-

brought to you by . CORE

View metadata, citation and similar papers at gaitsta

provided by Directory of Open Access Journals

52 Nuclear Technology & Radiation Protection —2/2004

STUDIES CONCERNING MASS AND HEAT TRANSFER ON
B7 STRUCTURED PACKING

by

Cornelia CROITORU!, Floarea POP!, Gheorghe TITESCU!,
Ioan STEFANESCU', Marius PECULEA?, and Dan TRANCOTA!

Received on March 17, 2003; accepted in revised form on July 13, 2004

The paper presents theoretical and experimental data concerning mass and heat
transfer on B7 structured packing, used for deuterium separation in distillation
column. The first section of the paper is dedicated to mass transfer study for hydro-
gen distillation, and the second section to mass and heat transfer for water distilla-
tion. Mathematical model verification was carried out with experimental data, ob-
tained from two laboratory distillation plants for deuterium separation. The
experimental data concerning B7 ordered packing efficiency for hydrogen cryo-
genic distillation at about -250 °C level were obtained from the first plant, and the
second plant provided data concerning mass and heat transfer on the same packing
for deuterium separation by water vacuum distillation at about 60 °C level. Height
of transfer unit and mass and heat transfer coefficients, evaluated theoretically and
experimentally, are comparable with those from chemical industry separation pro-
cesses. This fact justifies the use of multi-tubular column model for transfer pro-
cess description at distillation column equipped with B7 structured packing.
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INTRODUCTION which characterize the behavior of liquid-vapor
contact elements, such as the height of transfer unit
or the mass and heat transfer coefficients.

The paper presents the results of theoretical

and experimental researches effected to describe

Isotope separation by distillation represents
an important area of nuclear energetics. This con-
cerns heavy water production and heavy water

detritiation. The distillation columns are frequently
equipped with structured packing. The packing
provides a large contact surface and introduces low
pressure drop. It is used on large scale in chemical
industry for mixture separation by distillation, ab-
sorption, desorbtion, efc.

To design or simulate the functioning of distil-
lation columns, it is necessary to provide quantities
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mass and heat transfer on B7 structured packig on
hydrogen isotope separation by distillation. This
packing is produced by National Research and De-
velopment Institute for Cryogenics and Isotopic
Technologies — ICIS Rm. Valcea, Romania. The
first time B7 packing was manufactured to equip
distillation columns of the Romanian heavy water
plants. Firms Sulzer and Koch-Glitsch are acknowl-
edged producers of structured packing.

MASS TRANSFER STUDIES FOR
HYDROGEN DISTILLATION

The liquid flow is pellicular at distillation col-
umn equipped with structured packing, presented
in fig. 1.

If the void space of packing is divided in paral-
lel tubes, with height equal to packing bed height, a
multi-tubular column is obtained. Each tube simu-
lates distillation in a wetted-wall column [1, 2, 3].
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Figure 1. B7 structured packing

Mathematical model

A measure of liquid-vapor contact element ef-
ficiency is the height of the transfer unit HTU, based
on the two film theory. It may be theoretically evalu-
ated using the following relations [1]:

V dech

(HTU)y =—Lech
o DlenK,y

(1

1 1 Lm
Koy ky P ki py

(2)

where:

V' — vapor flow rate in column, [mol h™],

d,e;, — packing equivalent diameter, [m],

D, — column diameter, [m],

e~ void space of packing, [m® m™],

Koy — overall (OV) mass transfer coefficient
related to the vapor phase, [mol m™ h™!],

k, — partial vapor film mass transfer coefficient,
[mol m=2 h™! atm™'], where 1 atm = 101.325 kPa,

k; — partial liquid film mass transfer coeffi-
cient, [m h™!],

m — slope of the equilibrium curve,

P — total pressure (absolute), [atm], and

P, molar density of liquid, [mol m~3].

The mass transfer coefficient in vapor phase
was calculated with Johnstone and Pigford relation,
€q. (3),and inliquid phase with V. G. Levici correla-
tion for Sherwood number, eq. (4) [2, 3].
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where:

A — area of free column section, [m?],

ny — vapor viscosity, [kg m™ h™!]

p,,— vapor density, [kg m™],

D), — molecular diftusion coefficient in vapor
phase, [m? h™!],

D; — molecular diffusion coefticient in liquid
phase, [m? h™!]

Re — Reynolds number,

Sh — Sherwood number,

Sc — Schmidt number, and

&1 — thickness of the mass transfer boundary
layer of the liquid phase [m].

