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Abstract -The mass-transfer factor, for flow perpendicular to varying configurations of liquid jets, has been 
experimentally determined. For the range 10 I Re s 200, the following dependency was obtained j, = 
1.13 Re-0.60 where the usual definition ofj,, has been slightly modified. At Re = 10 the result lies about 30% 
above data for heat and mass transfer to a stationary cylinder placed normal to the flow. The deviation 
decreases with increasing Re number and for comparison, ten expressions from the literature were adapted. 
The deviation was discussed in terms of the laminar film generated parallel to the jets and the wake flow 
generated behind each jet. Obviously, one can predict approximately mass transfer to liquid jets placed 
normal to the flow by using an expression for a stationary cylinder under similar conditions. The result can be 
improved by correcting for the effect caused by the wake flow and the parallel film, together with a geometric 

factor. For this purpose a semi-empirical model is suggested. 

NOMENCLATURE 

spacing between centre of two jets in flow 
direction [m] ; 
mass-transfer area [m’] ; 
spacing between centre of two jets normal to 
flow direction [ml; 
specific heat of fluid [J/kg K] ; 
jet diameter, cylinder diameter [m] ; 
diffusion coefficient in fluid [m’/s] ; 
configuration factor ; 
gas flow [m3/s] ; 
heat-transfer coefficient [J/K m2 s] ; 
heat- and mass-transfer factor ; 
thermal conductivity of fluid [J/K m s] ; 
mass-transfer coefficient [m/s] ; 
spacing between centre of a jet and wall [m] ; 
constant ; 
constant ; 
partial pressure of sulphur dioxide [Pa] ; 
time [s] ; 
superficial velocity [m/s]. 

Subscripts 

4 mass transfer ; 
e, without jets ; 
k heat transfer ; 
in, inflow ; 

Jt with jets; 
out, outflow ; 

P9 specific heat at constant pressure. 

Superscript 
* residence time of liquid jets. 

Greek symbols 

a, increase in heat- and mass-transfer rate due 
to the wake flow; 

V, kinematic viscosity of fluid [m’/s] ; 

PV density of fluid [kg/m3]. 

Dimensionless groups 

Nu, = hd/k, Nusselt number; 

Pr, = c,vp/k, Prandtl number ; 
Re, = dU/v, Reynolds number; 

SC, = v/D, Schmidt number; 

Sk = k,d/D, Sheerwood number; 

Tr, = d2/t*v, residence-time number. 

INTRODUC’ITON 

AN ATTRACTIVE alternative to conventional gas clea- 
ners is the multi-jet absorber. Among its advantages 
are its good mass-transfer properties, extremely low 
pressure drop and lack of need for any separation 
equipment for the two phases. No packing is needed 
for holding the liquid and its contact time is very short, 

which is sometimes good from the viewpoint of 
selectivity. The multi-jet absorber can also be used for 
laboratory investigations. The principle of a multi-jet 
absorber is shown in Fig. 1. 

FIG. 1. The principle of a multi-jet absorber. 
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One of the main problems with the multi-jet absor- 
ber is to determine the mass-transfer coefficient, in the 
gas phase, for the liquid jets. Several important aspects 
are involved, such as the velocity of the perpendicular 
gas flow, the velocity of the liquid jets and the 
configuration of the jets. 

Heat and mass transfer to a stationary cylinder can 
be shown to have similarities with mass transfer to 
liquid jets. In the literature it is possible to find mass- 
and heat-transfer factors, represented by an equation 
of the type 

j = mRe_” (1) 

For mass transfer, the following definition is 
conventional 

Sh 

(2) 

and for heat transfer 

NU 
Jh = RePr~t3 

In this investigation, the mass-transfer coefficient, for 
the gas phase, was experimentally determined for a gas 
flowing perpendicular to varying configurations of 
liquid jets. In the test runs sulphur dioxide was 
absorbed in a small multi-jet absorber, with sodium 
hydroxide as the scrubbing agent. The results were 
compared with data valid for flow perpendicular to a 
stationary cylinder. Based on this comparison, a 
general model for predicting mass transfer to liquid 
jets was proposed. 

APPARATUS AND EXPERIMENTS 

The absorber was 0.4 m long and 0.04 m wide, with 
jets about 0.08 m long. Generation of the jets was 
carried out with perforated steel plates. Air was passed, 
via a distributor, through the smallest cross-section. 

