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Abstract−We did an experimental study on ammonia absorption in a spray tower. The kinetic characteristics of
droplets were investigated by considering the forces acting on a droplet. The gas-phase mass transfer coefficient was
deduced with the Colburn analogy method. A simplified model for predicting NH3 capture with a spray tower has
been presented based on mass transfer and ionic equilibrium, which was successfully validated against experimental
data. The influences and the sensitivity analysis of main operating parameters on the absorption efficiency were ana-
lyzed. As the most sensitive parameter, the mean droplet diameter was obtained by fitting experimental data with an
empirical correlation. The distributions of two typical process parameters along the absorber were also simulated.
Decreasing the pH value of absorbent is an effective but restrictive way to strengthen the mass transfer rate on account
of insufficient liquid-side resistance.
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INTRODUCTION

A colorless, toxic, pungent gas, NH3, is extensively used for man-
ufacturing fertilizers and a wide variety of nitrogen-containing organic
and inorganic chemicals [1,2]. Ammonia emission from various
branches of industry and livestock agriculture has become one of
the major environmental concerns [3,4]. In particular, the emis-
sion of nitro-phosphate tail gas with large discharge, high mois-
ture content and low NH3 concentration has led to severe resource
waste and environmental pollution.

Up to now, various processes have been available for treating
the NH3-laden gas, including catalytic oxidation, biological filtra-
tion, liquid absorption and solid adsorption [2,5-8]. A potential
method for gas purification, without secondary pollution, is to dis-
perse some acid solution (such as dilute nitric acid) to recycle NH3

for producing fertilizers, counting on the acid-base neutralization
reactions. Besides, as a kind of absorbent, the dilute nitric acid is
abundant in a nitrogen fertilizer plant. The liquid absorption with
packed tower seems to be an efficient approach for NH3 removal
because of higher specific surface area and lower operating cost
[9]. However, packed towers suffer from various operational prob-
lems, such as, blocking, scaling, and channeling [10]. In addition,
to handle the large amount of tail gas with low NH3 concentration
from a fertilizer plant requires a very large absorber, resulting in
expensive construction and maintenance. By contrast, spray tow-
ers have been widely researched for the well-known superiorities,
including simple construction, lack of complicated spray elements,
resistance to corrosion, large handling capacity and low investment
costs [11].

Over the past few decades, considerable numbers of studies have

been conducted on mass transfer performance in spray towers.
However, the majority of these were committed to flue gas desul-
furization [12-15], and rarely encountered any gas purification fields
involving NH3. Ocfemia et al. set up a spray system to reduce NH3

emission from livestock buildings, with low inlet NH3 concentra-
tion and high airflow rate, and the NH3 removal efficiency as affected
by airflow rate and nozzle settings was obtained [16]. Javed et al.
investigated the enhancement of mass transfer in a laboratory-scale
spray tower using swirling gas flow with the experimental system
of air-NH3/water. The results indicated that the volumetric mass
transfer coefficient was highly influenced by the gas-liquid flow
pattern [17]. However, the studies are only applicable under some
dedicated conditions; so far, there is a lack of specialized research
on NH3 abatement from industrial tail gas with spray absorber. Addi-
tionally, for a general spray tower, the droplets are generated by pres-
sure nozzle; thus the prediction of mass transfer area seems to be
difficult owning to numerous factors: gas and liquid velocities, coales-
cence phenomena, drop oscillation and dispersion, and wall effect
[18,19].

In fact, as the basic unit of droplets swarm scavenging in spray
tower, the NH3 absorption behavior of a moving droplet, with diame-
ter ranging from tens to hundreds of microns, has been investigated
numerically in detail. Adamowicz et al. investigated the simultane-
ous absorption of SO2 and NH3 by raindrops, and ignored the liq-
uid-phase mass transfer resistance for the case of rapid convection
in the drop [20]. However, Taniguchi et al. proved that the NH3

uptake by water droplet involves both gas- and liquid-phase mass
transfer resistances [21]. Adewuyi et al. proposed a physical-chem-
ical model to investigate NH3 absorption by water drops from trace
gas mixtures, and the results demonstrated that the absorption behav-
ior of droplets was strongly dependent on droplet diameter and
drop distance [22]. Unfortunately, average droplet diameter in indus-
trial scale spray tower is about 1-3 mm, and only a few physical
factors on absorption rate of millimeter-size droplet were performed
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by Eremin et al. with the condition of high NH3 concentration in
gas phase [3]. Besides, the evolution of both physical and chemi-
cal properties of droplets during the falling process is still insuffi-
cient.

