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Abstract: Catalytic recombiners are used to remove the hydrogen released in case of a severe accident
in a nuclear power plant, so as to reduce the risk of deflagration or detonation. H2PAR experiments are
carried out to precise the behaviour of recombiners in term of poisoning by aerosols. Firstly, some
calculations have been done with the Trio-EF code to assess the structure of convection loops in the
experimental tent. We note that when the recombiner is active, it may have a strong influence on the
flow inside the tent and may even interact with an other heat source such as a furnace. In the second
part, we study the deposition of aerosols on catalytic plates for a given recombiner, when it is active or
passive. We list the different mechanisms and quantify them by introducing the deposition velocity. In
fact, thermophoresis appears to be the main mechanism, compared to brownian diffusion or
diffusiophoresis, which governs aerosols deposition. It favours deposition on «cold» plates and acts
against it for «hot» plates.

1/ Introduction:

Catalytic recombiners can be used in nuclear power plants to prevent, in case of a severe accident, the
risk of deflagration or detonation with the released hydrogen. They eliminate the hydrogen through the
exothermic reaction H 2 +1/2O2 -> H 2 O , which occurs on catalytic plates.

The calculations presented here are to support H2PAR experiments. These experiments will assess the
influence of poisoning of catalytic plates on the recombiner efficiency. They will take place inside a tent
which contains the tested recombiner and a furnace generating aerosols representative of those emitted if
a severe accident occurred.

We consider a given recombiner (Siemens FR 90/150) whose dimensions are about 0.15mx0.15mxlm,
with fifteen plates in the low part, and two openings (one under the plates and an upper grid) . We have
to distinguish two different situations for this recombiner. When it is surrounded by hydrogen
(concentration>2% vol.1), the combustion takes place and the temperature of the plates is high (several
hundreds Celsius degrees). The recombiner will be called «hot» (active). When it doesn't consume any
hydrogen, we will call it «cold» (inactive).

Siemens brought to the fore this limit value under which the rccombincr is not active
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Firstly, we study the structure of the convection loops, including the influence of the recombiner
position and the thermal powers released (by the furnace and possibly the recombiner when it is active).
From these informations aerosols transport can be assessed inside the tent.

In the second hand, we evaluate the deposition of particles on the catalytic plates, for both situations
(«hot» or «cold» recombiner). After listing all the mechanisms which act in the deposition process, we
assess their orders of magnitude by introducing the deposition velocity. The comparison of these
quantities leads to the conclusion of a significative or not significative deposition.

2/ Convection loops inside the H?PAR tent:

2-1/Modelling:

The following temperature and velocity fields have been determined using the Trio-EF code, which is a
finite-element fluidic code with a multi-dimensional approach.

The real domain is axisymmetric (cylinder with a cone above), but the present calculations are two-
dimensional (2D). We consider the plan including the recombiner and the furnace. The correspondence
between these 2D calculations and the real 3D case is not obvious. The 2D approach will, indeed,
mainly give qualitative results (structure of the convection loops, interaction between the recombiner
and the furnace,...).

The domain is divided in about 2600 meshes, whose mean size is 5cm x 5cm, and 2600 nodes (fig. 1).

Heat losses of the furnace are taken into account by injecting a heat power Pf at the furnace level. Note
that the physical presence of the furnace is not modelled. For the recombiner, we have to distinguish

both situations. When it is «cold», the external careenage is modelled (V = 0 on its surface), and a
pressure drop is introduced corresponding to the friction over the plates and through the upper grid. For
the «hot» recombiner, we add to the previous modelling the heat power released at the plates level, due
to the exothermic combustion of hydrogen. In both cases, the fifteen plates are not physically
represented.

The flow entering the «cold» recombiner is due to the external loops inside the tent, and is characterized
by the Reynolds number. In the «hot» recombiner, a natural convection flow takes place, governed by
the Grashof number. In both cases, the transition regime limit is not reached (Ree<2500, GrL<109), and
we can thus conclude that the flow regime is laminar.