The mass transfer was simulated by absorption of 
sulphur dioxide in a 0.2 M sodium-hydroxide solution. 
The air contained about 2000vpm sulphur dioxide, 

and the reaction was infinitely fast at the interface, so 
the whole concentration distribution was located in 
the gas phase. The concentration in the gas was 
measured at the entrance to and the exit from the 
absorber, both in the presence and absence of jets. 
using a continuous IR-spectrophotometer. The mass- 
transfer coefficient was calculated using 

kd=z{ln(e)j-ln(e)j (4) 

where G is the gas flow and A is the total mass-transfer 
area of the liquid jets. pin and pout are the partial 
pressure of sulphur dioxide in the entrance and exit 
flows, respectively. The subscripts j and e indicate 
measurements with and without jets in the absorber. 
Equation (4) assumes that the same amount is absor- 
bed by the bottom surface with and without jets. This is 
a rather good approximation, because the contri- 
bution from the bottom surface is relatively small. 

Three different kinds ofjet configurations, as shown 
in Fig. 2, were examined. Ninety-five jets, with a 
diameter of lo- 3 m, were used in all experiments. The 
absorber void fraction was >0.99 and the maximum 
velocity exceeded superficial velocity by less than lY;, 
in the most extreme case. 

The 0.08 m long jets had a mean velocity of 3 m/s, 
corresponding to a residence time of 0.027 s, if acceler- 
ation is taken into consideration. 

The Re number ranged from 10 to 200, and was 
based upon the superficial velocity. At Re numbers 
higher than 200, a bending of the jets could be 
observed. At Re numbers below 10, it was difficult to 
analyze the gas concentration in the exit flow due to 
high absorption efficiency. 

During the experiments the temperature was 30 + 
2°C. The diffusion coefficient for sulphur dioxide was 
calculated from Hirschfelder’s equation to be 1.30 x 
10m5 m*/s at this temperature, corresponding to SC = 
1.25. Hirschfelder’s equation can be found in any 
standard text treating the subject of diffusion. The 
value was checked using other equations and the same 
result was obtained. 

0 0 0 0 Lme 
Flow 

0 Of 0 0 
dlrectm 

__-a_ I b 

0 0 0 0 
I 

ROW 

FIG. 2. The jet configurations investigated. For configuration 2, the middle line constitutes only 31 jets. 
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03, , 

FIG. 3. A plot of the experimental data and the fitted curve. The mass-transfer factor as a function of the Re 
number. 
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EXPERIMENTAL RESULTS 

Basic data, corresponding to 80 test runs, are plotted 
in Fig. 3. Some of the points in the figure are based on 
more than one run. By introducing a factorf, it was 
possible to represent data for all configurations with 
one relationship 

j, = 1.13 Re-0,60 (5) 

where 

and 

Sh 
Jd = ReScu3f (6) 

f = (1 + d/a)3’4 (7) 

d and a are respectively the jet diameter and the 
spacing between the centre of two adjacent jets in the 
flow direction lines (see Fig. 2). The presented form of 

the mass-transfer factor is similar to that conven- 
tionally used for a single stationary cylinder, with the 
exception of the factor5 This factor is explained later 
on in the theoretical discussion. 

LIQUID JETS COMPARED TO A SINGLE 
CYLINDER 

In Fig. 4 equation (5) is compared with some data 
for heat and mass transfer adapted from the literature. 
The equations plotted are valid for flow perpendicular 
to a single tube, cylinder or wire. Furthermore, it has 
been assumed that heat and mass transfer are anal- 
ogous, and therefore j, = j,. As can be seen, transfer to 
liquid jets in general is faster than to a stationary 
cylinder, and this effect is slightly enhanced with 
decreasing Re number. The difference observed is due 
to the film generated along the jets and the disturbance 
of the flow pattern by upstream jets which will affect 

a This work Mass transfer 

b Vogtldnderet ol.[llMuss transfer 
c Grassmann C27 Moss transfer 
d Hilpert C31 Heat transfer 
e Ulsamer E41 Heat tmnsfer 

Heat transfer 
g Perry et al.C61 Heat transfer 
h McAdams t73 Heat transfer 
i Davis C81 Heat transfer 
J Kutateladze C91 Heat transfer 

FIG. 4. A survey of heat- and mass-transfer data, for flow perpendicular to a cylinder, wire or tube. The mass- 
transfer factor as a function of the Re number. 
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the flow field of downstream jets. Parameters of 
importance for the latter phenomenon are mainly of 
geometric origin. 

Geometric aspects 

Johansson [lo] investigated flow around a cylinder 
between two plates with l/d = 5, where I is the spacing 
between the major axis of the cylinder and the wall and 
d is the cylinder diameter. According to Johansson the 
wall effects are of no significance at Re 2 10. Since l/d 
2 6.6 in this investigation, the influence of the walls on 
the flow around the jets was neglected. The same was 
true for adjacent lines ofjets because b/d 2 6.6, where b 
is the spacing between the centres of two jets normal to 
the flow direction. 

