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Abstract

In ammonia water absorption refrigeration systems (AARS) a high efficiency purification process to remove the water content from the gener-
ated vapour is of great importance. One type of equipment to carry out this process is a packed column. Any type of detailed analysis of a packed
column requires the calculation of mass transfer coefficients. Therefore, the correlations to obtain these coefficients become an essential tool for
an accurate analysis and design of these devices. An experimental facility has been designed and built to analyze the ammonia—water rectification
process in packed columns. In this paper a brief description of the experimental facility is given and the variables required to analyze the column
performance are explained. An analytical method to determine mass transfer coefficients from the experimental data is developed. Results of mass
transfer coefficients for 15 mm glass Raschig rings, %” ceramic Berl saddles and %” ceramic Novalox saddles random packings are reported.
The experimental results are compared with different mass transfer correlations proposed in the literature. In the paper corrected correlations are
proposed for the packings considered. These correlations could be used to analyze and design a packed column for AARS.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction consequences has been a renewed interest on absorption sys-
tems [4]. On the other hand, the widespread use of cogeneration

Ammonia—water absorption refrigeration systems (AARS) plants has also contributed to the renascence of this technology,
constitute an old technology that has been in use since the ~ Mainly in the branch of high coqhng power.machllnes [5}6]'
middles of the nineteenth century [1]. From the beginning, its .No.wadays, the AARS are w1'de1y us.ed n refnge.ratlon ap-
development has been linked to the evolution of the energy plications (from 0 tf’ —60°C) with cqohng powers higher than
prices and mainly to the expansion of the compression refriger- 100 kW (71 Tl?ere 18 .al.so .a commercial branch Of, small power
ation systems. As the energy prices increased and the compres- machmes.for air conditioning and heat .pl%mp applications pow-
sion systems expanded, the applications for AARS decreased. ered by direct gas fired [8]} However, it 18 noteworthy the lack
Therefore, its applications had been reduced to high cooling of small machines for refrigeration (cooling production below

power plants powered by cheap or waste heat. However, for the (%;Cil thalt could bff: E Qwered t;);xaRs;e hea.t Or_ solar @erggz )
last three decades the scenario has changed mainly due to the ¢ development of this type o requires improving the

relation of the chlorofluorocarbon refrigerants used in compres- i)'rel:)slent day teChTOIOgg tm or(cller toﬂcl)btgm mo;et}elfﬁmelt]t ?ﬁ re-
sion systems with the depletion of the ozone layer [2,3]. The 1able components and to recuce the stze and the cost of these

. . . . . systems as much as possible. These efforts are worthwhile since
solution of this problem is still not clear, but one of its obvious . ..
they could extend the use of AARS into new applications and

improve the existing machines [9-11].
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Nomenclature

def effective transferarea .................. mZm—3
ap packing surface area ................... m?m~3
Aw wetted surfacearea .................... m?m~3
d. column diameter ............... ... ... ... m
dp nominal size of packing ..................... m
D diffusion coefficient .................... m?s~!
g gravitational constant .................... ms~2
km mass transfer coefficient ................. ms~!
F mass transfer coefficient .......... kmol m=2 s~
H height of the packed section ................. m
L liquid superficial molar flow ...... kmol m~2s~!
M massflow ... kgs™!
n molarflux ...................... kmolm—2s~!
p PIESSUIE ..ottt et eans bar
Re Reynolds number

Sc Schmidt number

Sh Sherwood number

T teMPErature . ...........o.ueeivnnuneeennnnen. K
u superficial velocity ...................... ms~!
1% vapour superficial molar flow ..... kmolm—2s~!
X ammonia mass concentration ........... kgkg™!
X ammonia molar concentration ... .. kmol kmol~!

y vertical coordinate ................. . ........ m

Z ratio of ammonia molar flux to total molar flux
transferred

Z average value of z along the column

Greek symbols

&p void fraction of packing

u dynamic viscosity .................. kgm~!s~!

P density ...........iiiiiiiiiiii.. kgm™3

0 molardensity ....................... kmol m—3

o surface tension .................oaa... Nm™!

Oc critical surface tension of packing material Nm™!