In the rest of the tent, there is a natural convection flow governed by the furnace. The Grashof number ,
based on a characteristic length of the domain (H=3.2 m), leads to a turbulent regime (GrH»109). So,
we use a k-e model for turbulence description avalaible in Trio-EF outside the recombiner. Some wall

functions are introduced at the limit of the domain. Boundary conditions are V = 0, k=e=0 on the tent
and the recombiner careenage, and T=80°C on the tent, imposed by the outside. Some fixed value of k
and E are set at the furnace level.

Indeed, we fix the furnace power at PplOOOW 2 . For the «cold», then «hot» recombiner, a parametric
study is done, for Pr=100W, 500W, 1000W (so P/PpO.l, 0.5, I) and Pr=6000W (P/Pf=6) that is the
order of magnitude of the power released by the reaction for [H2]=IO% vol. In this way, the study
includes different cases, namely when the power of the recombiner is negligible, has the same order of
magnitude or is dominant compared with the furnace power.

Some calculations showed that 0<P(<10000W , thus the mean power Pf=L000W
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The influence of the disposition of the recombiner has been studied through several positions. The more
representative ones are presented in this paper (fig. 2) :

- position 1 : the recombiner is in the higher part of the tent, and out of line with the furnace
- position lb : same as position 1 with a rotation of 180° so that the upper opening of the recombiner

does not face the furnace but the tent close to it
- position 2
- position 3
- position 4

the recombiner is above the furnace
the recombiner is very close to the furnace and at the same level
same as position 2, but the recombiner is not so close

Positions 1, lb, and 4 are displayed for the «co!d» recombiner, and positions I, 2, and 4 for the «hot»
one.

2-2/ Results for the «cold» recombiner:

A natural convection regime takes place in the domain, with an upward flow above the furnace and a
downward one near the tent far from the heat source (fig. 3-1). A weak proportion of the air goes inside
the recombiner. A region with negligible velocities appears in the middle of the tent. The temperature
field is typical of convective exchanges. From the warmest zone (furnace) the rest of the domain is
wanned up in the direction of the fluid movement i.e the zone above the heat source, the dome, and, in
the end the lower part of the volume, with a certain delay (fig. 3-2).

We note that the most important mass flow rates Qr through the recombiner are obtained when the
recombiner is in a high position (e.g position 1). In fact, one of both opening of the recombiner directly
faces the flow coming from the furnace. This flow is just attenuated because of the pressure drop inside
the channel. Qr is almost constant for these upper positions.

For the other positions, the flow rates are smaller. For positions 4 (fig. 3-4) and lb, the recombiner is,
indeed, protected by its upper careenage. For position 3, the velocity field close to the upper opening is
strongly upward, with a weak component over the axes of the opening, which does not favour the
penetration of air inside the recombiner (fig. 3-3). Note that for this position, the flow generated by the
furnace is deviated to the recombiner wall (it could be due to a Coanda effect).

To sum up, the «cold» recombiner has a very weak influence on the velocity field inside the tent, which
is governed by the furnace. Moreover, the relative position of the recombiner and the furnace influences
in a sensitive way the flow rate Qr. For the upper position of the recombiner, we obtain the most
important flow rate, whereas the smallest one corresponds to position 3. Indeed, Qr doesn't inevitably
grows when the recombiner and the furnace are very close. The flow rate entering the recombiner also
depends on the furnace power Pf but we did not deeply study this aspect. Anyway we can remind that
the dependance is not so strong because when Pf increases tenfold, Qr is multiplied by almost three.
Because of the simplified approach (2D calculations, the plates are not physically modelled,...), the flow
rates calculated just give an order of magnitude. Indeed, for position 1, Qr=5.6x 10"* kg/s (i.e V=3 cm/s).
Note that this mass flow rate is calculated for the real section of the recombiner openings (15cmx 15cm).
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2-3/ Results for the «hot» recombiner :

The behaviour of the recombiner strongly depends on the quantity P,/Pf. For V/Pf=0.l, an air flow is
induced inside it (due to buoyancy force), but this flow doesn't disturb the one generated inside the rest
of the tent (fig. 4-1). For ?/Pf=0.5, the influence of the inside flow on the outside is stronger and
reaches the region near the openings of the recombiner (fig. 4-2). A convective heat exchange takes
place (fig. 5-2). In the last both cases, the convection loop is governed by the furnace.

