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The dynamic response of a wetted-wall and of a packed gas absorber to sudden inlet gas com-
position change was investigated both experimentally and theoretically for the case of physical, 
isothermal absorption. Oxygen dissolved in air-saturated water was desorbed into pure nitrogen 
stream in: (i) a 2-68 cm I.D. wetted-wall glass column either 1-44 or 2-65 m long, (ii) 14-3 cm 
I.D. plexiglass pipe packed to a height of 0-51 m with 1-5 cm polypropylene Raschig rings. Vari-
ous gas and liquid flow rates were used. The outlet gas and liquid phase oxygen concentrations 
were continuously monitored using rapidly responding oxygen electrodes. Two different methods 
of calculation which consider the probe response speed in the evaluation of k x a and of the for-
ward gas velocity u% by the dynamic measuring technique are presented: the moment method 
and a modified Heineken method. The latter method enables the determination of kxa from 
a single point of the probe response curve almost immediately after the experiment. A model 
of piston flow in the two phases was used. Reliability of kxa values determined by the dynamic 
methods was verified by comparing them with values of kxa determined under steady-state 
conditions of column operation. The modified method gave more accurate kxa values than the 
moment method. 

A method which would allow for a reliable and rapid determination of the mass 
transfer coefficient while applicable under universal conditions would represent 
an important contribution to the inspection, control, and simulation of industrial 
apparatuses. We have attempted to find such a procedure which would make it 
possible to measure the mass transfer coefficient and, eventually, other parameters 
of a mathematical model of the process concerned in a simple and realistic manner 
so as to meet the requirements of shop operation. 

Gray and Prados1 have applied frequency analysis to evaluate a model of piston flow in the 
two phases. The mass transfer coefficient, the holdup in the liquid phase, and the holdup in the 
gaseous phase were the parameters. These parameters were evaluated from response data for the 
gaseous phase and, hence, the C 0 2 — H 2 0 system was used, i.e., a highly soluble gas. The ex-
perimental results obtained with well soluble gases may be affected by thermal effects and by longi-
tudinal mixing rather more than would gases of lower solubility. In addition to the model quoted, 
these authors also deal with the model of a cascade of mixers and the model of piston flow with 
axial mixing. However, the model of axial dispersion flow does not even consider mass transfer. 
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More recent work by Sakata and Prados2 considers a more complex model taking account 
not only of the parameters mentioned but also of the coefficients of longitudinal effective diffu-
sivity for both phases. However, the model equations cannot be solved analytically for the case 
of physical absorption, and thus they require lengthy evaluation procedures to be employed. 
Bradley and Andre3 resorted to a numerical solution of the piston flow model for both phases 
without axial mixing to describe the dynamic behavior of C 0 2 absorption in monoethanol-
amine solutions. Mellish4, in his brief survey, states that axial mixing is of little importance within 
the range of velocities usually considered; this has also been sonfirmed experimentally by Gray 
and Prados1 for low input signal frequencies. 

The requirements imposed on the method make it clear that it is of advantage to make use 
of dynamic experiments applying a concentration shock at one of the input concentrations. Such 
experiments can easily be carried out using any type of apparatus. The paper by Bandyopadhyay 
and coworkers5 presenting a dynamic method of determining the aeration capacity of fermentors 
is an example. The choice of system, i.e., the system tracer species-liquid and gas phase, remains 
a question. From the standpoint of an earlier developed experimental method6 and with regard 
to the requirement for simplicity of evaluation, it is oxygen that appears to be an advantageous 
tracer species. Inasmuch as oxygen solubility is low, the contribution by mass transfer in gas 
phase can usually be neglected in comparison to the capacity of the gas phase. The measuring 
devices used may be placed in any gas or liquid phase, as long as it does not attack the sensor 
chemically. The dynamic behavior of the oxygen probe proper has been described in detail 
in l i t e ra tu re 6 - 8 . 