Subscripts

i interface

1 liquid

Im logarithmic mean

0 overall

v vapour

Superscripts

* vapour in equilibrium with liquid

of water compare to the vapour pressure of ammonia in the
generation process. The water carried over from the generator
reaches the evaporator where it tends to accumulate. The pres-
ence of water in the evaporator strongly deteriorates the system
performance and efficiency, as pointed out by Bogart [12] and
analyzed and quantified by Ferndndez-Seara and Sieres [13].
Therefore, the achievement of a high efficiency purification
process to remove the water content from the generated vapour
is of great importance in AARS. Moreover, its significance in-
creases as the evaporation temperature decreases [13].

In high power AARS, the purification process is carried out
by a distillation column with total or partial condensation. If
partial condensation is used, then a rectifier will be placed at
the column top. The distillation columns used in AARS are usu-
ally of the plate’s type and the rectifier consists of a shell and
tubes heat exchanger [14]. In small size direct fired commercial
machines, the purification process is carried out using a small
plate distillation column over the generator and a helical coil
rectifier [8].

Distillation columns are standard devices in chemical en-
gineering systems for very different types of processes. In a
distillation column, a counter-current contact is established be-
tween an upward vapour flow and a downward liquid flow. The
intimate contact between the vapour and liquid is established by
means of plates or by using different types of packings. Packed
columns are not commonly used in AARS up to date. However,
packed columns are easy to manufacture and usually cheaper
than plates’ columns. Packings can consist either of dumped or
of stacked elements, or of regular packing units of the same di-
ameter as the column [15]. Packings are available on the market
in a great variety of shapes, materials and sizes. Irregular pack-

ings of small size are an interesting option to use in distillation
columns for AARS since they can provide cheap and easy to
fabricate columns.

The analysis of an AARS considering a distillation col-
umn with different configurations operating at complete or par-
tial condensation is reported in Fernandez-Seara et al. [16].
Detailed theoretical analysis of the heat and mass transfer
processes in packed columns for AARS have been carried
out in Fernandez-Seara et al. [17] and Sieres and Fernandez-
Seara [18]. However, any type of detailed study always requires
the calculation of the heat and mass transfer coefficients. There-
fore, the correlations to obtain mass transfer coefficients be-
come an essential tool for an accurate design of these devices.
Moreover, parametric analyses carried out in ammonia—water
packed distillation columns [17] show that the mass transfer co-
efficient in the vapour phase F, has a decisive influence on the
column performance. Therefore, the knowledge of this coeffi-
cient is of great importance for a correct design of the packed
column and experimentally based correlations at typical oper-
ating conditions of an ammonia—water absorption refrigeration
system would be of great interest.

Several researchers have reported models and correlations
describing the performance of columns containing random
packings. Recently, Wang et al. [19] have presented a review
of mass-transfer correlations for packed columns. In the case
of random packings, the first and still widely used correlations
for mass transfer were developed by Onda et al. [20], who as-
sumed that the wetted surface area is equal to the effective
mass transfer area. Bravo and Fair [21] provided a new cor-
relation of effective transfer area based on the model of Onda
et al. [20], using distillation data results of Bolles and Fair [22].



J. Sieres, J. Ferndndez-Seara / International Journal of Thermal Sciences 46 (2007) 699-706 701

Billet and Schultes [23] developed mass transfer correlations
based on a physical model for packed counter-current columns
filled with dumped or arranged packings. Their model requires
specific constants depending on the packing type, material and
dimensions. Finally, Piché et al. [24] proposed a set of artifi-
cial neural network correlations for counter-current gas—liquid
packed columns based on a large experimental database.

Though many mass transfer correlations are published in
the open literature, detailed experimental studies of the ammo-
nia purification process in packed columns at normal operating
conditions in AARS have not been found. Moreover, when the
available correlations are applied to this application quite dif-
ferent results are obtained. Therefore, it was considered nec-
essary to perform experimental validation of the current mass
transfer models for random packings applied to the ammonia
purification process in ammonia—water absorption refrigeration
systems.

An experimental facility has been designed and built to
analyze the ammonia—water rectification process in packed
columns. In this paper a brief description of the experimental fa-
cility is given and the variables required to analyze the column
performance are explained. An analytical method is developed
to determine mass transfer coefficients from the data measured
in the experimental setup. Results of mass transfer coefficients

for 15 mm glass Raschig rings, %// ceramic Berl saddles and %//
ceramic Novalox saddles random packings are reported. The
experimental results are compared with different mass transfer
correlations proposed in the literature.