When the superficial velocity was chosen as the basis 
for the Renumber,& did not vary with b/d and this is in 
agreement with the previous discussion. 

The jets placed in the same line are assumed to 
interact with each other in two ways. First an arbitrary 
jet is shadowing other jets downstream. According to 
Sissom et al. [ 1 l] it is possible, at b/d > 1.5, to increase 
the efficiency by increasing a/d. In this investigation a 
factorfwas therefore introduced, and it was suggested 
thatfshould vary with a power of (1 + d/a). According 
to Jakob [12] a similar factor is recommended, with 
the power of l/2, for tubular heat-exchangers. In this 
investigation the best fit was obtained with the power 
3/4, resulting in equation (7). With no shadowing it 
was assumed that f + 1. 

The second phenomenon is due to the wake flow 
generated behind each jet. The wake flow is assumed to 
prevail a certain distance after the jet, and thus affect 
downstream jets. It is expected that this phenomenon 
would be largely independent of the ratio a/d, since the 
wake length is much larger than a. Very little data is 
available for predicting this influence. However, some 
data have been given for heat transfer from bundles of 
tubes. According to Sissom et al., the heat-transfer rate 
is increased by a factor u = 1.56, if the bundle is 10 
rows or more deep. However, it should be noted that 
the above mentioned a-factor is valid only for Re 
numbers from 500 to 20000. 

The ,film generated by the jets 

The film generated along the jets enhances the mass- 
transfer rate. When there is no cross flow, this film is 
laminar. The phenomenon can be considered as a flow 
parallel to a cylinder or as a moving continuous 
cylinder and theories for both cases are similar. When 
a cross flow is introduced, a wake will be generated 
behind each jet, due to separation. For a smooth tube 
Johansson calculated the angle of separation by 
solving the Navier-Stokes equation. From his results 
the wake can be calculated to affect 22”/, of the whole 
cylinder surface at Re = 10 and to increase with 
increasing Re number. Schlichting [13] followed the 
same procedure by means of Blausius’s series. In his 
case the wake affects 40% of the cylinder area, 
independent of the Re number. Probably small ripples 
on the jet surface are enough to decrease strongly the 
affected part. 

The part corresponding to the wake therefore will 
give a turbulent film but this is difficult to take into 
account. However, with data taken from Bennet et al. 
[14] it can be shown that the mass-transfer rate for a 
laminar and turbulent film will have the same 
magnitude. 

The Sh number depends on the SC and Tr numbers, 
where 

d2 
Tr = ;< 

d is the jet diameter, v is the kinematic viscosity of the 
gas and t* is the residence time of the liquid jets. The Sh 
number discussed here is a mean value. In Fig. 5, the 
group ShlSc II3 is displayed as a function of Tr 
according to various models. Experimental data from 
Bjerle et al. [15] have been included for comparison. 
The data are based on absorption of sulphur dioxide in 
a NaOH solution by means of a single laminar jet. 
Figure 5 is valid for SC = 1.25, but from an in- 
vestigation by Karnis et al. [16], it can be concluded 
that the group Sh/Sc 1 I3 is almost independent of SC, if 
common gases are utilized. Data for the models were 
taken from Eichhorn et al. [17] and Sherwood et a/. 
[18] (model l), Crank [ 191 (model 2), Karnis et al. [ 161 

I Laminar flow, flat plate 

2 Rodlike flow,cylinder 

3 Laminar flow.cylinder 

Experimental. Bjerle et al.Cl51 

Tr 

FIG. 5. The average Sh number for flow along a cylinder, or for a continuous moving cylinder, according to 
various models, at SC = 1.25. Sh/Sc”3 as a function of the Tr number. 
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(model 3) and Sakiadis [20] (model 4). 
In this investigation Tr = 2.3 was utilized in all test 

runs. 

A GENERAL MODEL 

The mode1 proposed provides that the estimation of 
mass transfer to liquid jets can be based on a re- 
lationship valid for a stationary cylinder. In the 
following outline the data of Davis ES] have been 
chosen. The data can be described by 

S~/SC”~ = 0.86 Re0.43 

Re I 200. 

(9) 

Equation (9) thus describes mass transfer to a single 
jet, in the limiting case where the jet residence-time is 
infinite. In the general case equation (9) predicts a too 
small a value for a single jet, since the film generated by 
the jet enhances mass transfer, as previously 
mentioned. 

