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In the present work the spray absorption method is studied for the absorption of ammonia 
refrigerant vapour by lithium nitrate – ammonia, and water – ammonia solutions. Mass 
transfer coefficients attainable using the spray absorption method in the low-pressure 
absorber of a double-stage absorption refrigeration system are calculated. The results 
show that the mass transferred is maximum (about 60 % of the total) during the droplets 
deceleration period for the lithium nitrate – ammonia solution. This period represents 
about 12.5 % of the droplets residence time inside the absorber until they reach the 
equilibrium state. An average mass transfer coefficient equal to km = 18.6·10-5 m/s may be 
attained. In the case of the water – ammonia solution, during the droplets deceleration 
period about 99 % of the ammonia vapour is absorbed. This period represents almost 100 
% of the droplets residence time inside the absorber. An average mass transfer coefficient 
equal to km = 11·10-4 m/s may be obtained. 
 

 
1. Introduction 
 
Traditionally laminar falling film absorbers are used in absorption refrigeration systems. 
However, at present other absorption methods are being studied aiming the reduction of the 
heat and mass transfer area and consequently of the absorber dimensions. This reduction 
could be performed increasing the contact surface between the solution and the refrigerant 
vapour. One method for maximising the interfacial area, known as spray absorption, consists 
on dispersing the solution in small droplets inside an adiabatic chamber. The absorption heat 
is extracted using a conventional plate heat exchanger.  
If spray absorption is used the mass and heat transfer processes are divided in separate 
apparatus and the absorption occurs inside the adiabatic chamber. In this case the heat transfer 
coefficients increase considerably because the heat exchange equipment to use is a 
conventional liquid – liquid exchanger. The resulting area can be about one half that of a 
conventional falling film absorber. If we take into account the no complexity and the low 
price of the absorption chamber, then the total costs of the machine can be significantly 
reduced. 
Some theoretical and experimental studies about droplets absorption using water as refrigerant 
have been developed [1-8]. Nevertheless, as far as we know, there are no reported studies on 
spray absorption systems employing ammonia as refrigerant. In this paper we study the 
lithium nitrate – ammonia (LiNO3-NH3) and water – ammonia (H2O-NH3) systems. 
The objective of this paper is to determine and compare the mass transfer coefficient 
attainable using the spray absorption method and the LiNO3-NH3 and H2O-NH3 solutions. 
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Numerical computations are used to solve heat and mass transfer conservation equations. In a 
previous paper, Venegas et al. [9] presented results for the droplets deceleration period inside 
the absorption chamber using the LiNO3-NH3 solution.  
 
 
2. Analysis 
 
For this study the LiNO3-NH3 and H2O-NH3 solutions and ammonia vapour properties have 
been taken from Infante Ferreira [10,11], Kusaka et al. [12], IIAR [13] and ASHRAE [14]. In 
Table 1 and Table 2 the subcooled solutions and vapour properties are shown respectively. 
These data correspond to the conditions of the low-pressure absorber of the double-stage 
refrigeration machine analysed by Izquierdo et al. [15] and Venegas et al. [16]. 
Calculation of the mass transfer coefficients is performed considering the atomiser zones 
shown in Figure 1: intact length, droplet deceleration and uniform movement. 

 
Table 1a. LiNO3-NH3 solution properties. 

x 
(%) 

T 
(ºC) 

P 
(bar) 

ρd 
(kg/m3) 

µd 

(mPa⋅s) 
Cp 

(kJ/kg K) 
R 

(µm) 
σ 

(N/m) 
α 

(m2/s) 
D 

(m2/s) 
L  

(kJ/kg) 
36.7 40 2.36 1132 7.62 2.62 30 0.052 5.1⋅10-7 0.74⋅10-9 1.31⋅103 

 
Table 1b. H2O-NH3 solution properties. 

x 
(%) 

T 
(ºC) 

P 
(bar) 

ρd 
(kg/m3) 

µd 

(mPa⋅s) 
Cp 

(kJ/kg K) 
R 

(µm) 
σ 

(N/m) 
α 

(m2/s) 
D 

(m2/s) 
L  

(kJ/kg) 
31.2 40 2.39 863.4 0.485 4.42 30 0.054 1.5⋅10-7 1.77⋅10-9 1.31⋅103 

 
Table 2. Ammonia vapour properties. 

