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ABSTRACT  

A variety of heat exchangers are available for the evaporator in absorption cooling system.   In 

this work a comparison of spray film evaporator for different liquid sprays such as liquid NH3, 

Ag-NH3 and CuO-NH3 nanofluids on the stainless steel shell & tubes heat exchanger has been 

investigated theoretically. The effects of saturation temperatures and flow rate of ejected liquid 

spray have been studied. The results show that the nanofluids demonstrate enhancement of heat 

transfer rate comparing to the base working fluid, (NH3). Ag-NH3 nanofluids provides higher 

heat transfer performance than CuO-NH3 nanofluids for the same volume fraction and 

nanoparticles size. In addition, the results show that the increase of the flow rate will increase 

the heat transfer rate at different rates, depending on the working fluids. Furthermore, the 

results show that the shell side heat transfer performance improved as the saturation 

temperature decreased, for all tested working fluids. Finally, the enhancement of the heat 

transfer rate between the pipes and the shell side, yields a decrease of the overall temperature of 

the chilled water inside the pipes. This study provides base data for more investigation of the 

enhancement of evaporator heat exchange, inside the cooling systems. 

Key words: Heat exchanger, Impact spray cooling, Spray-film evaporation, Spray 

type heat exchanger, Shell and tube evaporator, Horizontal tubes evaporator, 

Nanofluids. 
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Nomenclature 

Cp
 Specific heat capacity (J/ (kg.K)) 

T Absolute temperature (K) 

t Time (s) 

u Velocity vector (m/s)  

q Heat flux by conduction, heat transfer rate (W/m2) 

P Pressure (pa) 

S Strain rate tensor: ))((2/1 Tuu +  (1/s)  

Q Heat sources other than viscous heating (W/m3) 

F Volume force vector [N/m3] 

K  Thermal conductivity (W/ (m.K)) 

C  Specific heat capacity (J/Kg.K) 

 

Greek symbols 

 Density (kg/m3) 

 Viscous stress tensor (Pa) 

   Viscosity (kg/m.s) 

 Volume fraction 

      Phase index  

   Heat exchanger effectiveness 
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Subscripts 

f     Basefluid 

nf  Nanofluid 

p    Particle  

max   maximum 

min   minimum  

hi    hot liquid in 

ci   cold liquid in 

 

INTRODUCTION  

Since the heating, ventilation and air conditioning (HVAC) equipment consumes a large amount 

of energy in the residential and commercial buildings. The worldwide alert about the green house 

effects has led to an increasing interest in developing and improving much more environmental 

friendly HVAC systems. One of the utilized HVAC equipment is the absorption cooling system. 

The advantage of using the absorption system its environmental friendliness and zero depletion 

potential of the working fluids such as ammonia solution (Misra et al., 2006). Using renewable 

energy sources will reduce the amount of using conventional energy. Furthermore, saving energy 

leads to saving environment and therefore saving the world (Kilic, 2011). The evaporator heat 

exchanger is one of the major sub-components which produces the cooling effect in the 

absorption cooling cycle. Shell and tube heat exchanger type with spray falling film is used in 

evaporator sub-system of the absorption system. The spray evaporation “falling film 

evaporation” heat exchanger has two major benefits compared to the conventional pool (flooded 
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evaporator). The first benefit is the reduction in the refrigerant mass inventory inside the 

evaporator by 20-90%. Secondly, the spray evaporation process can increase the heat-transfer 

performance and the energy efficiency (Tong-Bou, 2009). Moreover, the purpose of spray 

evaporation process is to maximize the heat-transfer duty while minimizing the heat-exchanger 

size (Ayub et al., 2006).  

(Tong-Bou, 2009) investigated experimentally the effect of an interior spray method on 

enhancing the heat-transfer performance of a spray evaporator system using a triangular-pitch 

bundle. The results showed that the new technic increases the heat transfer rate. Furthermore, the 

heat-transfer flux improved as the saturation temperature decreased as, the density and the 

thermal conductivities of the spray liquid increased. In addition, the heat transfer coefficient 

increases with an increase in refrigerant mass flow rate for constant heat flux and saturation 

temperature. 