The problem can be regarded as two perpendicular 
flows over a curved surface. For the hypothetical case 
where the surface is flat, the estimation can simply be 
carried out by utilizing the resultant of the Re numbers 
for the two flows. Since the flows over the curved 
surface are governed by one Re number and one Tr 
number, the difference in influence on mass transfer of 
these two numbers is not known. However, it was 
found from Fig. 6, that equation (9) can be used for 
estimation of the group Sh/Sc1’3 for a single jet with no 
cross flow, by replacing the Re number with the Tr 
number multiplied by the constant 2.5. By applying the 
analogy with the flat surface, the estimation of mass 
transfer to a single jet with cross flow can be carried 
out, utilizing 

Sh/Sc”3 = O.M(J[Re’ + (2.5 Tr)2])0.43. (10) 

A similar problem is that of a rotating cylinder with 

cross flow. Kays et al. [21] investigated this problem 
experimentally for three different values for the rotat- 
ing Re-number. They suggested an equation anal- 
ogous to equation (10). The constant corresponding to 
2.5 in equation (lo), was in their case obtained 
intuitively and not through a fit of the experimental 
data. However, by applying the method proposed here 
to the test runs by Kays ef al., a constant similar to that 
found by them intuitively was obtained. 

Since equation (10) was developed for a single jet, 
the previous reasoning concerning the wake flow has 
to be taken into account, when a line of jets is 
considered. Comparing equations (5) and (lo), forf = 
1, an a-factor similar to that proposed by Sissom er al., 
can be obtained. Equation (5) gave values larger by a 
factor ranging from 1.18 t.o 1.12. By utilizing a mean 
value, the final formula became 

Sh/Sc’j3 = 0.98(Re2 +6.3 TrZ)0~215f i. (11) 

~i~~taf~ons 

For application to the design of a multi-jet absorber, 
certain limitations have to be set for preventing or 
minimizing the following effects ; 

(1) Liquid entrainment. 
(2) Coalescence of the jets. 
(3) Formation of drops instead of jets. 
(4) Bending of the jets, due to the gas Row. 
(5) High liquid re~rculation ratio. 

The following geometric limitations are recommended 

a/d, b/d r 3.5 
0.5 I d I 2 mm (suggested choice: 1 mm) 
Jet length i 0.15 m. 

The parameters governing equation (11) should lie in 
the following ranges 

Res200 
0.5 s Tr I 5 
1 <j-s 1.21 

Re 

0 Porailel flow (experimental), Bjerle et al. Cl51 

--- PoralIel flow (model). Karnia et al. Cl63 

- Perpendicular flow (correlation). Davis C61 

I I 
I 10 

Tr 

0 

FIG. 6. Sh,&? as a function of the Re and 7% numbers, for flow ~r~ndicular and parallel to a cylinder, 
respectively. The same equation can be used for parallel and perpendicular flow by putting Re = 2.5 Tr. 
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Table 1. The k,A value for various types of absorbers 6. 

TYPE OF ABSORBER 

MULTI-JET ABSORBER 

PACKED TOWER 

PLATE TOWER 

SPRAY SCRUBBER 

BUBBLE COLUMN 

I 

I 
‘(d A (l/s 

1 - 30 

0.01 - 10 

0.5 - 30 

0.3 - 2 

2 - 4 

r 1 

I 

1 

THIS WORK 

KWANTEN ET AL. [22] 

KWANTEN ET AL. [22] 

The multi-jet absorber compared with commercial 

absorbers 

In the table, the magnitude of the k,A value for the 
multi-jet absorber is shown. As a comparison, data for 
different types of absorbers are included. 

CONCLUSIONS 

Mass transfer to liquid jets can be determined by the 

equation 

Equation (11) is valid for 17 

1. 

2. 

3. 

4. 

5. 

Re < 200 f 5 1.21 b/d 2 5 
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ETUDE EXPERIMENTALE DU TRANSFERT MASSIQUE ENTRE UN GAZ EN 
MOUVEMENT ET DES JETS LIQUIDES 