2. Experimental setup

An experimental facility to study the ammonia—water recti-
fication process in packed columns has been designed and built
in our laboratory. The facility operates at the normal operat-
ing conditions found in the high pressure stage of small power
AARS. A rectifying packed column of 0.08 m inner diame-
ter and 0.48 m packed length has been tested at total reflux
conditions. Specific components and dimensions of the exper-
imental facility are described in detail in Sieres et al. [25] and
Sieres [26].

The experimental setup has been equipped with the appropri-
ate instrumentation, however only some variables are required
to study the packed column performance which are indicated
next. The liquid reflux conditions entering the column are mea-
sured with a Coriolis flow meter (M1) with typical accuracy
of +0.1% in mass flow, 0.5 kgm™ in density and +1°C in
temperature. The liquid mass flow, density and temperature of
the bottom product (liquid leaving the column) are also mea-
sured with a Coriolis flow meter (M2) with typical accuracy
of +0.2% in mass flow, 2.0 kgm™ in density and +1°C in
temperature. The system pressure is measured with a pressure
transducer of accuracy +0.5% at full scale. The vapour outlet
temperature is measured with a PT100 type A sensor.

The vapour outlet ammonia concentration is calculated from
the system pressure, the vapour outlet temperature (7 ou) and
assuming saturation conditions, according to Eq. (1). The bot-
tom liquid concentration is obtained from the density and tem-

X T

v,out> **v,out>* v,out

L+dL V +dV
Ml‘m > xl‘m? Tl,m f’ + dfl fv * df‘,
7, +dT, T, +dT,
: > ooy, v
L V
M,y %0 T X ¢ %
Ml,om > xl.aut: Tl.oul

Fig. 1. Schematic diagram of the packed column and control volume for a dif-
ferential packed section.

perature measured by the Coriolis flow meter (M2), according
to Eq. (2). State equations used for the ammonia—water equilib-
rium and thermodynamic properties have been obtained from
Ziegler and Trepp [27].

Xy,out = fv,sat(ps Tv,out) (1)
Xl,out = fl,sat(TML oMm2) 2)

As mentioned, the column operates at total reflux, thus the
liquid reflux and vapour outlet mass flows and ammonia con-
centrations must be the same, according to Egs. (3) and (4) and
Fig. 1. Similarly, the vapour inlet mass flow and ammonia con-
centration are equal to the bottom liquid flow values, as stated
in Egs. (5) and (6).

My ou = Mijn = My (3)
X1,in = Xv,out 4)
Myin = Mo = Mm2 (5)
Xy,in = X1,out (6)

Thus, from these equations, the inlet and outlet conditions
of the vapour and liquid currents can be determined from the
measured data.

3. Determination of mass transfer coefficients

Mass transfer between the vapour and the liquid phases re-
sults from the combined contribution of molecular diffusion and
a bulk transport of material through the interface [28]. Accord-
ing to the film model, the molar flux of ammonia transferred
from the liquid to the vapour phase can be obtained from Eq. (7)
[17,28], where z is defined as the ratio of the ammonia molar
flux to the net molar flux, according to Eq. (8).

. 7—X
NNH; =FV'Z.LH<Z_)EV.> (7)
Vi
LN _ V.di, +dV - &
n dv

®)
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For the characteristics operating conditions found in a rec-
tifying packed column of an ammonia—water absorption re-
frigeration system, it can be shown [17] that the heat transfer
resistance in the vapour phase is much higher than in the liquid
phase and also that the slope of the equilibrium curve of vapour
and liquid compositions is very low on a diagram with horizon-
tal axis x] and vertical axis xy. Therefore, it can be assumed
that the interface temperature equals the liquid bulk tempera-
ture [17] and that the vapour interface concentration is approx-
imately equal to the concentration of a vapour X that would be
in equilibrium with the bulk liquid Xj. Under these conditions,
the overall vapour mass transfer coefficient can be considered
equal to the single phase coefficient F,, =~ F, [26,29].

Global mass and ammonia balances in the vapour phase ap-
plied to a differential cross-section of the packed column [17],
as shown in Fig. 1, yields Egs. (9) and (10).

dV =1 - ae - dy 9)
d(V - Xy) = iiNH; - def - dy (10)

Combining Egs. (7) to (10) yields Eq. (11) which gives the
differential column height dy required for a differential ammo-
nia concentration enrichment in the vapour phase dx,. In this
equation AXy iy is the logarithmic mean driving force given by
Eq. (12).