(Chang, 2006) investigated the effect of impact spray on cooling heat transfer in a heat 

exchanger; shell and tube evaporator system. This study discovered that the shell side heat 

transfer performance depends mainly on the nozzle diameter, heat flux and spray mass flow rate, 

but slightly on the height of the nozzles. Moreover, the function of the liquid catcher fitted to the 

underside of tubes in the bundle is to reduce the dry-out phenomenon that occurs when the 

surface heat flux increases. In addition, he observed that the heat-transfer performance for spray 

cooling with liquid catchers is superior to that of the pool boiling under both low and high heat 

flux. (Zeng et al., 2001a, Zeng et al., 2001b) conducted an experimental work on spray 

evaporation of ammonia using spray nozzles and horizontal 3-2-3 triangular-pitch bundles. The 

use of the triangular-pitch bundle has the advantage of size reduction. They concluded that the 

spray evaporation heat transfer coefficient increases with the increase in heat flux along the 

tubes. Also indicated that the square pitch bundle has a higher spray evaporation coefficient 
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compared to the triangular-pitch bundle at low saturation temperature. They further stated that at 

a high saturation temperature, triangular-pitch tube is more likely to produce a much higher 

spray evaporation coefficient. Hence, the effect of the tube bundle is less considerable at a lower 

saturation temperature. The influence of the tube spacing (tube gaps) and the concentrations of 

water/salt mixtures on the boiling heat transfer has also been studied. The results showed that the 

small tube gaps can significantly increase boiling heat transfer in an enhanced compact tube 

bundle. 

(Chyu et al., 2009) studied the effect of ammonia/lubricant mixture boiling on a horizontal tube 

bundle exposed to vapor at the inlet of a flooded evaporator and the effect of heat-transfer 

coefficients between the rows. The results showed that the heat-transfer coefficient increases as 

the saturation temperature and heat flux increase inside the tube bundles. Furthermore, they 

noted that the heat-transfer coefficient increased progressively from the bottom row towards the 

topmost one. The effect of the bundle tubes was more significant at a higher saturation 

temperature.  

(Ayub et al., 2006) carried out a comparative analysis between a spray evaporator and 

conventional flooded type. The spray evaporator has been selected to be the best option due to its 

higher heat transfer coefficient. Low approach temperature produced in vapor phase; hence the 

suction temperature can be raised ensuing a good enhancement for compressor capacity. 

Moreover, the suction temperature maintained close to or higher than the freezing temperature. 

Furthermore, the benefit of the spray process appeared in the low refrigerant charge comparing 

with the same capacity of flooded one, which makes it very attractive for the environmental 

considerations.  

(Zheng et al., 2008) studied the flooding evaporator in ammonia vapor compression system. The 

results showed that the boiling heat transfer coefficient increases with an increasing saturation 
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temperature and heat flux. In addition, the heat transfer coefficient increases with the inlet vapor 

quality. However, this effect is not so much clear at high temperatures. The vapor quality effect 

is less considerable with higher lubricant concentrations, and an increase in the lubricant’s 

concentrations will result in a reduced boiling heat transfer coefficient. Moreover, the coefficient 

of heat transfer does not necessarily decrease. They concluded that the lubricant’s concentration 

has more effect on the heat transfer coefficient than vapor quality.  

From the above literature survey, the evaporator heat exchanger design has been 

comprehensively studied by varying the design parameters such as spray process, tube layout 

and heat transfer coefficient, then it is compared with the other types of evaporator designs 

(flooded evaporators). The design parameters have already reached their optimum limit. 

Meanwhile, the working fluids still play a vital rule in the evaporator heat exchanger 

performance and need to be considered more, in the future studies. The nanofluid is a suspension 

of nanoparticle materials in the base fluid that are used to enhance the thermo physical properties 

of the working fluid (Hyder H. Balla, 2012). The addition of small amounts of nanoparticles of 

high thermal conductivity will increase the heat transfer rate, furthermore the nanoparticles will 

reduce the boundary layer thickness which enhances the heat transfer rate (Daungthongsuk and 

Wongwises, 2007, Trisaksri and Wongwises, 2007). In order to apply the nanotechnology and 

improve the heat transfer performance, different studies have been done to demonstrate the effect 

of adding nanoparticles to the ammonia-water refrigerant. (Yang et al., 2011b) added four 

different types of mixtures of nanoparticles and surfactant to the ammonia-water solution. An 

experiment was performed to investigate the dispersion stability of each kind of nanofluid with 

different mass fractions of surfactant. (Yang et al., 2011a)  studied the stability of ammonia-

water nanofluid by adding the mixture of carbon black nanoparticles with emulsifier op-10, and 

Al2O3 nanoparticles with sodium dodecyl benzene sulfonate (SDBS) in the ammonia-water 
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solution at different mass fraction of nanoparticles.  Another study by (Liu Yang, 2011) 

experimentally investigated the enhancement of ammonia-water absorption by adding 

nanoparticles. The results showed that the sorts and mass fraction of ammonia in the based fluid 

were considered as the key parameters in the absorption process. Moreover there is an optimum 

mass fraction for each kind of nanoparticle. While, (Kim et al., 2006) showed the effect of 

adding nanoparticles to the ammonia solution and its effect on the absorption rate and the heat 

transfer rate.    