For the wetted wall column the “c” constant is
equal to 1/2.

Verification of the mathematical model pro-
posed for HTU theoretical evaluation is carried out
by comparison with HTU values calculated from the
experimental data, HTU being the ratio between the
height of packing bed (Z) and number of transfer
units (NTU):

Z
HTU) P =————— 5
T = e ®

Ifthe column is operated at total reflux and the
separation factor ¢ is considered constant in the
rangey —y,, (NTU) oy may be obtained with the
Colburn formula [4]:

(NTU) oy = 2.303 | 1=y ¥ N
a-1 “(I-y))n

+231gih (6)
I-y,
where:
y —vapor phase concentration [mole fraction],
and
a — separation factor.

Experiments

The experimental plant, by whose means the B7
type ordered packing efficiency; expressed by HTU,
has been determined is represented schematically in
fig. 2 [1]. The principal components of the plant are a
condenser-column-boiler ensemble (2-3-5), hydro-
gen liquefier (1), power supplies for the electrical
heaters (8, 9), and measurement and control equip-
ment. The isotopic distillation column for H,-HD
mixture has the inner diameter of 27 mm and at the
height of 550 mm it is equipped with the B7 type
structured packing. This packing is manufactured of
phosphorous bronze weave and it has the following
properties: specific surface of 670 m?/m? and void
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Figure 2. Schematic diagram of the experimental cryogenic distillation plant

space of 95%. The necessary vapor flow rate is pro-
vided by a boiler which is equipped with an electrical
heater. The condenser attached to the distillation col-
umn is multi-tubular and it is cooled with liquid hy-
drogen. The liquid hydrogen of condenser is for
0.19-0.5 degree colder than the vapors from the col-
umn top. This difference permits vapor condensation,
so that the liquid reflux is ensured. The vacuum jacket
(6) and radiation shields (7) ensure the thermal insu-
lating of the experimental plant cryogenic zone. For
the reduction of the entered heat by conduction in re-
sidual gas to minimum, the pressure in the vacuum
jacked is maintained at 1075-107 torr (1 torr
=101.325/760 kPa), by means of the vacuum pumps
(13) and (14).

Results

The experiments have been performed at 2, 3
and 4 bar (1 bar = 100 kPa). The parameters mea-

sured at ~3 bar are presented in tab. 1, as well as ex-
perimentally determined (HTU) -

The (HTU)®Pvalues were calculated with rela-
tions (5), and (6). These values are also presented in
fig. 3, beside calculated values.

200t

HTUgy [mm]
o
o

B experimental date
- calculated date

O 1 1 1 1 1 1 1 1
005 115 2 25 3 35 4
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Figure 3. HTU variation with the vapour velocity wy
P=3bar, T=24.68K
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Table 1. Hydrogen distillation experimental data

No. | Peo [bar] Teol [K] | Peong [bar] Teond [K] y1-106 y2:100  lwe[em s | (HTU o [mm]
1 3.01 24.7 2.88 22.7 88 703 0.53 132.4
2 3.01 24.7 291 24.53 93.7 759 0.53 131.3
3 3.07 24.79 2.95 24.6 89.5 742 1.13 128.9
4 2.82 24.4 2.72 24.24 82 696 1.22 131.5
5 3.02 24.71 2.86 24.46 126.2 713 1.7 158.4
6 3.01 24.7 2.86 24.46 119 718 1.71 152.8
7 2.98 24.65 2.8 24.37 88.6 550 1.82 151
8 3 24.68 2.8 24.37 84 563 1.85 144.6
9 3 24.68 2.85 24.4 131 723 2.33 161
10 3 24.68 2.85 24.45 115.5 733.6 2.33 148.8
11 3 24.68 2.8 24.37 89.9 539 2.39 153.6
12 2.78 24.33 2.6 24.04 70.9 558.2 2.48 137
13 2.98 24.65 2.78 24.33 133 563.5 2.74 191
14 3.04 24.74 2.85 24.45 150 708.5 2.86 176.3
15 2.98 24.65 2.81 24.38 168 740.7 291 185.8
16 2.96 24.62 2.8 24.37 152 718.5 2.93 177.9
17 3 24.68 2.8 24.37 160 710.8 3.38 184.4
18 2.97 24.63 1.69 22.25 56 508.9 3.88 125.1
19 3 24.68 2.78 24.33 117 670.8 3.89 157.5

P_,— pressure in the column, 7, — temperature in the column, P, — pressure in the condenser, 7,4~ temperature in the
condenser, y, — deuterium concentration at the column top (mole fraction), y, — deuterium concentration at the column
bottom (mole fraction), w,— fictitious vapor speed, HTU — height of the transfer unit

MASS AND HEAT TRANSFER
STUDIES FOR WATER
DISTILLATION

A more complex study concerning mass and
heat transfer was conducted at the water isotopic
distillation column equipped with B7 structured
packing, using the multi-tubular column model.
Mass and heat transfer processes were studied by
means of the transfer coefficients [5].