Tsh (ºC) Ts (ºC) ρc (kg/m3) µc (Pa s) 
10 -15 1.76 9.8⋅10-6 

 

 
Fig. 1 Atomisation process zones. 

2.1. Intact Length 
 
For the estimation of the mass transfer coefficients in this zone the relation given by Ryan et 
al. [5], Equation (1), valid for Graetz (Gr) numbers greater than 100, is used. 
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The lengths of the intact zones are calculated using the relation proposed by Bayvel and 
Orzechowski [17]: 
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2.2. Droplets deceleration 
 
In this zone the simulation model described in Venegas [18] is used. A single spherical 
droplet of radius R translating and experimenting absorption of ammonia vapour is 
considered. The model bases on the following hypothesis: 

a) The droplet keeps the spherical form during its fall. 
b)  The heat release occurs at the interface between the droplet and the surrounding 

vapour.  
c) The radius of the droplet is constant. 
d) The coalescence and collisions between droplets are not considered. 
e) The contribution to mass transfer of the liquid film falling by the absorber wall is 

insignificant. 
A numerical simulation procedure is used for determining the mass transfer coefficient 
achievable during the spray absorption of ammonia vapour by solution droplets. This 
procedure is based on the simultaneous solution of the heat and mass transfer conservation 
equations in a solution droplet, together with the appropriate initial and boundary conditions: 
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The initial conditions are: 
             for t = 0,  and T  for all                         (5) oxx = oT= r
The boundary conditions are: 

          in = 0, r 0=
∂
∂

=
∂
∂

r
T

r
x  for t > 0                 (6) 

          in = R,  and T  for t > 0                   (7) r eqxx = eqT=

Also in = R:  r
               (8) sTax eqeq +⋅=

             (9) mLq ⋅−=

          in θ = 0 and θ = π, 0=
θ∂

∂
=

θ∂
∂ Tx  for t > 0                 (10) 

Velocity components inside droplets should be known before solving the system of Eqs. (3)-
(10). Equations to use for the radial and angular velocities depend on the droplets Reynolds 

 



 

number. For Re < 1 the radial and angular velocity components are obtained using the 
Hadamard – Rybczynski equations. In the case of 10 ≤ Re ≤ 250 the equations reported by 
Uribe-Ramírez and Korchinsky [19] are used. In the present study the droplets Reynolds 
number varies from high Re at the atomiser outlet, because of the high initial velocity, to Re 
between 1 and 10 for the droplets terminal velocity. In the case of Reynolds numbers in the 
range 1 ≤ Re < 10, the results obtained using the Hadamard – Rybczynski equations should be 
approximately valid. This is because, according to Clift et al. [20], the fluid recirculation and 
wake formation in the rear of the droplet only begin for Reynolds numbers higher than 20. 
For the numerical solution of Eqs. (3) and (4) and the corresponding initial and boundary 
conditions (5)-(10) the finite difference method is used. The application of the finite 
difference technique to partial differential equations, as Eq. (3) and (4), is described by 
Anderson et al. [21]. This technique has been extensively used [22,23] to solve heat or mass 
transfer problems in spherical droplets. A totally implicit method has been selected, in this 
case the Crank-Nicholson method [24,25]. 
 
2.3. Uniform movement 
 
In this zone the calculation of the mass transfer coefficients is also made using the simulation 
procedure. Droplets have already achieved their terminal velocity and the initial conditions for 
the simulation correspond to the final conditions of the droplets deceleration process. 

 
 

3. Mass transfer coefficients 
 
3.1. Intact length 
 
In the present case Gr = 3.1⋅104 for the LiNO3-NH3 pair and Gr = 1.5⋅105 for the H2O-NH3 
solution. Then, Eq. (1) can be applied. The mass transfer coefficients obtained are km = 
1.98⋅10-4 m/s for the LiNO3-NH3 solution and km = 10.3⋅10-4 m/s for the H2O-NH3 pair. 
These mass transfer coefficients are very high. However, the interfacial area is lower than the 
one obtained after the fragmentation of the liquid columns. Also the residence time of the 
fluid particles in this zone is very short because of the high initial velocity of the fluid. For 
these reasons the mass transferred in this zone is not high, as later will be shown. 
 