The purpose of this paper is to investigate the performance char-
acteristics of a spray tower for NH3 capture in terms of absorption
efficiency, and develop a mathematical model for describing the
NH3 absorption system. A novel lab-pilot spray absorber was de-
signed for eliminating the disturbances of uncertain factors to the
mass transfer area as much as possible. Detailed acid-base prop-
erty inside droplets at different initial pH values will be addressed.
Insights are also given on the contribution of pH value on the frac-
tion of gas-phase mass transfer resistance along the absorber based
on the model simulations.

EXPERIMENTAL SECTION

The experimental apparatus, shown in Fig. 1, mainly consists of
a pretreatment system, an absorption tower and a liquid reservoir.
The simulated mixture with NH3 concentration in the range of 800-
6,000 mg/m3 was generated by assembling air and NH3 into a mixer.
The raw gas entered the tower at the bottom and came out from
the top. The clean gas left the system after the entrained droplets
were removed by a cyclone separator. The dilute nitric acid from
the liquid reservoir was sprayed at the top over a multihole distrib-
utor (perforated plate) with a dedicated pump, and the experiments
were carried out without liquid recirculation. The droplets fell down
and flowed out from the bottom after reacting with the NH3-con-
taining gas. In this way, the flowing gas stream contacted with the
droplet swarm in a counter-current flow arrangement. The pH value
of absorbent was adjusted with dilute nitric acid, and measured by
a calibrated pH meter. The concentration of NH3 in the gas mix-
ture was measured both at the gas inlet and outlet, using a spec-

trophotometric method with Nessler reagent. The absorbent flow
rate was indicated by a calibrated rotameter and controlled by a
specialized valve.

The spray zone is a vertical cylindrical Perspex pipe with meas-
urements of 1.77 m high and 0.1 m inside diameter. At the top of
the zone, a multihole distributor is provided for generating drop-
lets (as shown in Fig. 2), and 40 holes with 1.5 mm diameter are
dispersed uniformly in the form of orthogonal distribution. The
absorbent formed liquid jet firstly, then broke into droplets gradu-
ally due to the gravity and surface tension [23]. As compared to a
pressure nozzle, droplets formed by the perforated plate were able
to drop vertically, because the jet Reynolds numbers were relatively
low at our experimental conditions, and the formed droplets were
almost without horizontal velocity according to Rayleigh breakup
mechanism [24]. Therefore, both coalescence and the wall effect
were largely eliminated. The pipe filler consisting of thin tubes was
used to eliminate the turbulent flow over the perforated plate. Details
of the operating conditions are shown in Table 1.

The drop size in spray tower was measured with photographic
technique. At different experimental conditions, photographs of
the droplet swarm were obtained with a digital single lens reflex
(Canon EOS 5D Mark II). The shutter speed was set as 1/8000 sec-

Fig. 1. Schematic diagram of ammonia absorption system.

Fig. 2. Mechanism of distributor.

Table 1. Experimental conditions of the spray tower
Parameter Unit Condition

β m3/m2·h 25-78

ug m/s 1.2-2.7

cNH3
mg/m3 800-6200

pH dimensionless 1-7

T K 298±3



Modeling and experimental studies of ammonia absorption in a spray tower 65

Korean J. Chem. Eng.(Vol. 33, No. 1)

ond to ensure adequate image resolution. For each experimental
condition, more than 400 drops were counted from photographs,
then the diameter of each droplet was measured by image-process-
ing software. In this paper, the Sauter mean diameter (SMD) was
adopted to represent the mean droplet diameter [25]. To ensure
measurement accuracy, a contrast experiment was conducted to
measure the diameter of a falling plastic beads in practical diame-
ter of 2 mm with the method just mentioned, and relative devia-
tion of the real size and measured diameter was less than 5%.