When Pr=Pf, the structure of the flow is different. The velocity field is governed by the presence of two
heat sources whose influence are comparable. The flow induced at the furnace level is deviated to the
recombiner. This induces a serial flow passing through the recombiner and the furnace (fig. 4-3). An
important heat flux is transmitted to the dome (fig. 5-3). Anyway, the velocity field outside the
recombiner is variable according to its position (fig. 4-3, 6-1, 6-2).

The mass flow rate Qr is almost independent of the relative position of the recombiner and the furnace.
Only for position 2, Qr is a bit greater because an «imposed» flow rate coming from the furnace adds to
the flow induced by natural convection inside the recombiner. In fact, the main factor which influences
Qr is the ratio P/Pf.

For P,/Pf=6, the velocity field is again different because a main convection loop generated by the
recombiner takes place from its lower opening to the dome (fig. 6-3). A second loop governed by the
furnace provokes convective heat exanges, but with a noticeably less intensity, which leads to a colder
region at the furnace level.

When the recombiner is in a high position in the tent, both loops are completely independent.
Nevertheless, the 2D geometry tends to favour this phenomenon, and we may expect that it wouldn't
appear to be so marked in the real 3D geometry.

As a conclusion, it appears that compared to the «cold» recombiner, the «hot» recombiner has a more
active behaviour because it may influence very much the velocity and temperature fields inside the tent.
When Pf>Pr, the influence is not so strong but when Pr is of the same order of Pf, the recombiner
interacts with the furnace, inducing a main upward flow passing through both objects. Moreover, Qr is
hardly independent of the position of the recombiner. It, thus, just depends on the ratio VfP[. For Pr>Pf,
the tendency is to obtain independent loops from the furnace and the recombiner, the latter being the
most active.

2-4/ Assessment of aerosols transport:

A given quantity of elements is introduced in the pot of the furnace. During the warming phase, these
elements are liberated in the air in an aerosol form. Their concentrations will, then, homogenize in the
domain because of two mechanisms : the transport by the convection loops and the turbulent diffusion.
If the aerosols are injected when the recombiner is «cold», they will mainly be carried in the volume
quickly. Because of the velocity (about 20 or 30 cm/s), the homogenizing of aerosols is quite fast.

For the «hot» recombiner, if P,/P(<0.5, then the flow outside is the same as the one obtained for the
«cold» recombiner, thus an identical homogenizing phase.

If P /Pp l , since the flow goes from the furnace to the recombiner, we expect that the aerosols reach the
catalytic plates quicker than for a «cold» recombiner.
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Endly, for P/Pr=6, the aerosols will tend to get confined in the lower part of the tent, carried by the
independent loop of the furnace. Anyway, they will reach the plates by diffusion but this will last longer.

3/ Deposition of aerosols on the catalytic plates :

After listing the different mechanisms for aerosols deposition, we will quantify them by expressing the
deposition velocity. Note that mechanisms are treated independently, and they are supposed to be
additional (without any coupling phenomenon). Indeed, we don't solve the complete problem of the
velocity, temperature and concentration fields between two plates. The range of particle sizes studied is
0.1 to 10 urn.

3-1/ Different mechanisms of deposition and their modelling :

For H2PAR experiments, we neglect deposition by electrical forces, the sedimentation does not act
because of vertical plates, and there is no turbulent diffusion (laminar regime).
So, the main mechanisms for deposition are :

- brownian diffusion : it induces a movement of particles down the aerosol concentration. In the case of
the flow between two plates on which the concentration is zero, brownian diffusion tends to lead to a
deposition. It is characterized by the brownian diffusion coefficient:

(1)

If Rp=0.1 pirn then Db=2.6xl0-10 m2/s (T= 80°C, P=l bar)
If Rp=l urn then Db=1.4xl0-" m2/s (T=80°C, P=l bar)
If Rp=10 pm then Db=1.2xl0-12 m2/s (T=80°C, P=l bar)

We use an expression introduced by D.B Ingham (1976, [1]) which gives the deposition rate for a tube
with a rectangular section and for a laminar regime. We will apply this result to the flow passing
through two plates of the recombiner.

