completed. The k–ω model repre-

ents more suitably the hydrodynamic in the reactor than the
–ε model. The maximum deviation is equal to 41 K for the
–ω model whereas it is equal to 104 K for the k–ε model.
his maximum deviation is noticed in the first part of the

ig. 4. Simulated wall temperature using a k–epsilon and a k–omega turbulent
odel for a reactive flow.

d
r
e

16.29 12.87 12.78
24.44 19.31 19.17

3.124 3.216 3.198

eactor from inlet up to 1 m. This zone is more difficult to
odel because of the large axial and radial temperature gra-

ients.
In previous papers, Dutournié et al. [12], Oh et al. [13] used

he k–ε model to represent hydrodynamic for this kind of reactor.
owever, it was shown that the k–ω model is more suitable

n our conditions to model the hydrodynamics combined with
eat transfer and chemical reaction. This model represents more
ccurately the flow and especially the boundary layers. It will
hen be used in all calculations presented hereafter.

.2. Arrhenius rate based on the two step chemistry
echanism

.2.1. Temperature profile
To validate our model for a wider range of experimen-

al conditions, calculations were performed with four different
quivalence ratios. The experimental mass flow inlets are
ummed up in Table 3. The experimental data profiles for the four
onditions are shown in Fig. 5. The mass flow inlet composition
as been chosen for the experimentally significant difference
bserved on temperature profiles at wall. In all simulations,
he operating conditions (inlet and sand bath temperature, gra-
ient and heat transfer coefficient) are set to values shown in
able 2.

The simulated and experimental wall temperature profiles
re shown in Fig. 6. A good agreement between simulated and
ition. For tests 2, 3 and 4, the spacing from the peak to the
eactor entrance predicted by the simulation is smaller than the
xperimental one. Nevertheless, for the four tests, the simulated

Fig. 5. Experimental temperature profiles.
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Fig. 6. Experimental data and simulated wall temperature

eight of temperature peak is in agreement with the experimen-
al one. For these four tests, the maximum velocity value is close
o 0.6 m/s. Knowing that the sound speed in supercritical water
t 873 K and 30 MPa is about 600 m/s, the Mach number in our
ase is far lower than 0.1. Regarding the result, the hypothesis

f incompressible fluid seems to be a good approximation.

Moreover, a 2D axis-symmetric representation is required
ecause of radial temperature gradient. The temperature field in
he reactor for test 1 is shown in Fig. 7.

Fig. 7. Temperature (K) in the reactor during test 1.

3
p

fi
s
i
c
T
s

Fig. 8. Influence of inlet temperature on acetic aci
les using an Arrhenius law for the four tested conditions.

Two sources of error may lead to a shift of temperature peak:

The inlet temperature which is assumed to be equal to 623 K.
The heat transfer coefficient between the reactor and the flu-
idized sand bath.

They are studied in the following paragraphs.

.2.2. Influence of inlet temperature on the oxidation
rocess

The inlet temperature does influence the temperature pro-
le. The measure of temperature is not exact as the heater
et temperature of 673 K is measured at the wall. Then flow-

ng in the tube between the heater and the reactor, water is
ooled. The inlet temperature is assumed to be about 623 K.
wo additional experimental tests at 603 and 643 K have been
imulated for test 3 where the shift is maximum. The wall

d mass fraction, axis and wall temperatures.
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emperature, the axis temperature and the acetic acid mass
raction for the three tested inlet temperatures are shown in
ig. 8.

The increase of inlet temperature leads to a faster reac-
ion start-up. According to Fig. 8, the acetic acid oxidation
ith an inlet temperature of 643 K is slightly faster than for
03 K. Thereby, the temperature peak is shifted toward the
eactor inlet when the inlet temperature increases. Further-
ore, the maximum temperature and the slope are higher

han for 603 K. So, the inlet temperature is able to control
he shape of temperature profile and the axial temperature
eak.

Roughly, 1 m after the reactor inlet the oxidation reaction
s completed. From 1 to 2.50 m, the wall temperature and the
eactor temperature are absolutely linked to fluidized sand bath
emperature.

The inlet temperature is a sensitive parameter which defines
he locus of the reaction start. Using an inlet temperature of
03 K, the shift between the experimental temperature peak and
he simulated temperature peak decreases. However, the height
f temperature peak decreases too.