THEORETICAL BASIS

1. Assumptions
The hydrodynamic and mass-transfer characteristics in spray

tower are considerably complicated [26]. Specifically, the droplet
size depends largely on both the nozzle structure and the spraying
mechanism [27]. To find a simple approach for process simula-
tion, a mathematical model has been developed based on the fol-
lowing assumptions:

1. Gas flow inside the absorber is considered to be plug flow. Nei-
ther collision, coalescence nor secondary breakup of the sprayed
drops occurs in the absorption zone, and the drop size distribution
can be represented by the mean droplet diameter. Furthermore,
the drop is considered to be the rigid ball in shape and the verti-
cal line in trace;

2. The reaction rates in liquid phase are much faster than the
diffusion rates of both active components and dissolved ammo-
nium species. Therefore, the chemical equilibrium, charge balance
and ionic equilibrium in liquid phase are treated as instantaneous
processes, and the resistance to diffusion is localized in a thin film
adjacent to the gas-liquid interface;

3. The phase equilibrium prevails at the drop surface and gas dis-
solution obeys Henry’s law. The effect of evaporation can be ignored,
and the influence of mass transfer on the gas-liquid flow rates is
negligible because the low NH3 concentration.
2. Droplet Motion

First, we should find the hydrodynamic character in a spray tower.

A well-known equation for particle motion is obtained by consid-
ering forces acting on a single droplet, as shown in Fig. 3.

(1)

where ur=|ul|+|ug| is the droplet relative velocity; CD represents the
drag coefficient [28], which can be calculated by

(2)

Re=dρgur/μg is the Reynolds number of droplet. Currently, the buoy-
ancy force can be ignored based on ρl>>ρg; thus, the differential
equation of droplet motion is described as follows:

(3)

where, AJ=3CDρg/4ρld, and the initial drop velocity is almost equal
to the jet velocity u0. Thus, the drop terminal velocity and the spe-
cific surface area along the absorption zone can be described by
Eqs. (4) and (5), respectively.

(4)

(5)

3. Absorber Model
The reaction between NH3 and HNO3 can be considered as an

instantaneous surface reaction. In such conditions, the liquid-phase
mass transfer resistance might be neglected. Although such view
has been accepted extensively [17,29], the practical mass transfer
of NH3 absorption into solution involves both gas- and liquid-side
resistances. Based on the two-film theory, the mass transfer resis-
tance concentrates on the gas- and liquid-film adjacent to the phase
interface, as illustrated in Fig. 4.

For the infinitesimal layer of absorption zone, the mass balance
of NH3 is described by

π

6
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ρ1
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-------- = 

π

6
---d3
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π
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Fig. 3. Schematic diagram of forces acting on a droplet. Fig. 4. Schematic diagram for NH3 absorption into absorbent.
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(6)

where, pNH3 and pNH3, i are the partial pressure of NH3 at the bulk
gas and the interface, respectively; kg is the gas-side mass transfer
coefficient; x represents the total ammonium concentration in liq-
uid phase. For the liquid-side mass transfer coefficient of NH3, the
expression used by Saboni has been adopted in this work [30]:

(7)

In the liquid phase, the active components can be completely
consumed in a very short time according to the second assump-
tion; thus, a reaction interface forms. When the concentration of
active components in liquid phase increases, the reaction interface
begins to move towards the phase interface; when the two inter-
faces coincide, the partial pressure of NH3 at the interface is zero,
and the liquid-phase mass transfer resistance vanishes.

Although several expressions of Sherwood number for gas-phase
mass transfer coefficient (kg) have been proposed in previous stud-
ies [26-28,31], we would like to develop a new approach for deter-
mining kg. According to the Colburn analogy method:

(8)

where, Sh=kgd/Dg, Re=dρgur/μg, Sc=μg/ρgDg. The droplet internal
circulation velocity is much smaller than the relative dropping veloc-
ity between droplet and gas, so the surface velocity is approximately
treated as zero. Moreover, the fanning friction factor (f) is only af-
fected by the surface friction drag. Once the frictional drag is de-
termined, the fanning factor can be obtained from Eq. (9):

(9)

Feng et al. obtained the numerical solution for the flow field dis-
tribution nearby the droplet surface [32]. The results indicate that
the ratio of the frictional drag (Ft) and the total drag (Fdrag) decreases
with increasing the Reynolds number exponentially.