Ingham introduced the deposition rate Fj = —*- = — (2)
4>e S e C e V e

He showed that Fd is a function of the only parameter :

4 D b b p L

3 e Q m

A is proportional to the diffusion coefficient, to the length of the tube and inversely proportional to the
mass flow rate Qm.

Fd = 2.441A2/3 - 0.300A - 0.0772A4/3 (4)
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We can then introduce the deposition velocity

V -
¥ diffusion ~~

where fa is expressed from (2) and (4)

Thus, the final expression :

_ (2.441A2/3 - 0.300 A - 0.0772 A4/3) Q
^diffusion -

The study of this relation shows that Vdiflwion varies in the same way as Qm.

- thermophoresis : it moves particles down temperature gradient. So it favours deposition on «cold»
plates and acts against it for «hot» plates. It is modelled by the deposition velocity :

^ (7)

The K factor has been modelled by many authors. N.Montassier made a synthesis of the existing
relations (1990, [2]). For our calculations, we consider the one of Talbot, which is supposed to be
accurate for the whole range of Knudsen numbers Kn, i.e for each size of particles.

(X e /Xo+2.20Kn)Cc
K = 2.294 l-l>-£ (8)

(1 + 3.438 Kn)(l + 2 Xg/X? + 4.40 Kn)

The temperature gradient should be expressed by solving the temperature field. To avoid this complete
resolution, we approach relation (4) with :

* H ^ l l i (9)Vth K « K
*» T dy Tf 5 t

where y is the axis perpendicular to a plate and directed to it, and 5t the thickness of the thermal
boundary layer

- diffusiophoresis : it corresponds to the movement of particles due to the concentration gradients of a
(multi-components) gaz. P.J. Whitmore (1981, [3]) gives an appro.-imation of the diffusiophoresis
deposition velocity for a multi-component gaz, in presence of a chemical reaction, and for small
particles ( K n » l ) .
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For the combustion of hydrogen, the particles are surrounded by a four-component gaz (H2, O2, H2O,
Nj) if we admit that air is mainly composed of oxygen and nitrogen. In this case :

(10)

The exponent 0 indicates that the quantities are estimated at the beginning of the combustion. In fact, we
can prove that VdlffiaiOph. is not sensibly modified after. Moreover, it is often admitted that
diffiisiophoresis is weakly dependent of the particles size. So we consider that expression (10) keeps
being accurate for bigger particles.

Endly, the diffusiophoresis action depends on the sign of the numerator of relation (10). For the
combustion of hydrogen, it is positive, which gives a contribution in favour of the deposition.

3-2/ Aerosol deposition on «cold» plates :

Two main mechanisms have to be considered : brownian diffusion and possibly thermophoresis. Indeed,
we have to distinguish two situations. First of all, if there is a thermal equilibrium between the plates
and the air, the thermophoresis force is zero. Secondly, when the temperature of the air raises (because
of the heating by the furnace), the plates follow the same evolution with a certain delay that we have
estimated of several Celsius degrees. For the following study we will consider two cases (Ta-Tp=2°C
and 10°C). Thermophoresis will thus have a positive action on deposition because Tp<Ta.

The greatest diffusion contribution to deposition is obtained using relation (6), in which the mass flow
rate is the maximal one calculated thanks to Trio-EF velocity fields i.e Qm=Q,/15=3.7x 10'5 kg/s.
The determination of thermophoresis deposition velocity needs to assess first the thickness of the
thermal boundary layer. We demonstrate in annexe 1 that the boundary layers over adjacent plates
interact from the very begining of the plates. Indeed, we can't study independently each plate, and we
should consider that 5t=e/2. Moreover, a study that is not developped here shows that at the end of the
plates the thermal equilibrium is not reached since a temperature difference remains between the air and
the plate : for Te-Tp=2 °C, then T»-Tp=0,5°C and for Te-Tp=10 °C, then T$-TP=3°C. This element is
important because it proves that thermophoresis (according to the axis y) does not disappear along the
plate.