THEORETICAL 

C o n s i d e r t h e s a m e m o d e l as G r a y a n d P r a d o s 1 . T h e fo l l o w i n g c o n s e r v a t i o n e q u a t i o n s 
of so lu te c o m p o n e n t f o r t h e gas a n d l iquid p h a s e s u n d e r the a s s u m p t i o n s t h a t h o l d u p s 
a n d flow ra t e s a re c o n s t a n t c a n be de r ived 

C o n s i d e r t h a t in t ime t < 0 t h e Shared c o m p o n e n t c o n c e n t r a t i o n in t h e gas be ing 
i n t r o d u c e d in to t h e c o l u m n is cg a n d t h a t t he l iquid be ing i n t r o d u c e d i n t o t h e c o l u m n 
is s a t u r a t e d wi th this gas . H e n c e , t h e r e is n o in te r fac ia l p h a s e t r a n s p o r t in t imes t < 0, 
a n d a t t — 0 t he s h a r e d c o m p o n e n t c o n c e n t r a t i o n in t h e gas en t e r ing t h e c o l u m n 
is s u d d e n l y c h a n g e d t o t h e va lue cg

+. T h e set ( / ) a n d (2) will t h u s be so lved f o r t h e 
c o n d i t i o n s 

(2) 

C g ( z < z , o) = c ; , 

cs(Z, t * 0) = cg
+ , 

c i ( z , 0) 

(3) 
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C l ( 0 , t > 0) = c° . (6) 

We assume that the absorption-due change of the component concentration in gas 
is negligible. This holds well for the absorption of slightly soluble gases such as 
oxygen or nitrogen, especially at higher values of the ratio VjVx or in pure gas 
absorption. Then the equation (1) is transformed to 

dt cz 

which, together with (3) and (4), yields the solution 

0 = ( Z ' ' - > («) 

where 

= KIK • w 

The resistance to mass transfer being concentrated in the liquid phase in case 
of low solubility gases, the mass transfer rate N may be expressed as 

N = kia(mcg - Cj) , (10) 

where m is the equilibrium factor. Substituting (10) and (8) into (2) we obtain an 
equation leading, with conditions (5) and (6), to the solution 

and 

where 

C l - c+(l - exp {-kxaAt}) for t e <0, fmax> , (11) 

c\ = c+(l - exp {-k.aZlV,}) for t > tmax, (12) 

"i =V1lh1, (13) 

A = u1uJ(V1[ul + u j ) , (14) 

'max = Z ( " g + W l ) / ( " g " l ) ' i 1 5 ) 

In case that the column exit concentration is monitored by the oxygen probe 
according to Hospodka and Caslavsky9, the bias of the probe reading due to slow 
oxygen diffusion across the probe membrane must be taken into account. Using 
the model of one-dimensional molecular diffusion of oxygen across the probe mem-
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brane, Heineken 7 and Linek 8 have derived the actual probe response to a concentra-
tion change defined by the equat ion (11) in the fo rm 

n = ( K ) 
sin (tt ^JB) n = i n \B — 1 

where 
B = k1aAjk . (17) 

The pairs of values r u t can be evaluated f rom the response recordings. Zero time 
may either be determined as that t ime in which the step change of input gas con-
centration was effected or, alternatively, the algorithm proposed by Heineken 7 

may be used wherein the zero time t0 is considered as a parameter of the equat ion (16) 
in which the substitution t' = t + t0 is employed. A nomograph proposed by Li-
nek 6 , 8 may be used to evaluate the former case. This procedure makes it possible 
to determine the B values f rom the probe response curves r x almost immediately 
after the experiment. In addition to above methods, the values of the parameter B 
may be calculated by the method of moments. For instance, for the zero moment /i^ 
of the response (l — T j ) we derive the relation 

fA. — " ( l - r j d t = — + -- - e x p {~Bktm**} -
6k Bk kjBsm(njB) 

2 8 £ ( 1 yexp{~n2kt™*} (is) k n = i n2(n2 - B) 

