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Non-isothermal gas—liquid absorption with chemical reaction studies
Temperature measurements of a spherical laminar film surface and
comparison with a model for the GMaOH system
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Abstract

The present work deals with the temperature measurements of a thin spherical liquid film surface during non-isothermal absorption wit
chemical reaction. The absorption of €@to aqueous NaOH solutions has been used to test the proposed technique. The measuremen
is based on the use of an infrared pyrometer through a ZnSe window. The experimental results are compared to calculated values obtail
from a previously described non-isothermal model. The measured and computed values of the flux of absorbed gas and the temperat
profiles are very close without performing any parameter adjustment. The highest measured temperature increase is about 5K, and des
this low thermal effect, the system has proved to be highly sensitive. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ous solutions [17]. In this case, we have observed significant
rises of the liquid temperature. Therefore, we have modified
Gas-liquid absorption with chemical reaction can lead to our apparatus in order to measure the liquid temperature. In
significant variations of the liquid temperature. In this case, the spherical absorber, the liquid, flowing as a thin film from
one has to take into account heat transfer for the systemsthe top to the bottom of the sphere, is brought into contact
modelling [1]. If all the thermal effects are considered to be with a still gas. As the reaction progresses with the angular
concentrated at the gas-liquid interface, rough estimates ofposition or contact time, we have designed a system allow-
the liquid surface temperature rise are available using theing the measurement of the liquid surface temperature. Ac-
film, penetration or surface renewal theories [2-5] and [31]. cording to the thickness of the liquid film, the technique has
Temperature variations of rate constant, thermal and massio be non-invasive and is based on the radiation heat trans-
diffusivities as well as solubility were also taken into account fer properties of the liquid film surface. In the same time,
[6-9] and [32]. As far as kinetic studies are concerned, the we have developed a non-isothermal model taking into ac-
heat transfer problem was also addressed [10,11] as well agount the heat effects due to the absorption and chemical
in the case of the design of industrial falling film reactors reactions [11]. We have used the &8aOH system to test
[12,13] or multiple steady-state analysis [14]. our system.
We have been involved into a project for designing fluid
curtains to mitigate the consequences of accidental release) Experimental set-up
of toxic gases [15]. Those fluid curtains were considered as
open-air reactors and kinetic data had to be gathered for their - The apparatus is represented in Fig. 1. It is adapted from
design. To this end, we have designed and used a sphericahe one described in [16,18]. The absorber is made of an
absorber and developed an isothermal model for the datanoliow sphere (with a % 10-® m thick stainless steel wall
reduction [16]. Particularly, we have used our spherical ab- covered with PTFE) of ® x 10~2m in diameter, placed
sorber to obtain phosgene absorption data into NaOH aqueqnto a stainless steel absorption chamber. This chamber is
equipped with a ZnSe window transparent to infrared radi-
* Corresponding author. ations with wavelength between810-° and 12x 10%m
E-mail addressjallut@lagep.univ-lyonl.fr (C. Jallut). [19]. A commercially available calibrated infrared pyro-
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Nomenclature _
a liquid thermal diffusivity (nfs™1) l,l oss Reutle antilne
Cp liquid heat capacity (J kgt K—1) ‘ Gas inlet
C concentration (mol m3) Absorption chamber o —
D mass diffusivity (n% S_l) G) g pyrometer
g gravity acceleration (M%) ' Level
hg gas-liquid heat transfer coefficient (WK 1) adjustment J
H equilibrium constant (mol m® Pa 1)
AH;  reaction enthalpy (J mof) _ _
AHs absorption enthalpy (J mO]r) Lé-_‘ Pneumatic metering valve
I ionic strength (mol m?3)
K rate constant (fimol~1s™1) Continuous
P pressure (Pa) stirred tank O .
o liquid volumic flowrate (n§s™1) | BEtTIping
ry chemical reaction rate (molmis™1) Gears pump
;\,0 ;%ﬂg:ep?asg:sg (mm;he liquid film (m) Fig. 1. Experimental apparatus.
tc gas—liquid contact time (s)
T temperature (K)
v, vo radial and angular velocities in the use of infrared radiation has already been described within
liquid film (ms™1) the context non-isothermal gas—liquid studies [21].