V A)zv,lm dxy

Fy-aes (z—Xxy) ()E\#; — Xy)

)z*

dy an

Rt
In((=)

Analytical integration of Eq. (11) is possible assuming some
simplifications. First, the Wiegand [30] approximation in which
the logarithmic mean concentration difference is approximated
to the arithmetic mean is considered, as expressed by Eq. (13).
Second, an average value of z, obtained from global mass and
species balances over the packed column as stated in Eq. (14), is
used instead of the local value of z. Thus, the local value of the
vapour superficial molar flow V can be obtained from Eq. (15).
Finally, in the range 7 bar < p < 16 bar and 0.87 < xj < 1, the
equilibrium vapour concentration x;; can be obtained accurately
from Eq. (16), where the constants by, b; and b, are given in
Table 1.

AXym = (12)

Tk

_ _ Xy — X
Axv,lm A (z— Xy) + 3 = (13)
= Vout . )E\:,out - Yin ')_Cv,in (14)
Vout - Vin
. . Z - )Ev,out
V=Vou - —— (15)
Z— Xy
Table 1
Constants
by = —9.48596 - 107 B=bo+by-p+by-p?
1
b; =6.79315- 107 N=———
(I-B)-z—-1
1
by =9.58238 - 107° Ny

T (=-B-(1-2

Xi=1—(bo+b1-p+by-p?)-(1-5)
=1—-B-(1—-Xx) (16)
The column operates at total reflux, then the equalities ex-
pressed in Eqgs. (17) and (18) are satisfied throughout the col-
umn.
V=L (17)
Xy =X (18)
Substitution of all these expressions into Eq. (11) yields

Eq. (19), where f(xy) is given by Eq. (20).

. Vout : (2 - )Ev,out)

- f () - dxy (19)
Fy - aef
FG) = — 1 1
Xy) = e - ——
VT1-B (- -1 24 (Fy —2)2
After partial fractionation and subsequent integration Eq. (21)
is obtained, where the constants N1 and N; are given in Table 1.

g = Vo G = Tvow) |:N1 : 1n<x__4v’°ut __Z)
Fy - aet Xy,in — %

X -1 1 1 1
+N2-ln(x_V’L>+—-<_ - — = _)i|
Xy,in — 1 2 Xy,out — < Xy,in — <

2y

dy

(20)

This equation gives the packing height required for a given
separation. Moreover, if a packed section is experimentally
tested and the inlet and outlet vapour and liquid conditions are
measured, then Eq. (21) can be used to determine an average
value of the volumetric mass transfer coefficient Fy - aer; or ei-
ther the mass transfer coefficient F, or effective transfer area
aer if the other parameter is known.

In this work, Eq. (21) has been used to determine experimen-
tal values of the volumetric mass transfer coefficients Fy - aef of
a packed column for typical operating conditions found in an
ammonia—water absorption refrigeration system. The inlet and
outlet conditions needed in this equation are obtained experi-
mentally as described in Section 2 of this paper.

Before applying Eq. (21) to obtain experimental results, it
is interesting to evaluate the magnitude of the uncertainty of
the volumetric mass transfer coefficient (Fy - aef) as a func-
tion of the variables and instrumentation used for its determi-
nation. Table 2 shows typical uncertainties of the measured
data and calculated volumetric mass transfer coefficients for
three different test runs with different types of packings. The
uncertainties have been determined from the accuracy spec-
ifications of the different sensors based on a propagation of
uncertainty analysis as indicated in Ref. [31]. According to the
results shown in Table 2, typical uncertainties of Fy - aer are
around 5%.