(10)

(11)

Thus, the fanning friction factor can be obtained according to Eqs.
(9)-(11), and the Sherwood number can be developed and simpli-
fied as

Sh=1.083CDRe0.509Sc0.333 (12)

The reasonability of Eq. (12) will be discussed later.
4. Ionic Equilibrium

When dilute NH3 is absorbed into a droplet, the following reac-
tions should be considered:

(13)

(14)

(15)

Thus, the respective molarities of NH3, and NH4
+ in liquid phase

are depended on the pH value. To determine the concentrations
of NH3 in the droplet, the following auxiliary variable is introduced:

(16)

The major species in liquid phase are NH3 NH4
+ H+ OH− NO3

−. In
addition, [NO3

−] is constant for a certain initial component. The
electroneutrality principle in liquid phase is expressed in the form

(17)

If [NH4
+] and [OH−] are replaced by their combinations given by

Eqs. (14) and (15), then Eq. (17) becomes Eq. (18):

(18)

We can clearly see that Eq. (18) contains two opposite sign roots.
Therefore, [H+] can be expressed as:

(19)

The observation of Eqs. (16) and (19) leads to the following rela-
tionship between concentration of dissociative ammonia and total
ammonium in liquid phase.

(20)

According to the two-film theory, the mass flux at the gas-liquid
interface is given by

(21)

Moreover, according to Henry’s law,

(22)

where, [NH3]i represents the dissociative NH3 concentration at the
interface.
5. Parameters

On the basis of previous researches, the droplet diameter should
be the most crucial one among the model parameters, which is de-
termined by the liquid dispersion [12,33]. In this work, the mean
droplet diameter is not a constant, which is primarily influenced
by jet velocity, superficial gas velocity, physical properties of gas-
and liquid-phase [23,25]. By fitting experimental data, an empiri-
cal correlation for mean droplet diameter can be expressed by Eq.
(23):

(23)
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where, We=d0ρlu0
2/σl represents the jet Weber number; Reg=Dρgug/

μg represents the gas Reynolds number. The effective ranges of Eq.
(23) are as follows: 12≤We≤115, and 8,000≤Reg≤18,000. The com-
parison (as shown in Fig. 5) reveals that the droplet diameter in
our work can be described well by the correlation (Eq. (23)) with
the maximum deviation about 2%. The formulas of remaining model
parameters are summarized in Table 2 [18,31,34-37].
6. Calculation Process

The calculation procedure of the model is illustrated in Fig. 6.
The calculation begins at the top of the absorber. The column is
divided into n cells of height Δz, where the absorption rates are cal-
culated by using the current concentrations in liquid bulk and par-
tial pressures in gas bulk as the boundary conditions. In this paper
n=100 is used to ensure enough precision. In every segment, the
gas and liquid bulk concentrations are updated according to the
transferred amount of different species. The dependent equations
are composed of gas- and liquid-phase mass transfer coefficients,
physical property parameters, etc. At present, the model is solved
by the Newton iteration method, and the rigorously convergent
criterion is presumed by requiring the relative difference between

pNH3, in, exp and pNH3, in, cal is smaller than 10−5. The observation of Fig.
6 shows that the program structure is quite concise. Thus, the sim-
ulate results can be conveniently obtained by taking a few seconds.

RESULTS AND DISCUSSION

The ambient temperature was about 298 K. Experiments on the
NH3 scrubbing have been conducted at various operating condi-
tions as mentioned in Table 1. The percentage removal of NH3 is
calculated by the formula:

Fig. 5. A comparison between mean droplet diameter obtained from
experimental data and correlation Eq. (23).

Fig. 6. The strategy of absorption efficiency estimation.