If known relationships between flow rates, holdups, mean residence times of the 
phases, and the column height are used, the quanti ty A can be expressed as a funct ion 
of those quantit ies on which we are informed by the experiment. Let us show how 
the mean residence time t g of the gas phase can directly be determined f r o m the gas 
phase response. Both Heineken 7 and L inek 6 ' 8 give the following equation for a nor-
malized probe response to a step change of concentrat ion effected at the time t = 0 

oo 

T 1 = 1 + 2 YJ ( — l)n exp { - n 2 k t } . (19) 
n = 1 

Hence, the probe response to the column exit concentration change of the dif-
fusing component in the gas phase, given by the equations (3), (4), and (8) is 

rg = 0 for t ^ Tg 
00 

r g = l + 2 X ( - i ) " e x p { - ^ - T g ) } for t * r B . (20) 
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The mean residence time rg or, respectively, the mean traveling velocity ug of gas 
in column can be determined either from the zero moment of the response (1 — Tg) 
for which it holds that 

f* 00 

£ = 1 (1 - r g ) dt = r g + tt2/6/c = z / « g m + 712/6/c (21) 

or from an arbitrary pair of values Tg, t from the recording for which Tg > 0. For 
instance, the relationship 

t0 5 = Tg = In (0-25)/fc = Z/ttgt + In (0-25)//c (22) 

can be derived from (20) for the time t0.5 read off from the response curve for Tg = 
= 0-5. 

EXPERIMENTAL 

Experimental equipment and procedure. The measurements were made using a column with 
a wetted wall and a packed absorption column. The apparatus is schematically represented 
in the Fig. 1. It consisted of the column 15, the tempering and liquid saturating part 13, the liquid 
supply tank 18, the purification, tempering, and saturating lines for gas 4 through 8, and the 
regulatory and measuring devices 1, 3, 8, and 14. 

The wetted-wall column was constituted by a vertical glass tube of 0-0268 m I.D. and 1-44 
or 2-65 m length, with a liquid film flowing down along its interior surface. A ring of fine sand, 

Scheme of Apparatus 
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" cm wide, was glued to the tube just under the inlet for liquid. This has cut down the length 
of the inlet region of smooth film. The column was equipped with a cont ro l led- tempera ture 
jacket . 

The packed column consisted of a poly (methyl methacrylate) cylinder of 143 m m l . D . and 0-516m 
height. The column was filled with polypropylene Raschig rings of diam. 15 m m to the level 
of 0-51 m. The column was described in detail e lsewhere 1 0 . 

The gas circuits included the reduct ion station 3, the water vapor sa tura t ion 4, ca lming vessel 5, 
filters 6, 7 intended to catch water droplets, and the pressure controller 8. Air n i t rogen were 
used. The gases were led f r o m the flow meters 9 to the three-way cock 10 located jus t before the 
column inlet. The oxygen probe was located at the column exit in the gas phase . T h e gas was 
allowed to escape into the a tmosphere . The method used to effect the entry and the discharge 
of both the phases in the wetted-wall column is illustrated in the Fig. 2. The liquid p h a s e (distilled 
water) was pumped to the tank 18 with discharge 2 and, before entering the column, was saturated 
with air (inlet tube 11, in the tempered saturat ing device 13 with gas dis t r ibuter 12. Here f rom 
it was led to a distr ibutor (Fig. 2) at the column head via the ro tameter 14. It was discharged 
f r o m the co lumn under the gas inlet th rough the oxygen p robe casing 16, escaping to sewage 
th rough the syphon seal 17. A dissolved oxygen analyzer was used to measure oxygen concentra-
t ion. Its principle is based on the polarographic method of two noble metal electrodes maintained 
at a constant polarizing voltage. The p robe reading is propor t ional to the equil ibr ium partial 
pressure of oxygen in the med ium studied under steady-state condit ions. A detailed description 
of the p robe and its prepara t ion for measurement has been given elsewhere9 . High speed t ran-
sistorized recorders T Z 21-S were used to record the responses. 

The step changes of concentrat ion were effected by suddenly changing the type of gas (a i r -n i t ro 
Sen) passing th rough the co lumn by means of turning the three-way cock 10. The experiment 
Proper was conducted so that the air-saturated liquid and the air were introduced into the column. 
The readings of the probes (.s0) corresponding to the oxygen concentrat ions in the two phases 
were recorded. Subsequently, nitrogen was substituted fo r air by means of the cock 10 and , 
at the same time, the recorder paper mot ion was switched on. The response was recorded both 
in the gas and in the liquid leaving the column. On at ta ining a steady state, the probe reading 
(,yk) was recorded. Then the water flow was stopped, the discharge of ni t rogen f r o m the column 
was closed, and hence, nitrogen started passing a round the probe in the liquid phase. The steady-
-state value of the recording of thus obtained corresponded to a zero oxygen concentrat ion. 
Typical response curves of probes placed in gas and in liquid are shown in the Fig. 3. It is clear 
f r o m the figure how the normalized responses F 1 and r g were read off. 