Finally, in order to evaluate the effect of uncertainty in the
experimental measurements on the values of Fy - aef, the coeffi-
cients of sensibilities for case 1 of Table 2 are shown in Fig. 2.
It is evident from the results presented in Fig. 2 that the un-
certainties in Fy - aef are very sensitive to the determination
of the vapour outlet concentration from the pressure and out-
let temperature data. The measurement of the mass flow rate of
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Fig. 2. Coefficients of sensibilities of the measured data on the experimental
values of the volumetric mass transfer coefficient.
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Table 2
Measurement uncertainties
Case 1 Case 2 Case 3
Packing 15 mm glass %N ceramic %N ceramic
Raschig ring Berl saddle Novalox saddle
Ty, out (°C) 32.4(0.3) 19.1 (0.3) 42.4(0.3)
p (bar) 11.1 (0.1) 6.9 (0.1) 15.1 (0.1)
M1 (kg h=1 12.60 (0.02) 12.59 (0.02) 14.41 (0.02)
Ti out °C) 32.4(0.7) 21.3 (0.6) 42.3(0.7)
P1out (kg m~3) 652.5 (1.2) 662.0 (1.2) 621.3 (1.2)
M2 (kgh_l) 9.1 (0.1) 8.5(0.1) 10.1 (0.1)
Fy - agf (mol m—3s~1) 600 (30) 600 (30) 610 (30)

the liquid reflux (M1) has also some effect on the uncertainty
of F, - aer, whereas the measurements of mass flow, density
and temperature of the bottom liquid (M2) have a much lower
effect. Similar results were found for other test runs and with
different packings.

4. Results and discussion

The random packings that have been tested are 15 mm glass
Raschig rings, %N ceramic Berl saddles and %// ceramic No-
valox saddles. The characteristic packing features are given in
Table 3. Many experimental test runs have been made with the
three packings considered. All the experiments were run at total
reflux conditions.

The experimental values of the volumetric mass transfer co-
efficients Fy - aef have been compared with those obtained from
different correlations at disposal in the literature. Fig. 3 com-

Table 3
Packing features

3 - .
F,*a,; (mol m™ s™) correlation

Fig. 3. Comparison between the experimental volumetric mass transfer coeffi-
cients (Fy - aef) and predicted by the correlations of Onda et al., Bravo and Fair,
and Piché et al., for 15 mm glass Raschig rings.

pares the volumetric mass transfer coefficient Fy - aer of the
15 mm glass Raschig rings determined from the experimen-
tal results with those obtained from the correlations of Onda et
al. [20], Bravo and Fair [21] and Piché et al. [24]. It can be seen
that the Bravo and Fair and the Piché et al. correlations predict
lower values of the volumetric mass transfer coefficients than
the experimental ones. However, the Onda et al. correlation pre-
dicts the experimental mass transfer coefficients quite well. The
average deviation with the experimental values is 5%.

The analysis has been repeated with %N ceramic Berl sad-

dles and with %N ceramic Novalox saddles. In Figs. 4 and 5 the
experimental values of F\ - a.r have been compared with those
obtained with the Onda et al., Bravo and Fair and Piché et al.
correlations. The Billet and Schultes [23] correlation was also
checked for the %N ceramic Berl saddles because specific con-
stants needed in the correlation are available for this packing
but not for the other two ones. Once again, the Onda et al. cor-
relation is the one that better predicts the experimental data;
however, deviations found for these two packings are greater
than with 15 mm glass Raschig rings. The average deviation of
the Fy - aer values predicted with the Onda et al. correlation and
the experimental values is of 12% for %// ceramic Berl saddles

and 27% for %” ceramic Novalox saddles. It should be noticed
that the major deviations are obtained with the Novalox saddles

Packing type 15 mm Raschig rings
Material Glass

Nominal size (m) 0.015

Surface area (m2 m*3) 331

Critical surface tension (N m_l) 0.073

Void fraction (%) 79

Berl saddles %”

Novalox saddles %”

Ceramic Ceramic
0.0127 0.0127
465 622
0.061 0.061

62 73
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Fig. 4. Comparison between the experimental volumetric mass transfer coeffi-
cients (Fy - aer) and predicted by the correlations of Onda et al., Bravo and Fair,

Billet and Schultes, and Piché et al., for %” ceramic Berl saddles.

which was not a packing type considered in the work of Onda
et al.

The vapour phase mass transfer coefficient correlation pro-
posed by Onda et al. is given in Eq. (22), whereas Eq. (23)
expresses the wetted area correlation, which was used by Onda
et al. as the effective transfer area.

Shy =C 'Re8~7 ) SC(V).333 (ap - dp)*z )
0.75 0.1
W _ | _exp(_1_45. (1) , (L>
“ o1 ap - 1
.2\ —0.05 22,02
. <u> . (pl_l) ) -
8 Clp al
The Reynolds, Schmidt and Sherwood numbers used in

Eq. (22) are defined in Egs. (24), (25) and (26), respectively.
Table 4 resumes the range of the Reynolds, Schmidt and Sher-
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Fig. 5. Comparison between the experimental volumetric mass transfer coeffi-
cients (Fy - aef) and predicted by the correlations of Onda et al., Bravo and Fair,

L . ” .
and Piché et al., for % ceramic Novalox saddles.

wood numbers during all the experiments carried out with the
three different packings analyzed.