.2.3. Heat transfer coefficient
The estimated value of heat transfer coefficient between

he external wall and the fluidized sand bath is in the range
rom 340 to 580 W/m2 K. The influence of this parameter
ust be assessed. Three numerical simulations were carried

ut using a heat transfer coefficient value of 400, 500 and
00 W/m2 K.

The results introduced in Fig. 9 show a little influence of

he heat transfer coefficient on the oxidation process. It slightly
nfluences only the wall temperature. To summarize, the heat
ransfer coefficient is not a sensitive parameter in this process
nside the simulated range.

p
o
i
+

Fig. 10. Experimental data and simulated wall temperature pro
Fig. 9. Influence of heat transfer coefficient on wall temperatures.

.3. Mean reaction rate modelled using EDC model

Using the same two-step reaction mechanism for dodecane
xidation, the mean reaction rate is computed using the EDC
odel. The simulations of test 1–4 are performed using the con-

itions described before. The inlet temperature is set to 623 K.
he simulated temperature profiles for the four tests are shown

n Fig. 10.
The simulated temperature profiles for test 1, 2 and 4 fit

ith the experimental data. On the contrary, the simulation
f test 3 predicts a wall temperature profile with a differ-
nt shape than the experimental one. However, in these four
ests the simulated locus of temperature peak is in good agree-

ent with experimental one. The EDC model is able to rightly
redict the locus of reaction inside the reactor. The height

f temperature peak is well predicted for test 1 and 2, and
s overpredicted for test 3 and 4, respectively, with +18 and
10 K.

files using an EDC model for the four tested conditions.
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ig. 11. Simulated heights of temperature peak against the experimental ones.

Nevertheless, except for test 3, the simulated temperature
rofiles using EDC model are in good agreement with the exper-
mental ones.

.4. Discussion

Modelling the reaction rate using Arrhenius law or EDC
odel have been carried out. Both approaches give good results.
o compare the effect on the turbulence on chemical reaction in

he SCWO process, two criterions have been defined:

The height of temperature peak which is linked to the local
reaction rate inside the reactor.
The distance between the temperature peak and the reactor
inlet, which defines the ability of the model to predict the
reaction rate. It can be influenced by the kinetics of chemical
reaction or by the species transport in the eddy motion.

Fig. 11 shows the simulated height of temperature peaks

lotted against the experimental ones. Thereby, except for the
est 3 using an EDC model, the both approaches give simi-
ar results. Moreover, both approaches seem to overpredict the
eights of temperature peak, especially when the temperature

ig. 12. Deviation between the simulated spacing using an EDC model or an
rrhenius law and the experimental ones.
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eak is important. Indeed, when the reaction is very local, the
emperature gradient is higher and is more difficult to compute.

Fig. 12 shows the deviation between the simulated spacing
sing an EDC model or an Arrhenius law, and the experimen-
al one. For all tests, the simulated location of the reaction is
ifferent from experimental one. However, data using the EDC
odel are more in agreement with experimental data using an
rrhenius law.

. Conclusion

In this study, a CFD modelling of a tubular reactor has been
arried out with a 2D axis-symmetric representation and a com-
arison with the experimental results has been achieved. The
ydrodynamic model within the framework of the flow of a
upercritical fluid and the influence of turbulence on reaction
ate, have been investigated. The turbulent non-reactive flow is
ell-represented using the k–ε turbulent model. Nevertheless,

he k–ω model gives better results with the addition of chemical
eaction term.

The simulated wall temperature profiles using an Arrhenius
aw are in good agreement with the experimental ones, though a
hift of temperature peak toward the reactor entrance is observed.

The heat transfer coefficient between the reactor wall and the
uidized sand bath does not influence the oxidation reaction sig-
ificantly. On the other hand, the inlet temperature is a sensitive
arameter. The decrease of the fluid temperature at the reac-
or inlet leads to a shift of temperature peak which corresponds
o a decrease of reaction rate. The height of temperature peak
ecreases as well as the inlet temperature decreases.

The use of an EDC model to compute the mean reaction rate
akes possible a better prediction of wall temperature profiles

or three tests and predicts more accurately the temperature peak
ocus and so the reaction rate. The reaction rate may be con-
rolled by the molecular mixing and not by chemical kinetics in
supercritical water oxidation reactor.

A future application is the simulation of the counter flow
ouble shell reactor where stirring and heat exchange between
wo counter-current fluids have to be considered.
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