The inlet and outlet section can have a considerable effect on the transient behav iour of the 
system. These were treated here by assuming that flows in tubes could be represented by t ranspor t 
delays, and that the bulk ho ldup elements (the liquid pool in the base of the absorber and the 
volume of the gas line) could represent the t ransfer lags. 

The ho ldup of liquid in the co lumn hx was determined by weighing the liquid discharged 
f r o m the column on suddenly s topping the inflow of liquid into the column. 

Measurements to determine the membrane constant f r o m the response to the sudden gas 
concentra t ion change were conducted in a glass tube equipped with a cock and holding a probe. 
A detailed description of how the membrane constant is determined can be found in 6 . 

The measurements were taken at a tempera ture of 25 and of 20°C in wetted-wall co lumn and 
packed column, respectively, under a tmospher ic pressure; the membranes on the probe were 
f r o m polypropylene 8 . I 0 - 6 or 15 . 1 0 ~ 6 m thick. R u n s were made at five liquid flow rate 
levels (V L . 106 = 2-0, 3-5, 5-0, 6-6, 8-2 m 3 / s ) and! he three gas flow rate levels ( F g . 10 4 = 1-08, 
1-67, 2-17 m 3 / s fo r Z = 1-44 m and Vy . 104 = 1-67, 2-84, 4-13 m 3 / s fo r Z = 2-65 m) with the 
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wetted-wall column and at five liquid (VL. 106 = 16-7, 25-0, 33-3, 41-7, 50-0 m3 /s) and five gas 
flow (Vg . 104 = 0-14, 1-0, 1-67, 2-83, 28-4 m 3 /s) rates with the packed, column. Ten replications 
were made of each treatment. 

R E S U L T S A N D D I S K U S S I O N 

The constants of the membranes used were determined first using a described method6 . 
The constant of the membrane used to analyze the liquid and the gas phases in the 
wetted-wall column was k = 0-482 and 0-548 s _ 1 , respectively, and k = 0-22 and 
0-715 s " \ respectively, in the packed column. 

The values of the forward velocity of gas, wg, and of liquid, ux , were calculated 
by the relations (9) and (13) f rom the data on liquid holdup, volumetric discharge 
rates of the two phases, and tube cross section. The zero moments of the responses 
measured in the gas phase at column exit were obtained by numerical quadrature, 

FIG. 2 

Sketch of the Top and Bottom Parts of Wet-
• ted-Wall Column 

FIG. 3 

Typical Example of Oxygen Probe Response 
Curves in Outlet Gas and Liquid Phase 
to Sudden Inlet Gas Composition Change 
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and were used in turn to calculate the forward gas velocities ugm using the relation 
(21). In the Fig. 4, the values thus obtained are compared with the forward gas 
velocities ug determined from the volumetric discharge rates of gas and from the 
liquid holdups. In the figure are also presented the forward velocities ugt calculated 
from the time t0.5 using the relation (22). The points in the figure represent mean 
values of ten replications of experiment. Dispersion coefficients of both ugm and wgt 

values were in the interval from 7 to 14 and from 5 to 10% for wetted-wall and packed 
column, respectively. The figure indicates that these two sets of values (wgt and wgm) 
are not in good agreement only at extremely low gas flow rates in packed column 
(ug < 0-03 m s _ 1 ) . At values ug higher than 0-1 m s _ 1 the differences between these 
values are small and do not exceed 10%. Fig. 4 shows that the values of «gt and ue 

are in good agreement suggesting that the piston flow model for the gas passing 
through the apparatus is plausible. Only the values u^ and ug determined from the 
flow rates and holdups of the liquid are used in subsequent calculations. 