The pyrometer support is represented in Fig. 2. The
Greek letters pyrometer can reach five different positions (i.e. five differ-
A liquid thermal conductivity (W m K1) ent angles® from the top of the sphere) through a vertical
A liquid film thickness (m) displacement whereas an horizontal displacement allows
©  angle from the top of the sphere (rad) keeping a constant distance between the liquid and the pyro-
v liquid kinematic viscosity (rAs™?) meter. Therefore, the temperature of the liquid surface
v stoechiometric coefficient can be measured with respectdo
w liquid dynamic viscosity (kgm!s—1)
p  liquid density (kg n3) .

3. Experimental results

Subscripts . .
A CO, Ab_sorptlon experiments of pure QGth agueous NaOH_
B OH- solut!qns have been performed according to the following
e electrolyte conditions:
g gas e Pure gas pressur@a = 1.018 x 10° Pa.
[ reactant e Liquid flow rate:qy = 3.333x 10°°m3s~1. This value
ref  reference temperature of liquid flow rate leads to a contact time between the gas
w water and the liquid ofr = 0.7 s [17].
0 liquid inlet e NaOH concentrations: 0.5kmol < [NaOH] <

2 kmol m3.

meter has been used to measure the flux emitted through the One can see in the Fig. 3, the evolution of the absorbed
window. A controlled flowrate of liquid circulates continu- gas flux with the liquid inlet NaOH concentration. The flux
ously by the mean of a gear pumps (the liquid can also be of absorbed gas increases with the NaOH concentration due
recycled). It flows around the sphere in the laminar mode. to the influence of OH ion concentration on the reaction
The gas is introduced into the chamber through a spargerrate (see below).
filled with water with a flow and a pressure control devices.  On the Figs. 4 and 5 are shown the variations of the
Table 1 gives the specifications of the main parts of the ap- liquid film surface temperature wit® and according to the
paratus. NaOH liquid inlet concentration. The heat effects due to
It is well known that the water transmittivity to infrared the physical absorption of CGand to the chemical reaction
radiations is near zero. For example, at 273 K and f8r9 are not very large. The highest temperature rise is obtained
10-%m, the liquid water emissivity is 0.96 [20]. Conse- for [NaOH] = 2 kmolm 2 and is about 5.5 K. Despite this
guently, the detector of the pyrometer delivers an electrical rather low value, our temperature measurement system has
signal directly related to the liquid surface temperature. The proved to be sufficiently sensitive.
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Table 1

Main technical characteristics of the experimental set-up

neering Journal 82 (2001) 143-148 145

Equipment Material Reference

Remarks

Stainless steel
Gears in PTFE

Hollow sphere
Gear pump MC-Z M886895
Engine: M9935
Flow controller for liquid Stainless steel

Kammer 800371
West 2073

Keller PAA 21

Control valve Stainless steel
Gas flow controller
Pressure sensor Process side in
stainless steel 316

Gas mass flow controller Brooks 5850 TR

Auto adaptive controller for West 2073
pressure (master)
Gas mass flow controller (slave) IT 5050

Absorption chamber equipped  Stainless steel, ZnSe
with a ZnSe window

Optical pyrometer Heimann KT 19

Brooks Micro-Oval Il LS 4150

Diameter: 0.06 m
Maximum flow rate: 4.10~°m3s~!
253K< T < 333K
Flow rate: 5.3077-1.1 x 10°m3.s71
Precision: 1% for 263 K< T < 353K
PID; precisioh25% for 273K< T < 323K
PID; precisioft0.25% for 273K< T < 323K
0< P < 5 x 107°Pa; output signal 4-50mA,;
precision<20% for 263 K< T < 353K
0-%310*m3s! (Nitrogen); precisiont1% of
full scale; output signal: 0-5V
PID; precisior:0.25% for 273K< T < 323K

/P

0-5V
Dint = 0.101 m;Deyt = 0.115 m; height= 0.190 m; window
length = 0.08 m, width= 0.03 m, thickness= 0.004 m
Spectral domain: 8pid; precision: +0.5K
+0.7% (Tamb — Tmea); temperature domain:
273-373K; objective: L6; detector: C; output signal
0-20mA; 24V ac 50Hz