Mathematical model

Theoretical evaluation of the packing per-
formance is carried out using previously defined
relations for mass transfer (2, 3, 4) and relations
tor heat transfer. When there is a direct contact be-
tween fluids, the overall heat transfer coefficient
becomes:

b
1 1
74_7
ap oy

K, = )

Chilton-Colburn analogy was used to express
the vapor phase heat transfer coefficient in terms of
the vapor phase mass transfer coefficient [6]

2/3
ay =Cp, ky Ley, ! 8)
For the liquid phase, a correlation based on a
penetration theory mechanism was used [6]
a; =Cp k; Le,"? 9)

For mass and heat transfer coefficient determi-
nation from the experimental data, the following re-
lations were used

ar _dv (10)
dz dz
L ALy 1 A y) Ay _
4, & A, & 4,
=Kya, (y-y)=K,(y=y) (11
1 d(Lt;) 1 diVt,)
N T R AT
A, & 4, dz
\ dL
=K, ap y(ty _tL)+E Cp, L =
| dL
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Figure 4. Schematic diagram of the experimental
water distillation plant

where:
K, — mass transfer coefficient, [kmol m72s1,
K, — heat transfer coefficient, [kW m=2 °C1],
o —heat transfer coefficient for liquid, [kW m °C1],
oy —heat transfer coefficient for vapor, [kW m2°C1],
¢,, — heat capacity of liquid, [kJ kmol™ °C1],
Cpp ™ heat capacity of vapor, [kJ kmol™ °C1],

Table 2. Water isotopic distillation experimental data

Le; — Lewis number for liquid phase,

Ley — Lewis number for vapor phase,

x — liquid phase concentration, [mole fraction],
y — vapor phase concentration, [mole fraction],
z — height of packing, [m],

A; - liquid flow section, [m?],

Ay — vapor flow section, [m?],

a,_, — mass transfer interface area, [m? m=],
a}_, - heat transfer interface area, [m? m 3],

L - liquid flow rate in column, [kmol s7'],
V' — vapor flow rate in column, [kmol s,

t; - liquid temperature, [°C], and

1y — vapor temperature, [°C].

Experiments

The experimental plant for water distillation is
represented schematically in fig. 4 [5].

The distillation column has the inner diameter of
108 mm and at 14 m height it is equipped with the B7
type structured packing. Twwo multi-tubular condensers
cooled with water and a film boiler heated with steam
provide the column with liquid and vapor. The experi-
mental plant has 11 points for temperature and pres-
sure measurement at the distinct outlets of the column
and one point for reflux temperature measurement.
The column is insulated with mineral cotton.

Results

The ten percent deutereted water was used for the
experiments. The initial value maintains the concentra-
tions in the measurement range of the analyzer, 0.5-99%
D/(D+H). The pressure at the column top was main-
tained at about 100 mm Hg. The column was operated
atavapour capacity factor of 1.4 m2kgs™. This factor
is defined as f =wp''?, where w is fictitious vapour

z [m] | x[% mol] | ¢[°C] | Prop [mm Hg] | AP [mm HO] | K y [kmol m=3s71] | K, [kW m=3°C-1] | (H' TU)pp [m]

0.0 0.59 53.3 647.5

1.3 1.11 53.3 0.132 3.24 0.176
2.6 1.95 55.1 57.75 0.189 2.76 0.098
3.9 4.00 57.4 0.273 4.75 0.063
5.2 6.38 61.2 589.75 0.161 11.7 0.103
6.7 10.21 61.4 0.137 -1.78 0.115
8.1 15.81 63.85 0.159 1.43 0.967
9.5 29.52 62.8 15 0.243 1.25 0.062
10.9 41.76 63.8 0.133 2.06 0.110
12.3 51.46 62.2 0.0673 5.25 0.208
14.2 72.55 65.8 574.75 2.14 -0.0898 0.063

z—height of the packing, x — deuterium concentration in liquid phase , t— vapor temperature , Prop— vacuum at the column top, AP — pres-
sure drop, K y — mass transfer coefficient, K,— heat transfer coefficient , HTU — height of the transfer unit
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speed [m s71] and p is the vapour density [kg m=]. The
experimental data are shown in tab. 2.