We have gathered below the deposition velocity for the diffusion and the thermophoresis processes.

Particule
radius

0.1 jim

1 (im

K
(T=80°C)

0.50

0.26

0.040

»thermo-
entrance(m/s)

TP-T,=2°C

1.2xl05

6.2x10-*

9.6x10'7

' thermo-
end (m/s)

Tp-T,=0.5°C

3.0x10-*

1.6x10-*

2.4x10"7

* thermo1

entrance(m/s)
Tp-T,=10°C

6.0xl0 s

3.1xlO'5

4.8x10"*

* thermo-
end (m/s)
TP-T,=3°C

1.8xlO"5

9.3x10-*

1.4x10"*

A

2.1xl0"5

l.lxlO"6

9.7xlO"8

'diffusion
(m/s)

1.5x10"*

2.2x107

4.2x10"8
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Because of the uncertainty on the flow rate Qm (determined with the 2D calculations), it is interesting to
assess the sensitivity of VcUfliJllon toward Qm : the dependence is weak since an evolution of a factor 10 in
Qm leads to an evolution of a factor two in VdlSlJ:ilQa.

Indeed, for the «cold» recombiner, if a temperature difference exists at the beginning of the plates (even
a few degrees), then thermophoresis is the main mechanism for aerosol deposition. Even if its magnitude
decrease along the plates, it remains sensibly greater than that of the brownian diffusion process.

3-3/ Aerosols deposition on «hot» plates :

Three mechanisms must be considered in this case : brownian diffusion, diffusiophoresis, and
thermophoresis. The latter acts against deposition while the others tend to move particles to the plates.
For the «hot» recombiner, the plate temperature Tp may reach several hundreds degrees (about 600°C)
according to the concentration of hydrogen. For our study, we fix Tp=200°C and Tp=400°C.

For the diffusion process, two parameters differ from the previous analysis :
- the brownian diffusion coefficient (proportional to the temperature, cf. (1))
- the flow rate Qm for a natural convection flow between two interacting plates (cf. [4]):

pgpe3b|T-Te

12v
(H)

Diffusiophoresis is assessed using relation (10). The molar flux Nm toward the plates is calculated from
the rates given by Siemens (at P=l bar, for [H2]=4% vol., dmH2/dt=0.03 g/s and for [H2]=8% vol.,
dmH2/dt=0.06 g/s). Then, N O 2=1/2 .NH2 and NH2O=NH2 from stoichiometric considerations.

Thermophoresis action is determined by (9). As for the «cold» recombiner, we have proven that the
thermal equilibrium is not reached at the end of the plates. For a temperature difference Tp-Te at the
beginning, a remaining difference Tp-T, (of about 70% of (Te-Tp)) exists at the end.

The deposition velocities for thermophoresis, diffusiophoresis and brownian diffusion are showed below in
tabular form.

Particles

radius

0.1 urn

1 urn

10 urn

Tp=200

T.=80

* thertnoph

(m/s)

7.8x10"*

4.5x10"*

7.1xlO"s

T.=120
CO

• themnoph

(m/s)

5.2X10-4

3.0x10"*

4.7xlO'5

Tp=400

T.=80
CO

* thennoph

(m/s)

2.5X10-3

1.6xlOJ

2.8xlO4

T,=167
CO

* therrnoph

(m/s)

1.9xlO3

1.2xlO3

2.2xlO4

Tp=200
(°C)

IH2]=
4%

(m/sT

5.5xlO7

[H2]=
8%

(m/sT"

1.1x10^

Tp=400
(°Q

[H2]=
4%

* diffijMoph

(m/s)

6.8xlO"7

[H2]=
8%

Vdiffiuioph

(m/s)

1.4x10-*

Tp=200
(°C)