The values of the inlet and exit concentrations of oxygen in the liquid phase, 
measured under steady-state conditions of column operation, were used to calculate 
the values (/c1a)st from the relation (12). Oxygen probe readings were sampled from 
the response recordings of liquid at the column exit over a period from the moment 
of the sudden gas concentration change at column inlet (t = 0) to the time t = ?max 

at equal time intervals of 0-635 s. From the values thus obtained, the mass transfer 
coefficient values (k1a)d y n were calculated from the zero moments of the res-
ponses measured in the liquid phase column exit using the equation (18). Using 
readings from the diagram showing the dependence (1 — Tj) vs kt and given in6 '8 

we determined the values of (k1a).-J from a single point of the probe response curve 
(r1 ~ 0-7, t) employing a method described in detail in6. Zero time in the record 
can be taken as the time in which the step change of input gas concentration was 

Fig. 4 
Comparison of the Forward Velocity of Gas 
ug Calculated from (9) with the Values ugm 

and «gt Calculated from (21) and (22) 
Wetted-wall column: c Z = 1-44 m, «g t; 

• Z = 1-44 m, «gm; © Z = 2-65, «g t; C Z = 
= 2-65, «g m; packed column: © Z — 0-51 m, 
« _ t ; © Z = 0-51 m, «g m . 
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effected. The accuracy of the determination of zero time can be judged by comparing 
the values of kAa determined f rom various pairs of J \ and t read f rom the same record. 
If the determination was correct, then the values of k a r e constant and inde-
pendent of the chosen pair r x and t. Fo r example, the values of k1a read f rom the 
diagram (Fig. 2 in ref.6) for different pair of Ty and t are 5-97, 6-15, 6-19, 6-09 . 10" 5 

m 2 s~1 for r t ~ 0-4, 0-5, 0-6 and 0-7, respectively. The data were obtained in packed 
absorption column at Vx = 2-5 . 1 0 - 5 m 3 s _ 1 and Vg = 1 0 - 4 m 3 s " 1 . A similar 
results were obtained under all experimental conditions used. The data show that 
the values of kxa do not depend on the and t chosen. The error of kta caused 
by the error of experimentally determined values of k and t can be evaluated and the 
method is described in6 . 

Fig. 5 presents a comparison of the values (kla)dyn with the values (/cxa)st obtained 
at steady-state conditions. The subsequent figure, Fig. 6, gives an analogical com-
parison of the values (k1a) 7 obtained f rom diagram readings with the values (/cifl)st. 
The points in the figures represent mean values of ten replications of^each treatment . 
Dispersion coefficients were approximately 5% for ( k l a ) s t values, 12% and 10% for 
both (kla)dyn and (k1a) 7 values in wetted-wall and packed absorpt ion column, 
respectively. The figures indicate that the values of (k 1a).7 determined by modified 
Heinecken method agree with the values (k^a)^ better than the values of (k1a)dyn, 
determined by the moment method. 

FIG. 5 

Comparison of (kxa)dyn Values Calculated 
from Zero Moment of Response Curve (18) 
with Values Measured Under Steady 
State Conditions of Column Operation 

Wetted-wall column, o Z = 1-44 m, 
• Z = 2-65 m; 0 packed column. 

FIG. 6 

Comparison of (k^d).^ Values Determined 
by Modified Heine ken Method for r t 0-7 
with (A:1a)st. Values 

Wetted-wall column, o Z — 1-44 m, 
• Z = 2-65 m; 0 packed column. 
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CONCLUSION 

The dynamic method, widely used for measuring the mass transfer coefficient k1a in fermentation 
tanks, was successfully applied to determine the mass transfer model parameter in absorption 
columns. The procedure was tested on laboratory apparatus. The method consists in monitoring 
the absorber response to a sudden change of oxygen concentration in the inlet gas using rapidly 
responding oxygen probes applicable in various liquid and gaseous media. The method allows 
to evaluate k^a very rapidly and without computer processing. 

LIST OF SYMBOLS 

A quantity defined by (14) 
a mass transfer area per unit length of column 
B quantity defined by (77) 
c concentration 
h holdup per unit length of column 
k membrane constant 

* i mass transfer coefficient 
m equilibrium coefficient 
N mass transfer rate per unit length of column 
s reading in record 
t time 

^max = Tg + Tj 
U interstitial velocity 
V volumetric flow rate 
z height of packing 
z longitudinal distance from top of packing 

zero moment of response curve 
r normalized response of oxygen probe 
T mean residence time 
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