/T
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Fig. 2. Details of the absorption chamber and the pyrometer.
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Fig. 3. Measured and calculated variations of the,@®sorbed flux with
the NaOH inlet concentration.
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Fig. 4. Measured and calculated variations of the liquid film surface
temperature with the angle. Inlet NaOH concentration: 0.5 kmdl.m
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Fig. 5. Measured and calculated variations of the liquid film surface
temperature with the angle. Inlet NaOH concentration: 2.0 kmdl.m
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4. Simulation results

4.1. The model

The state variables are assumed to vary only wjtthe
radial position in the liquid film Ry < r < Ro + A) and
®, the angle from the top of the spher® (> ©g). The
thermal and mass diffusivitiem andD; are assumed to be
constant. The mass and energy balances are then as foIIow’Ej

[11,19].
Componeni mass balance
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Table 2

Some parameters for the simulation results performed for an NaOH inlet

concentration of 1 kmol m?

Ao

Reference temperatur@;es
CO; solubility at T = Tref
CO, diffusivity, Da

OH~ diffusivity, Dg

Heat of reactionAH;

eat of absorptionAHs
iquid thermal conductivityx
Liquid density, p

Liquid viscosity,

0.17 x 103m
295K

26.71 moln3
1.65x 109m?s?
2.80 x 109m2s71
—89.2kJ mot?
—20.3kJmot?
0.597Wnrlk-1
1043 kg nr3

1.01 x 103Pas

4005Jkgtk—1
1Wm2K-1

Liquid thermal capacityg,
Gas-liquid heat transfer coefficiertiy

aC; v AC; (azci
i

20
] —p, (220 , 1
or T r 90 oz " )+Wv W)

r or

Energy balance

oT 9T 8927 to perform simulations. A constant ratio of 1.7 between the
y, e, <_2 OH~ and CQ diffusivities has been adopted [31]. All the
ar r 90 dr pep details concerning these calculations are given Appendix B.

All the liquid phase componentexcept the absorbed specie The other properties (fluid viscosity and heat capacity) have

A are assumed to be non-volatile. Particularly, one can ne- Peen taken from [26,27]. _

glect the solvent evaporation as the gas flows through a The heat of CQ dissolution as well the heat of reaction

sparger before being introduced in the absorption chamber.°f the overall process

At steady-state, no heat flux is transmitted toward the hol-

low part of the sphere which is considered to be a dead-end.COz2 + 20H™ — CO3*™ + H20 (5)

The details of the boundary conditions of the problem are

given in the Appendix A as well as the velocity profile and have been taken from [28].

liquid film thickness. Table 2 gives the parameters that are used for the calcula-
The balance equations are solved with the method of or- tions reported below. Particularly, one can see that the heat

thogonal collocation on finite elements applied to the radial release due to the reaction is 80% of the total one. The lig-

co-ordinate [19,22,23]. Using the DDASPG routine of the Uid thickness af = /2 rad is equal to A7 x 10-°m and

IMSL library (Visual Numerics), one solves the resulting IS almost constant except near the top and the bottom of the

algebro—differential equations system. sphere. One must notice that the simulation is not valid for

6 = Orad and®® = x rad (see Appendix A). The gas-liquid

heat transfer coefficierity has been estimated by assuming

that the gas is almost still.

2 a_T) LEAH)

r or

4.2. CQ/NaOH system data

This system has been widely studied (see for example
[24]) and one can find all the data necessary to perform a

simulation study without any parameter adjustment. As far 1 pr————

as kinetic data are concerned, we have used the results given » 091 \‘\\\

in [25]. The limiting step of the reaction is the following: § 08 - \\

CO; + OH™ — HCO3™ ©) % 0,7 - o 2 N i
§ 06 1 —-—NaOH 0,5M N, b

which is almost irreversible. This reaction is a second order 8 05 - - co2 N\ |

process and its rate is given by: @ \ .
< 04 \ :

rv = ksCaCB (4) 'é 0,3 - \\\ ':
o \ .