(m/sT
5.7x10"*

7.5xlO'7

1.5xlO7

Tp=400
(°Q

^ diffiaion

(m/s)

7.4x10"*

9.1x10 7

1.7xlO7
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To interpret these results we gather below the extreme values of the deposition velocities for each mechanism :

» thcrmophoreU

(m/s)

» dtSusiophoresis

(m/s)

* diffusion

(m/s)

Rp=O. 1 jam

min:
max

min:
max

5.2x10"*
2.5xl0'3

5.7x10^
7.4x10^

R,,=l \xm

min : 3.0x10"*
max: 1.6xlO*3

min : 5.7xl0'7

max: 1.4X10"6

min : 7.5xlO*7

max: 9.1xlO"7

Rp=10 ^m

min
max

min:
max

4.7X10"3

: 2.8x10"*

1.5xl0"7

1.7xlQ-7

Indeed, the magnitudes of brownian diffusion and diffusiophoresis are of the same order. Anyway,
thermophoresis is the preponderant mechanism for the «hot» recombiner, for the whole range of aerosol
sizes studied (0.1-10 um). It tends to move particles away from the plates, which leads thus to a
negligible deposition. This gives birth to a zone near to the plates that is hardly free of particles, hence it
is called «dust-free space». This zone is often observed around hot bodies.

In fact, we showed that for a «hoD> or «cold» recombiner, the main mechanism acting in the deposition
process is thermophoresis. Moreover, W.W. Nazaroff and G.R.Cass (1987, [5]) have studied the
magnitude of thermophoresis and brownian diffusion for a vertical plate. For particles of common sizes
(0.1-10 um), they found that if Tp-Ta is more than a few degrees, then diffusion is negligible, which
confirms our conclusions.

4/ Conclusion:

The recombiner has a different behaviour according to it being «cold» or «hot» (i.e consuming
hydrogen). In the first case, the recombiner is passive and the flow rate Qr passing through it is variable
according to its position inside the tent. In the second case, it interacts with the natural convection loop
generated by the furnace and Qr is hardly not influenced by the position ; it is mainly governed by the
ratio P/Pf.

Moreover, when P,>Pf, the main convection loop generated by the recombiner and the one governed by
the furnace tend to be independent. Indeed, the lower part of the tent keeps a colder temperature.

In the second part, we estimate the aerosol deposition on catalytic plates. For a «cold» recombiner,
brownian diffusion and possibly thermophoresis act in favour of a deposition. For a «hot» recombiner,
diffusiophoresis and brownian diffusion tend to move particles to the plates whereas thermophoresis
action is against any deposition. For both cases, we showed that in the considered range of aerosol
diameters (0.1 to 10 um), thermophoresis is the dominant process which governs deposition. Moreover,
for a «hot» recombiner, a hardly free of particles zone appears near the plates («dust-free space») and
the deposition is negligible.

Endly, for further studies, one has to pay attention to the following both aspects :
- the laminar regime along the plates is essential because, in case of a transition to turbulence, turbulent
diffusion would take place in the deposition process, with a probably predominant magnitude.
- for a «hot» recombiner, one has to check that the surface roughness of the catalytic plates is smaller
than the thickness of the «dust-free space» (in general about some tenths of a millimeter), otherwise,
deposition could appear to be more significant.
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List of symbols :

b : width of the catalytic plate (=15 cm)
c : molar concentration of the multi-component gaz (mol/m3)
Cc : correction factor of Cunningham
Ce : particle concentration at the beginning of the plates (kg/m3)
Db : particle brownian diffusion coefficient (m2/s)
e : distance between two plates (=1 cm)
Fa : deposited fraction = <|>d/<j>e