These values permit local mass and heat transfer
coefficient determination, using relations (10), (11)
and (12). The coefficients determined from the experi-
mental data are presented beside the theoretical coefti-
cients in fig. 5 and 6.

DISCUSSION

The experiments for B7 structured packing
HTU determination were carried out at two tem-
perature levels, about —250 °C for hydrogen isoto-
pic distillation and about +60 °C for isotopic distil-
lation of water. The working pressure and
maximum gas rate were ~3 bar and 4 cm/s for hy-
drogen distillation and ~100 mm Hg and 5 m/s for
water distillation. Under those conditions, the HTU
value range was 0.1-0.2 m. Mass and heat transfer
processes were studied on water distillation, the
heat transfer coefficient values being between 2 and
12 kW/m°C. The study also included theoretical

evaluation of HTU. The range of differences be-
tween experimental and theoretical HTU values was
+15% for hydrogen distillation (fig. 3) and +30%
tor water distillation (fig. 5). The differences be-
tween experimental and theoretical values of heat
transfer coefticient are larger (fig. 6). Subcooling re-
flux at the column top, imperfections of column in-
sulation, and vapor superheating at the column bot-
tom may be the causes of these large difterences.
This fact requires future improvement of the experi-
ment conditions and corrections of criterion rela-
tion coefficients.

Published data regarding other structured
packing performances are mostly presented by
height of equivalent theoretical plate HETP. In or-
der to compare the B7 packing performances with
other structured packing performances, we trans-
tormed HTU in HETP, starting from the following
equation:

Z =HTU-NTU = HETP-NTP (13)

where NTP means number of transfer plate.
NTP/NTU ratio may be calculated using rela-
tion [2]:

NTP

NTU 5 51 (“j
J

where j is the slope of the equilibrium curve and a
the slope of the operation line.

Figure 7 shows NTU/NTP ratio variation with
j/a ratio.

At water distillation the curve is almost hori-
zontal, consequently HETP=HTU. For hydrogen
distillation the curve is far from the horizontal
line. Atlow concentrations (<0.1%) NTP/NTU =
1.2. In both cases HETP values lie in range of
0.1-0.24 m. Structured packing manufactured by

1-4
y (14)

NTU/NTP
1.4
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Figure 7. NTU/NTP versus jla
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firms Sulzer and Koch-Glitsch have the same per-
formance (0.15-0.25 m) [7, 8]. Heat transfer co-
efficient values lie in range of 3-8 W/m2°C, having
the same order of magnitude as the values deter-
mined at structured catalyst packing [9].

CONCLUSIONS

The paper presents theoretical and experimental
data concerning mass and heat transfer on B7 structured
packing, used for deuterium separation in a distillation
column. From the results it may be concluded that:

o The range of the experimental HTU values is
0.1-0.2 m, for both distillation processes, hydro-
gen and water.

¢ The mathematical model proposed for HTU pre-
diction was verified by comparing theoretical
and experimental data. The differences between
these two kinds of values lie in the range of
+15% for hydrogen distillation and in the range
of +30% for water distillation.

o The differences between the experimental and the-
oretical values of the heat transfer coefficient are
larger. Subcooling reflux at the column top, imper-
tections of the column insulation, and vapor super-
heating at the column bottom may be the causes of
these large difterences. This fact requires future im-
provement of the experiment conditions and cor-
rections of criterion relation coefficients.

e The values of mass and heat transfer coeflicient, eval-
uated theoretically and verified experimentally, are
comparable with other structured packing (Sulzer,
Koch-Glitsch), used in the chemical industry. This
fact justifies the use of a multi-tubular wetted-wall
model for describing the transfer processes in distilla-
tion columns equipped with B7 ordered packing.

The HTU values obtained experimentally or the-
oretically present the designing data for hydrogen and
heavy water plants.