3.2. Droplets deceleration 
 
From the simultaneous solution of Eqs. (3)-(10) the variation of ammonia concentration and 
temperature in the LiNO3-NH3 and H2O-NH3 solution droplets is obtained. Figure 2 shows the 
increase of ammonia concentration, as a function of time, during the period of droplet 
deceleration inside the absorption chamber for the LiNO3-NH3 solution. This period 
corresponds to 0.081 seconds for the given conditions. 
Figure 2 shows that at the beginning of the deceleration period the area near to the droplet 
surface (r = R) achieves a high concentration of ammonia. This concentration increase is less 
pronounced in the medium zone (r = R/2) and the droplet central point (r = 0) keeps at the 
initial concentration (36.7 %). Gradually ammonia is diffused from the surface to the droplet 
centre. At the end of the deceleration period the ammonia concentration at the droplet central 
point has already increased to 37 % and the average ammonia concentration of the droplet is 
equal to 37.9 %. This value is achieved in 0.081 seconds and it corresponds to 63 % approach 
to equilibrium. As it can be seen the ammonia concentration increases very rapidly in the 

 



 

droplet. This is because the droplet diameter is small. The average mass transfer coefficient 
obtained in this zone is km = 8.6⋅10-4 m/s. 

 

 
Fig. 2 Increase of ammonia concentration on time for the LiNO3-NH3 solution. 

 
Figure 3 shows the evolution of ammonia concentration in the droplet during the deceleration 
period for the H2O-NH3 system. It can be seen a more rapid increase of ammonia 
concentration than in the LiNO3-NH3 system. In the case of the H2O-NH3 solution the 
equilibrium state is reached in 0.0445 seconds, when the droplets are still moving in the 
deceleration region. That is, droplets achieve the equilibrium state before they reach their 
terminal velocity. Consequently, the length required for the absorption chamber will be 
smaller than that required for the LiNO3-NH3 system. Average mass transfer coefficient 
obtained in this zone for the H2O-NH3 solution is km = 11.1⋅10-4 m/s. 
 

 
Fig. 3 Increase of ammonia concentration on time for the H2O-NH3 solution. 

 
 
3.3. Uniform movement 
 
In the uniform movement zone the LiNO3-NH3 droplets achieve the equilibrium state. The 
calculation of the mass transfer coefficient was also performed using the simulation 
procedure. The mass transfer coefficient obtained is km = 0.81⋅10-4 m/s. The time required to 
achieve the equilibrium during the droplets movement at constant velocity is 0.52 seconds. 

 
 

 



 

4. Absorption results 
 
4.1. LiNO3-NH3 solution 

 
Table 3 summarises the results obtained in the present study for the low-pressure absorber of 
the double-stage LiNO3-NH3 absorption system considered. As it can be seen the uniform 
movement zone determines the residence time of droplets inside the absorber. This zone 
represents an average value equal to 86.1 % of the total time required to achieve the 
equilibrium state. 
The mass transferred in each spray zone is a function of the mass transfer coefficient, the 
interfacial area and the time of contact between solution and vapour. This relation can be 
expressed through the dimensionless parameter Γ defined as: 
                               (11) tAkm ⋅⋅=Γ int
In Table 3 it can be observed that Γ is more than 2 orders of magnitude higher in the droplets 
deceleration and uniform movement zones than the value obtained in the intact length zone. 
That is, the mass transferred inside the absorption chamber is determined by the vapour 
absorption from the fragmentation of the liquid column in droplets. During the droplets 
deceleration period about 60 % of the total mass absorbed is transferred. This period 
represents about 13.4 % of the droplet residence time inside the absorber to achieve the 
equilibrium state.  
 

Table 3. LiNO3-NH3 mass transfer parameters in each spray zone. 
Spray zone (Figure 1) Lac (cm) t (s) tr (%) km·104 (m/s) Aint·10-4 (m2/m3) Γ 

Intact length 6 0.003 0.5 1.98 2.2 0.013 
Droplet deceleration 12 0.081 13.4 8.60 10 6.97 
Uniform movement 2.4 0.52 86.1 0.81 10 4.21 

 
Average mass transfer coefficient inside the absorber is 1.86·10-4 m/s. This mass transfer 
coefficient is one order of magnitude higher than the experimental values obtained using the 
LiBr-H2O solution and falling film absorbers (Table 5). In the case of falling film absorbers 
using the NH3-H2O solution the mass transfer coefficients reported have the same order of 
magnitude. Unluckily there are not available data for comparison with falling film absorbers 
using the LiNO3-NH3 solution. 