Table 2. Estimation of model parameters
Parameter Unit Formula References

Dg m2/s [31,36]

D1 m2/s [18,35]

HNH3
Pa∙m3/mol [34]

Kb mol/m3 [34]

KW mol2/m6 [37]

9.86 10−3T1.75pair
−1 1

Mair
--------- + 

1
MNH3

------------
0.5

νair
1/3

 + νNH3

1/3( )
−2

×

2 10−9Tμ1 298.15 K
×

298.15μ1
-----------------------------------------

105

ρ1
------- − 

7579.948
T

---------------------  −13.58857 Tln  + 0.008596972T + 96.23184⎝ ⎠
⎛ ⎞exp

ρ1 − 
5914.082

T
---------------------  −15.06399 Tln  − 0.01100801T  + 97.97152⎝ ⎠

⎛ ⎞exp

14.01708 − 
10294.84

T
--------------------- − 0.0392282T⎝ ⎠

⎛ ⎞exp
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(24)

An overall gas-phase mass transfer coefficient is defined by the fol-
lowing equation:

(25)

Thus, the fraction of gas-side mass transfer resistance can be de-
scribed owing to Eq. (26):

(26)

1. Effect of Spray Density on Absorption Efficiency
The NH3 absorption efficiency at pH=1 and pH=7 with a con-

stant inlet NH3 loading of 3,000 mg/m3 has been plotted against
spray density, as shown in Fig. 7. The absorption efficiency increases

η  = 
cNH3, in − cNH3, out

cNH3, in
------------------------------------ 100%×

Kg = 
NRT

pNH3
 − HNH3

NH3[ ]
------------------------------------------

Kg/kg = 
NRT

kg pNH3
 − HNH3

NH3[ ]( )
---------------------------------------------------

Fig. 7. Effect of spray density on absorption efficiency (ug=1.95 m/
s, cNH3, in=3,000 mg/m3).

Fig. 9. Effect of inlet NH3 concentration on absorption efficiency
(β=63.66 m3/m2∙h, ug=1.95 m/s).

Fig. 8. Effect of superficial gas velocity on absorption efficiency (β=
63.66 m3/m2∙h, cNH3, in=3,000 mg/m3).

gradually with increasing the spray density, or decreasing the pH
value. Such results are attributed to the interfacial contact area is in
direct proportion to the spray density (Eq. (5)). Obviously, the simu-
lation results agree well with the experimental data.
2. Effect of Superficial Gas Velocity on Absorption Efficiency

In Fig. 8, the absorption efficiency decreases linearly as the super-
ficial gas velocity increases, and consistency is found between model
and experimental results. Moreover, the absorption efficiency at
pH=1 decreases slower than that of pH=7. Theoretically, the gas-
side mass transfer coefficient can be enhanced slightly with the in-
crease of superficial gas velocity [38]; meanwhile, the contact time
between gas and droplets shortens [14], so absorption in the scrub-
ber cannot proceed sufficiently. In addition, the consumption rates
of active components in droplet rise, which further causes the de-
crease of absorption efficiency. This variation trend also supports
the observation made by Turpin [29]. Besides, the absorptive capac-
ity of absorbent increases with decreasing the pH value; thus, the
evolution of absorption efficiency at pH=1 is relatively stable.
3. Effect of Inlet NH3 Concentration on Absorption Efficiency

The variation of absorption efficiency with the inlet NH3 load-
ing is shown in Fig. 9. The experimentation reveals that the fluctu-
ation of inlet NH3 concentration in the range of 800-6,000 mg/m3

has insignificant effect on the percentage removal. In fact, with in-
creasing the inlet concentration of NH3, the amount of removed
NH3 is increased, and both the numerator and the denominator of
Eq. (24) are increased, almost to the same extent in the present
case.
4. Effect of pH on Absorption Efficiency

Fig. 10 indicates that the percentage removal of NH3 decreases
initially with increasing the pH value and thereafter almost reaches
a constant value when pH>3. Thus, the improvement of chemical
reaction on the absorption efficiency is limited when pH>3. The
reason can be explained as follows: with the decrease of pH value,
the [H+] in the droplet is increased, hence the chemical reaction
rate and absorptive capacity are both increased, and then the liq-
uid-phase mass transfer resistance is weakened. The experimental
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results also indicate that the pH value of 3 should be the obvious
critical condition of transition between physical absorption and
chemical absorption.

Several expressions of Sherwood number for gas-phase mass trans-
fer coefficient have been proposed in previous studies. To attest
that the derived formula for kg in our work (Eq. (12)) is represen-
tative and applicative, the analogous simulation for predictions of
both absorption efficiency and pHout has been executed with dif-
ferent Sherwood numbers, and the classical Froessling correlation
is cited [14,33].