REFERENCES

[1]  Pop, E, Peculea, M., Croitoru, C., Experimental
Determination of the Height of Transfer Unit at
the Hydrogen Isotopic Distillation on Ordered
Packing, B7 Type, Revue Roumaine de Chimie, 44
(1999), 2, pp. 109-118

[2]  DParis, A., Rectification Proceeding in Chemical In-
dustry (in French), Dunod, Paris, 1959

[3] Yamanishi, T., Okuno, K., Naruse, Y., Sada, E.,
Analysis of Caracteristics of Cryogenic Distilla-
tion Column in Separation of Hydrogen Iso-
topes, Journal of Chemical Engineering of Japan,
1 (1993), 26, pp. 1-6

[4] Dutkai, E. P, Packing Column in Chemical Tech-
nology (in Romanian), Tehnica, Bucharest, 1977

[5] Croitoru, C., Pop, E, Titescu, Gh., Culcer, M.,
Tliescu, M., Experiments Regarding Mass and Heat
Transfer in Column Equipped with B7 Structured
Packing (in Romanian), National Research and De-
velopment Institute for Cryogenics and Isotopic
Technologies — ICIS, Research report, Rm. Valcea,
Romania, 2001

[6] Sandall, O. C., Dribika, M. M., Simultaneous Heat
and Mass Transfer for Multicomponent Distilla-
tion in Continous Contact Equipment, Proceed-
ings, 3" International Symposium on Distillation,
1979, pp. 2.5/1-2.5/9

[7] ***, Structured Packings for Distillation, Absorp-
tion and Reactive Distillation, Sulzer Chemtech
Catalog, 2004 (http://www.sulzerchemtech.com
/map/SulzerDocuments/DocumentsImages/Doc-
uments/Chemtech/brochures/Structured
Packings.pdf)

[8] ***, Koch-Glitsch Gauze Structured Packing,
Koch-Glitsch catalog, 2004 (http://www.koch-
-glitsch.com/koch/product_brochures/KGP.pdf)

[91 Schildhauer, T.; Newson, E., Wokaun, A., Im-
provement of the Heat Transfer in Catalytic Fixed
Bed Reactors by Means of Structured Packings,
Research report, Laboratory for Energy and Ma-
terial Cycles, Paul Scherrer Institute, Switzerland
(http://www.dct.tudelft.nl)

Kopuemmja KPOUTOPY, ®aoapea 1011, I'eopre TUTECKY,
Joan CTE®AHECKY, Mapuyc IIEKYJ/IEA, 1an TPAHKOTA

NCTPAXKNBAIbLA O ITIPEHOCY MACE U TOILIOTE
b7 YPEBEHOM HNCIIYHOM

Y pany cy nIpuKa3aHU TEOPHjCKH W €KCIIEPUMEHTAIHN PE3yIITaTH IpOyIaBama MpeHoca Mace n
toriore B7 ypehbeHoMm mcmyHOM 3a cenapanmjy AeyTepujyma y AeCTHIANUOHO] KOJOHH. MaTeMaTHIKu
MOJIeNl TIpEHOCa TPOBEPEH je EeKCIepUMEHTAHUM MofalnuMma AoOujeHMM H3 [iBa J1abopaTopujcKa
JecTuIalMoHa MOCTPOojerha 3a cenapanujy aeyrepujyma. ExciepuMenTanuu nopaiy o epukacHoctu b7
WCIYHE 32 KPUOTEHY JIECTUIIAIM]Y BOJOHNKA Ha HUBOY Off 0KO —250 °C no6mjeHu cy u3 jeHOT MOCTpOojewmha,
IOK Cy W3 APYror KOopuinmheHW MOfaly O NMPEHOCY Mace W TOIUIOTE MCTOM HCIYHOM 3a cemapalmjy
JeyTepujyMa BaKyyMCKOM JeCTUIIAINjOM Bojie Ha HUBOY oko 60 °C. Bpegnoctu Bucune ypebaja 3a npeHoc u
KoedulrjeHaTa MpeHoca Mace u TOIUIoTe, ofpeheHe TEOPHjCKMU U eKCIEPUMEHTAIHO, YIOPEIUBE Cy ca
PACIIOIOKMBAM TOAANMa O CETapanioHNM IOCTYNIMMa Yy XeMHmjckoj muAycrpuju. OBO ompasaaBa
yrmoTpeOy BUIICIIEBHOT MOJIeNa 3a OIUC IIPEHOCa Mace U TOIUIOTE Y IECTIIIAMOHO] KOJIOHH ONPEMJIBEHO]
b7 ypebenom ucnynom.