g : acceleration of gravity (=9.8 m/s2)
Grx : Grashof number (calculated with the characteristic length x)
H : height of the tent (=3.2 m)
k : kinetic turbulent energy (m2/s2)
kb : Boltzmann constant (=1.38x 10"23 J/K)
Kn : Knudsen number =ln>/Rp
lm : mean free path of air molecules (m)
L : height of catalytic plates (=15 cm)
mm : mass of hydrogen
M; : molar mass of species i
N; : molar flux of species i toward (from) catalytic plates (mol/m2/s), N;>0
P : pression (Pa)
Pf : heat power released by the furnace (W)
Pr : heat power released at the plates level (W)
Qm : mass flow rate of air between two plates (kg/s)
Qr : mass flow rate of air passing through the recombiner (kg/s)
Rex : Reynolds number (calculated with the characteristic length x)
Rp : radius of aerosol particles (m)
Sd : deposition surface between two plates («2Lb)
Se : entrance surface of the recombiner (m2)
T : temperature (K)
T, : temperature of the air (°C ou K)
Te : air temperature at the entrance of the recombiner (°C ou K)
Tf : film mean temperature = (T,+Tp)/2
Tp : plate temperature (°C ou K)
T, : air temperature at the exit of the recombiner (°C ou K)
V : air velocity (m/s)
Ve : air velocity at the entrance of the recombiner (m/s)

Greek tetters :

(3 : coefficient of thermal expansion (K1)
6\ : thermal boundary layer thickness (m)
e : turbulence dissipation function (m2/s3)
§c : flux of C.V (particle concentration x air velocity) through the entrance section of the recombiner
(kg/s)
ij>d : deposition particle flux (kg/s)
Yi : mola r fraction of species i
Xg : thermal conductivity of air (W/m/K)
Xp : thermal conductivity of particles (W/m/K)
H : dynamic viscosity of air (kg/m/s)
v ; kinematic viscosity of air (m2/s)
p : density of air (kg/m3)
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ANNEXE 1 : thickness of the thermal boundary
layer over vertical plates

The present study corresponds to the case of a plate warmer than the air. Thermal boundary layers
develop from the bottom of the plate and the air flow is upward. For a «cold» plate, the flow is
downward, boundary layers start at the top of the plate, but the following correlations are still accurate .

Let Tp be the temperature of the plates, supposed to be constant. A boundary layer develops along each
plate (fig. a). If its thickness reaches the value 8,=e/2 (where e is the distance between the plates), then
the boundary layers of adjacent plates interact (fig. b).

I I
I I
I 1

s v

Te

Let introduce the local Nusselt and Rayleigh numbers :

R a x = -
gJ3]Tp-Tg

-Pr = GrxPr

where h is the convection coefficient
Pr is the Prandtl number= v/a
P : coefficient of compressibility=l/T if we suppose the air to be a perfect gaz.

We use the correlation of Me. Adams that is accurate for laminar flow :

(1)

At the altitude x, we can express the local thermal flux given to the plate (per unit width of it)

h(x) dx AT = X dx — * X dx - = —
dy 5t(x)
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Hence the thickness of the thermal boundary layer :

Including (1), we obtain :
x

5t(x) =
0.39Ra'/4

(2)

Numerical application :

For T,=80°C, the function 5, =f(Tp-T») is displayed below.

INTERACTION BETWEEN BOUNDARY LAYERS

BOUNDARY LAYERS ARE INDEPENDENT

100 150 200 250 300 350 400

For a small temperature difference (Tp-T»<40°C), the curves show that the boundary layers interact
from the very begining of the plates (at h=2 cm). For greater temperature differences, this occurs from
h=5cm.

The above curves take into account the evolutions of p and v with temperature because they are
calculated at the mean film temperature Tf=(Tp+Ta)/2. These variations are important and they can't be
neglected.
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Fig. 3- Velocity and temperature fields
for the «cold» recombiner

Fig. 3-1 - Velocity field (position 1) Fig. 3-2 - Temperature field (position 1)

Fig, 3-3 - Velocity field (position 3) Fig. 3-4 - Velocity field (position 4)
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Fig. 5 - Temperature field for the «hot» recombiner
in position 1 (0<Pr/Pf<l)
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Fig 6 - Velocity field for the «hot»
recombiner (Pr/Pj=l and 6)
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Fig. 6-1 - P /Pr l , position 2 Fig. 6-2 - P/Pr=l, position 4 Fig. 6-3 - Pr/Pf=6, position 1