 
4.2. H2O-NH3 solution 
 
Table 4 summarises similar results for the H2O-NH3 system. In this case, droplets deceleration 
zone determines the residence time of droplets inside the absorber. This zone represents an 
average value equal to 99.4 % of the total time required to achieve the equilibrium state. 
 

Table 4. H2O-NH3 mass transfer parameters in each spray zone. 
Spray zone (Figure 1) Lac (cm) t (s) tr (%) km·104 (m/s) Aint·10-4 (m2/m3) Γ 

Intact length 0.6 0.00026 0.6 10.3 2.2 0.006 
Droplet deceleration 6.1 0.0445 99.4 11.1 10 4.94 

 
Table 4 shows that Γ is near to 3 orders of magnitude higher in the droplets deceleration 
region than the value obtained in the intact length zone. Here also, the mass transferred inside 
the absorption chamber is determined by the vapour absorption from the fragmentation of the 

 



 

liquid column in droplets. During the droplets deceleration period almost 100 % of the total 
mass absorbed is transferred.  
Average mass transfer coefficient inside the absorber is 11·10-4 m/s. This value is one order of 
magnitude higher than the experimental values obtained using the H2O-NH3 solution and 
falling film absorbers (Table 5). 

 
Table 5. Typical values of km in falling film absorbers. 

Reference Method Solution km ·105 
Hoffmann and Ziegler [26] Experimental NH3-H2O 10 – 35  
Kang et al. [27] Experimental NH3-H2O 1 – 55  
Kim et al. [28] Experimental LiBr-H2O 0.5 – 0.7 
Miller and Perez-Blanco [29] Experimental LiBr-H2O 1.2 – 3.8  

 
 

5. Conclusions 
 
LiNO3-NH3 and H2O-NH3 spray absorption systems, from the mass transfer point of view, 
have been theoretically investigated in the present work. Droplets absorption determines the 
mass transferred inside the adiabatic spray absorbers. During the droplets deceleration period 
about 60 % of the total mass absorbed is transferred in the case of the LiNO3-NH3 solution 
and almost 100 % in the case of the H2O-NH3 pair.  
In the case of the LiNO3-NH3 system, this period represents about 13.4 % of the droplets 
residence time inside the absorption chamber to achieve the equilibrium state. The droplets 
stay in the uniform movement zone approximately 86.1 % of the residence time. For the H2O-
NH3 solution, droplets deceleration period represents near to 100 % of the droplets residence 
time. 
When the H2O-NH3 spray absorption is used a high mass transfer coefficient may be obtained 
(km = 11·10-4 m/s). This value is one order of magnitude higher than the value obtained in the 
present study for the LiNO3-NH3 system (km = 18.6·10-5 m/s). Also it is one order of 
magnitude higher than the experimental values obtained using falling film absorbers and the 
H2O-NH3 solution. As could be expected the use of small droplets is recommended for spray 
absorption in ammonia systems because a rapid increase of ammonia concentration is 
achieved.  
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Nomenclature 
 
a  constant in equilibrium equation 
Aint interfacial area per unit of volume, m2/m3 
Cp  specific heat, kJ/kg K 
D   diffusion coefficient, m2/s 
d0  atomiser hole diameter, m 
d01  liquid column diameter, ψ0d  

Gr  Graetz number, cDLud 2
012  

km   mass transfer coefficient, m/s 
L  latent heat, kJ/kg 
Lac  length of spray zone, cm 
Lc  intact column length, m 
Lp  Laplace number, 2

0 dd d µσρ  

 



 

m  mass flux, kg/m2 s 
P  pressure, Pa 
q  heat flux, kW/m2 
r  radial distance, m 
R   droplet radius, m 
s  constant in equilibrium equation 
t   time, s 
tr  relative time, % 
T  temperature, K 
u  droplets velocity, m/s 
We  Weber number, σρ 2

0udd  
x refrigerant mass fraction in the liquid phase, 

kg/kg 
 
 
 

Greek symbols 
α thermal diffusivity, m2/s 
Γ mass transfer dimensionless parameter 
µ   viscosity, Pa s 
θ angle in spherical coordinate 
ρ density, kg/m3 
σ surface tension, N/m 
ψ contraction coefficient, dimensionless 
 
Subscripts 
c  continuos 
d  disperse 
eq  thermodynamic equilibrium 
o  initial instant 
r  radial direction  
sh  superheated 
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