RCumC - On a d&ermine extirimentalement le coefficient de transfert massique pour des icoulements 
perpendiculaires $ des jets liquides. Dans le domaine 10 < Re < 200, on obtient la relationj, = 1,13 Re-0,60 
oi la definition habituelle dej, est ICgerement modifi6e. A Re = 10, les r&ultats sont de 30% superieurs g 
ceux du transfert de chaleur et de masse P un cylindre fixe plac6 normalement B 1’6coulement. L’6cart d&croit 
quand le nombre Re augmente et on adapte dix expressions antdrieures. L’&cart est disc& a partir du film 
laminaire g&n&C et parallile aux jets et du sillage form6 derrike chaque jet. On pcut prtvoir 
approximativement le transfert massique pour des jets liquides perpendiculaires B l’dcoulement, en utilisant 
une expression pour un cylindre fixe dans des conditions semblables. Le rdsultat peut itre amtliori en le 
corrigeant des effets provoquds par le sillage et le film paralltle, a l’aide d’un facteur gtomktrique. On suggere 

un modtle semi-empirique. 
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EINE EXPERIMENTELLE UNTERSUCHUNG DES STOFFOBERGANGS VON EINER 
GASSTR6MUNG AN FLOSSIGKEITSSTRAHLEN 

Zusammenfassung-Stoffiibergangszahlen fiir die Striimungnormal zu unterschiedlichen Anordnungen von 
Fliissigkeitsstrahlen wurden experimentell untersucht. Fur den Bereich 10 < Re < 200 wurde die folgende 
AbhLngigkeit j, = 1,13 Re-036* erhalten, wobei die iibliche Definition von j, leicht modifiziert wurde. Bei 
Re = 10 liegt das Ergebnis etwa 30% iiber Werten fur Wirme- und Stoffiibergang an einem ruhenden 
Zylinder, der normal zur Stromung angeordnet ist. Die Abweichung nimmt mit zunehmender Re-Zahl ab, 
und zum Vergleich wurden 10 ~iehungen aus der Literatur herangezogen. Die Abweichung wurde 
hinsichtiich des parallel zu den Strahlen erzeugten laminaren Films und der hinter jedem Strahl erzeugten 
NachIaufstr~mung diskutiert. Offensichtlich kann man nBherungsweise den Dtoffilbergang an 
Fhissigkeitsstrahlen vorhersagen, die normal zur Stromung angeordnet sind, indem man einen Ausdruck fiir 
stationare Zylinder unter Ihnlichen Bedingungen verwendet. Das Ergebnis kann verbessert werden durch 
Korrektur fur den Einflufl der Nachlaufstriimung und des parallelen Films sowie durch einen geometrischen 

Faktor. Zu diesem Zweck wird ein halb-empirisches Model1 vorgeschlagen. 

~KC~EPHMEHTA~bHOE ~CC~E~OBAHHE MACCOIIEPEHOCA OT HOTOKA l-A3A 
K CTPYIIM ~H~K~T~ 

A~~o+auwa- ?KCnepnMeHTaJtbHO onpenenee KO3~~~U~eHT MacconepeHoca Anr nOTOKa ra3a, tianpa- 

BAeHnOrOnepneHAnKyn~pHoCTpy~M xKltirKocTanepehfewioii Ko@wypawsi.&rr nrfana30iia 3natteHsiE 

wcna PeiiHonbnca 10 2 Re 5 200 nonyveHa cneny~ntaa 3aiwWMocTb j,,= I,I~RP-*~~~ me otiwe- 

npknia-roe 0npeneneHue jd HecKonbKo Mone&iqupoBaHo. Ilpa Re= 10 nonyraeMbG pe3ynbTaT Ha 

309'; BbILUe naHHblX~na HenOABWKHOrO WiJInHApa, paCnOAOxeHHOr0 nepneHAHKynRpH0 HanpaBneHHH, 

noToKa. C ysenmewfebf wcna Re 3~0 pacxomnenue yMeHbmaeTca. fina cpaBHeHHa HCnOnb30BaHbl 

AeCRTb 3aBWiMOCTe8, BJIITbIX N3 Olly6JlHKOBaHHbIX UCTO’IHWKOB. PaCXOmeH&ie B 3Ha’leH1(11X O~MCH~- 

eTC9 HanwiRer AaMlcHapHOfi nneHK3i, o6pasyromeficn napannenbflo CT~~HM, u cneAHblM TeqewieM, 

KHAyUpOBaHHblM KaXUOfi CTpyek nepHOC MaCCbI X CTpyRM WiAKOCTN, HanpaBJleHHbtM IlepneHAli- 

KyAXpHO nOToKy, BepOflTHO, MOH(H0 npEif%IHX(eHHO PaCCWTaTb C IIOMOllJbK) BbIpameHHII DAK He- 

noABn~HOrO~nAnHApaBaHa~OrH~HbrXyC~OB~X. 6Onee TO09Hblii pe3yAbTaTMOmHO nO_'lyWTb 3aC&T 

BBeAeHrisi nonpaBKu Ha BnHIiHHe Tesettwi B CneAe w B napanneAbH0~ nneere, a TaKxe BneAeHHK 