Sh=2+0.6Re1/2Sc1/3 (27)

The observation of Fig. 10 shows that the values predicted by the
present model are in good agreement with the experimental results,
while predictions applied with the Froessling correlation, by con-
trast, have relatively low accuracy. It can be interpreted as the
Froessling correlation (Eq. (27)) slightly overestimates the gas-side
mass transfer coefficient and further enlarges the absorption rate.
5. Sensitivity Analysis

The model sensitivity to process parameters has been performed
to evaluate its reliability [12]. A series of parameters have been iden-
tified to influence the model simulations based on the former re-
searches [33,39], e.g., superficial gas velocity, spray density, liquid
pH, inlet NH3 concentration (see Table 3). Several representative
parameter values have been designated in the analysis, and relative
deviations of boundary values based on intermediate value of each
item are equal to 50%. We can clearly see that the maximum devi-
ation of absorption efficiency of each item varies between 6.9% and
14.6%. As the superficial gas velocity increases, the absorption effi-
ciency decreases sharply; it approximately has the same but weaker

influence of pH value on the efficiency. The spray density increase
from 25 to 75m3/m2∙h has a positive effect on the efficiency ascribed
to the more interfacial exchange area as well as the absorption capac-
ity, and it can lead to an additional percentage removal of around
15.5%. As mentioned earlier, the inlet NH3 loading has a negative
but non-significant effect on the efficiency.

Another indeterminate parameter with intensive consideration
is the mean droplet diameter (as shown in Fig. 11). Note that the
variation of droplet diameter in the range of 1-3 mm has a signifi-

Fig. 10. Effect of pH value of absorbent on absorption efficiency
(β=63.66 m3/m2∙h, ug=1.95 m/s, cNH3, in=3,000 mg/m3).

Table 3. Model sensitivity to process parameters
Parameter Unit Parameter value Corresponding η (%) Maximum deviation of η (%)
Superficial gas velocity m/s 1, 2, 3 93.5, 84.0, 78.9 14.6
Spray density m3/m2∙h 25, 50, 75 80.0, 88.5, 92.4 12.4
Liquid pH - 1, 2, 3 90.9, 86.4, 84.0 06.9

Fig. 11. Effect of mean droplet diameter on absorption efficiency
(β=63.66 m3/m2∙h, ug=1.95 m/s, cNH3, in=3,000 mg/m3, pHin=
7).

Fig. 12. Comparison of predicted values and experimental data for
pH.
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cant effect on the percentage removal. More specifically, the NH3

removal efficiency increases from 78% to 100% with the decrease
of droplet diameter from 2 to 1mm. As the mean diameter decreases,
both the mass transfer area and the contact duration between gas
and liquid are augmented, which is similar to the given analysis
results by Kallinikos, Neveux and Warych [12,27,33].
6. Distribution of Process Parameters along the Absorber

The outlet pH values of absorbent (pHout) were measured in each
experimental run. The comparison between predicted values and
experimental data is shown in Fig. 12. The model results show a
good agreement with the practical data. The maximum relative
deviation is about 10%, and the majorities are less than 5%. Thus,
the variations of pH value of drops can be well predicted by our
model. Hence, the model enables us to predict the NH3 capture
process accurately.

Process simulation is a suitable way for assessing the absorber
performance before performing tests on an industrial scale plant.
As the droplets fall, absorption of NH3 combined with chemical
reactions gradually alkalizes the liquid. Generally, the pH value is
minimum on top of the absorber but reversed at the bottom. These
evolutions are presented in Fig. 13. Note that the variation of pH
values along the tower is non-significant when pHin=1. However, a
sharp change occurs in liquid phase from acidity to alkalinity that
can be detected when pHin from 2 to 7. Besides, the pH curves with
initial value of 5 and 7 are basically identical. Corresponding to
pHin of 2, 3, and 5, the dimensionless falling heights required for
turning the basic droplet to the alkaline one are in the orders of
0.74, 0.12, and 0.01. Thereafter, the pH value of droplet tends to be
stable, which implies that the capture process has been weakened.