Rey =21 (24)
ap - Uy
125%
Scy = (25)
' Pv + Dy
k F.
Shy = —= M (26)

ap-Dy  ap-Dy-py

According to Onda et al., Raschig rings and Berl saddles
data are best correlated when the parameter C in Eq. (22) takes
the numerical value 2.0 if the nominal packing size is less than
15 mm and the value 5.23 if the nominal packing size is equal
or greater than 15 mm. Other authors [29] recommend chang-
ing the constant value C for nominal packing sizes lower than
12 mm instead of 15 mm. In this work the experimental values
of the volumetric mass transfer coefficient were better predicted
using the value 5.23 for the three packings analyzed.
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Table 4

Dimensional numbers during the experimental tests

15 mm glass Raschig rings Min Max
Reynolds number (Rey) 46 189
Schmidt number (Scy) 0.58 0.59
Sherwood number (Shy) 1.3 5.8
%” ceramic Berl saddles Min Max
Reynolds number (Rey) 36 124
Schmidt number (Scy) 0.58 0.59
Sherwood number (Shy) 0.8 2.8
%N ceramic Novalox saddles Min Max
Reynolds number (Rey) 19 118
Schmidt number (Scy) 0.58 0.59
Sherwood number (Shy) 0.3 2.2

Though the Onda et al. correlation was the one that better
predicted the experimental data, it was found that a better fit
could be obtained by simply modifying the constant C to an
adequate value. Fig. 6 compares the experimental results with
the modified Onda correlation for the three packings analyzed.
The constant C was calculated by a linear regression analysis of
the data and the values 5.44, 5.91 and 7.06 were obtained for the
Raschig rings, Berl saddles and Novalox saddles, respectively.
The corrected correlation fits the data with an average deviation
of 5, 6 and 7% for the Raschig rings, Berl saddles and Novalox
saddles, respectively. Moreover 95% of the points fall within
+12% for the Raschig rings and Berl saddles and within +15%
for the %// ceramic Novalox saddles.

The proposed corrected correlations for the packings ana-
lyzed could be used to design packed columns in AARS.

5. Conclusions

In this paper an experimental investigation of mass transfer
L Z .
performance of 15 mm glass Raschig rings, % ceramic Berl

saddles and %N Novalox saddles random packings for ammo-
nia rectification in ammonia—water absorption refrigeration sys-
tems has been presented. An experimental facility was designed
and built to study the ammonia—water purification process in
packed columns. The facility operates at the normal operating
conditions found in the high pressure stage of a small power
ammonia—water absorption refrigeration system. The packed
column test-rig has been tested as a rectifying section at total
reflux and different operating conditions.

Experimental results for the volumetric mass transfer coeffi-
cient in the vapour phase for the packings analyzed are reported.
The results are compared with different mass transfer corre-
lations proposed in the literature. It has been found that the
differences are considerable with most of these correlations, but
the Onda et al. correlation predicts reasonable well the experi-
mental results. However, a better fit of the experimental data can
be obtained by changing the value of the constant of the mass
transfer correlation of Onda et al. from 5.23 to 5.44, 5.91 and
7.06 for the 15 mm glass Raschig rings, %// ceramic Berl sad-

dles and %N ceramic Novalox saddles, respectively. The average
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Fig. 6. Comparison between the experimental volumetric mass transfer coeffi-
cients (Fy - def) and those obtained with the corrected correlation of Onda et
al. for 15 mm glass Raschig rings, %H ceramic Berl saddles and %N ceramic
Novalox saddles.



706 J. Sieres, J. Ferndndez-Seara / International Journal of Thermal Sciences 46 (2007) 699-706

deviation of the corrected correlation and the experimental val-
ues is of 5% for 15 mm glass Raschig rings, 12% for %” ceramic

Berl saddles and 27% for %// ceramic Novalox saddles. More-
over 95% of the points fall within £12% for the Raschig rings

and Berl saddles and within +15% for the %” ceramic Novalox
saddles.
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