At the liquid surface, we assume that €@oncentration -§ 02- \\\ \

corresponds to its solubility without chemical reaction. In 0.1~ \

the reference [25] are given mathematical expressions to 0 ; l , -

calculate the C@solubility as well as the rate constadatas 0,2 0.4 06 0.8 1

functions of the temperatufeand the ionic strengthof the x=(r-R0)/A

solutions. The C@and OH diffusivities are assumed to be  _ . , .

The Codiffusivity d d h Fig. 6. Examples of simulated reactant profiles for an inlet NaOH con-
constant. e Codi USIVIty_ epends on the t_emperatu_re centration of 1kmolm3. The concentrations are given under their di-
and electrolytes concentration. A mean value is determinedmensionless form.
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4.3. Comparison with experimental data Gas-liquid interface® > ®g andr = Rg + A:

One can see on Fig. 6, the g@nd NaOH dimensionless  Mass transfer—-22 ICizn =0
profiles calculated at the absorber liquid outlet.@@ncen- ar

tration is normalised by the CGsolubility at Tes while the

NaOH concentration is normalised by the NaOH inlet con- Solute equilibrium conditio@a (7')
centration. The reaction regime is clearly the instantaneous —AHs (1 1
one at this point - CA(Tref)eXp< R <? - @))

On Fig. 3 is represented the comparison between the ex-
perimental and calculated values of the absorbed Q. Heat transfet— AHS)DA% _ AB_T + hg(T — Ty)
The calculated and measured liquid surface temperature pro-
files are given on Figs. 4 and 5 for the two extreme values
of the NaOH inlet concentrations that we have explored.
As it can be seen, the model results and the measurements

are in good accordance without any adjustment procedure. They are calcglated by using approximate analytical so-
lutions available in the literature [29,30]

5. Conclusion _ ofr—Ro 2 r—Ro
vy = —V; 2—
A A

A.2. Velocity profile and film thickness

In this paper, we have presented an experimental tech-
nique allowing the measurement of the surface tempera- 0 (1_ (1_ r— RO)Z)

ture profile of a liquid film involved in a non-isothermal V® = V@

gas—liquid process. A pyrometer sensitive to infrared radi-

ation is used. The measurements are performed through awith

ZnSe window which is transparent to this radiation. 3qv
This technique has been applied to a spherical absorberv() (m

) (sin®@)~Y/3
Using a moderate exothermal process, the @@sorption

into NaOH aqueous solutions, has allowed checking the sen-
s . o_ [ _4v ; -2
sitivity of the measurement technique. VR = =2 cos® (sin®)
According to the geometry of our system, the comparison 5o

of the measurements obtained with the pyrometer with those 3 1/3
obtained with another system is very difficult. As a matter A = Aqsin(@)~%3with Ag < Pav )

of fact, a non-intrusive technique has to be used because of 21t Rog

the low thickness of the liquid film. The experimental re-
sults are then compared to calculated values obtained from
a non-isothermal model of the system. The measured an
calculated values of the GQabsorption flux and tempera-
ture profiles are very close without performing any param-
eter adjustment. This lead us to conclude that the describe
technique is well suited to monitor the liquid surface temper-

dAppend|x B
Rate constant [25]:

d1og(k|3 (m3kmol~ts1y)
2382

ature in non-isothermal gas—liquid industrial or pilot plant = 11.895— ——- 4+ 0.221 (kmol m~3)
processes provided that the liquid radiation properties are T (K)
convenient. —0.016(1 (kmol m~2))?
CO» solubility [25]:
Appendix A
Ch = HPa
A.1l. Boundary conditions with

Top of the sphere (film inlet) = @g and Ry < r < Iog( ) Zl h;
Ro+A:Ca=0;C; =Cio; T =Tp
Liquid—solid interface® > ®©¢ andr = Rq:
—31psl
Heattransfe%i =0 log(Hw (kmolm™kPa™"))
" — 9.1229— 5.9044x 10°2T (K)

dC;
Mass transfera—’ =0 +7.8857x 10~>(T (K))?
r
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and

hnat = 0.091 hgy- = 0.066

hcoge- = 0.021 hco, = —0.019
Mass diffusivities [25] and [31]

Dg = 17DA

D
A —1-0.129Ce (kmolm™3)

Da,,

log(D (m2 S_l)) — 81764+ 7125 _ 2.591x 10°
o o T(K) (T (K)?
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