The fraction of gas-phase mass transfer resistance (Kg/kg) is an
important parameter and a crucial reference for the interphase mass
transfer [33,40]. Hence, a family of Kg/kg curves can be obtained
for different pHin, as shown in Fig. 14. The result indicates that the
mass transfer among this type of absorber, to a large extent, is gas-
side mass-transfer-controlled. When pHin ranges from 2 to 7, on
the top of the absorber, Kg/kg is high while the pH value is low (Fig.
13); then Kg/kg decreases to about 75% at the bottom. By contrast,
Kg/kg for the NH3 absorption system is about 80-90% in packed

towers [17]. Particularly, when pHin=1, the mass transfer resistance
mainly lies on gas phase. Thus, as we continue to reduce pHin, the
absorption efficiency will remain unchanged, because the liquid-
side mass transfer resistance is eliminated when pHin<1. Note that
the decrease of pH value does not always increase the absorption
rate, but exacerbates the corrosion of equipment.

CONCLUSIONS

An experimental study on ammonia absorption was conducted
in a spray tower. A novel expression of Sherwood number for gas-
phase mass transfer coefficient was presented based on the Col-
burn analogy method. A mathematical model for predicting the
mass transfer performance in the absorber was developed based
on both the two-film theory and the chemical equilibrium in liq-
uid phase, and simulation results were in excellent agreement with
experimental data. The results indicate that absorption efficiency
increases with increasing spray density, and declines with increas-
ing superficial gas velocity, pH value of absorbent and droplet diame-
ter, and the inlet NH3 concentration has insignificant effect on the
percentage removal. The sensitivity analysis demonstrates that the
mean droplet diameter should be the most crucial one among the
model parameters, and an empirical correlation for the diameter is
presented by fitting the experimental data. The initial pH value of
absorbent has a significant effect on the fraction of gas-phase mass
transfer resistance along the absorber, and the mass transfer resis-
tance in liquid-side can only be neglected under certain ranges of
acidity. Furthermore, our research results can provide some com-
prehensive guidance for both NH3 capture in spray absorber and
the theoretical constructions.

NOMENCLATURE

AJ : constant parameter [1/m]
a : specific surface area [m2/m3]
CD : drag coefficient
c : NH3 loading in gas phase [mg/m3]
D : diffusion coefficient [m2/s]Fig. 13. The pH value of absorbent along the absorber.

Fig. 14. The fraction of gas-phase mass transfer resistance profile.



Modeling and experimental studies of ammonia absorption in a spray tower 71

Korean J. Chem. Eng.(Vol. 33, No. 1)

D0 : inner diameter of spray tower [m]
d : mean diameter of droplets [m]
d0 : orifice diameter of distributor [m]
Fdrag : gas resistance [N]
Fg : buoyancy force [N]
F
τ
 : frictional drag force [N]

f : fanning factor
G : gravity [N]
g : gravitational acceleration [N/kg]
H : absorption height [m]
HNH3 : Henry’s coefficient of NH3 for water [Pa∙m3/mol]
Kg : overall gas phase mass transfer coefficient [m/s]
Kb : dissociation equilibrium constant of NH3·H2O [mol/m3]
KW : dissociation equilibrium constant of H2O [mol2/m6]
k : mass transfer coefficient [m/s]
L : volumetric liquid flow rate [m3/s]
M : molecular weight [g/mol]
N : mass flux [mol/m2∙s]
p : partial pressure of component [Pa]
Q : volumetric gas flow rate [m3/s]
R : universal gas constant [J/mol∙K]
Re : Reynolds number
Sh : Sherwood number
Sc : Schmidt number
We : Weber number
T : gas temperature [K]
t : time [s]
u : velocity [m/s]
u0 : jet velocity [m/s]
[X] : concentration of X in liquid phase [mol/m3]
x : total ammonium concentration in slurry [mol/m3]
z : distance form distributor [m]

Greek Letters
β : spray density [m3/m2∙h]
σ : surface tension coefficient [N/m]
η : absorption efficiency [%]
ρ : density [kg/m3]
μ : viscosity [Pa∙s]
ν : molecule volume [cm3/mol]

Subscripts
cal : calculation
exp : experiment
g : gas
in : inlet of spray tower
i : interface
j : cell j
l : liquid or droplet
out : outlet of spray tower
r : relative
T : terminal
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