 The aim of this study is to demonstrate and compare the effect of operating parameters such as, 

saturation temperature and flow rate (using different nanofluids ammonia solution as a 

refrigerant), on spray evaporation. Also to investigate the effect of these parameters on the heat 

flux performance between the water inside the tubes and liquid film on the shell side as well as 

to estimate of the average outlet temperature of the water from the tubes (chilled water), 

computational fluid dynamic (CFD) method will be used for the simulation analysis.  

MATHEMATICS MODEL 

The equations used for the heat transfer and fluid flow analyses are described below 

The Energy Equation 

The fundamental law, governing heat transfer is the first law of thermodynamics, which involves 

the principle of conservation of energy. The basic law is usually rewritten in terms of 

temperature. For the different fluids, the resulting energy equation is stated as below (Comsol 

Multiphysics, 2008): 
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By using Fourier's law of conduction, the conductive heat flux, q, is proportional to the 

temperature gradient: 

xi

T
kqi




−=  (2) 

Inserting equation (2) into equation (1) and rearranging the terms, ignoring the viscous heat and 

pressure gradient, the energy equation can be written in this form: 

QT).(kTu. C C PP +=+





t

T
                                                                 (3) 

 

The Continuity and Momentum Equations 

Equation (4) represents continuity equation that refers to the conservation of mass, and Equation 

(5) represents the conservation of momentum. 
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Where u is the fluid velocity, p is the fluid pressure, ρ is the fluid density, t is the time,  is stress 

tensor, F is the external forces,  is the divergence, and I is the identity matrix. The above three 

equations (energy, continuity, and the conservation of momentum) represent the Navier-Stokes 

equations which COMSOL Multiphysics uses to solve a single-phase fluid-flow with heat 

transfer (Comsol Multiphysics, 2008). 

Properties of nanofluid 

Two different types of nanofluids were obtained by suspension of silver (Ag) nanoparticles and 

CuO nanoparticles in the ammonia base fluid, respectively. The nanoparticles are assumed 
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spherical and the purity is higher than 99.8%. The mass fraction of the added nanoparticles is 1% 

to the nanofluid ammonia solution. The thermophysical properties of the nanofluids are 

calculated at different operating temperatures by the following equations (D. A. Drew, 1999, W. 

Yu, 2003) which are shown in Table1. 

Table 1 

Thermophysical properties of nanofluids 

 

Nanofluid Temperature rnf 

Kg/m3 

Cpnf 

J/kg.K 

Knf 

W/ (m.K) 

µnf 

Pa-s 

CuO-NH3 

5 o C 691.67 4242.85 0.516656 0.0001723 

0 o C 697.214 4222.46 0.5247 0.0001804 

-5 o C 703.55 4197.87 0.5348 0.0001901 

Ag-NH3 

5 o C 731.77 4009.185 0.51705 0.0001723 

0 o C 737.314 3991.657 0.5251 0.0001804 

-5 o C 743.65 3970.3668 0.5359 0.0001901 

 

 

μnf =
(1+2.5 φ)ρfCpf

ρnf
                            (6) 

 

𝜌𝑛𝑓 = 𝜑𝜌𝑝 + (1 − 𝜑)𝜌𝑓                                                                                                 (7) 

 

𝐶𝑃𝑛𝑓 =
𝜑𝜌𝑝𝐶𝑃𝑠+(1−𝜑)𝜌𝑓𝐶𝑃𝑓

𝜌𝑛𝑓
                                                                                             (8) 

 

𝐾𝑛𝑓 = (
𝐾𝑝+2𝐾𝑓+2(𝐾𝑝−𝐾𝑓)(1+𝛽)3𝜑

𝐾𝑝+2𝐾𝑓−(𝐾𝑝−𝐾𝑓)(1+𝛽)3𝜑
)𝐾𝑓                                                                             (9) 
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Where 𝛽 is 0.1 for the spherical nanoparticles 

Boundary Conditions 

The boundary conditions were also considered. The saturation temperatures for the spray 

nanofluids ammonia solutions at the outlet of the holes are (5, 0, -5 oC). These were assumed to 

be at the same saturation temperature and corresponding saturation pressure inside the shell 

vessel. The velocities applied from the nozzles to the shell were changed from 0.01 to 0.55 m/s 

(0.25 to 1.4 kg/min). The inlet temperature for the water inside the tubes is 20 oC with average 

mean velocity of 0.4 m/s, according to the specific cooling load applied. The shell-side boundary 

condition is considered to be pressure at no viscous stress. While, the pressure value is different 

according to the saturation temperature and the pressure of the next component in the system, 

which is the absorber. The convective heat flux boundary condition is considered for both outlets 

of the tubes (pure water) and the outlet from the shell side (ammonia vapour). The heat transfers 

by convection and conduction across the boundary between the liquid inside the pipes and the 

liquid outside then the tubes' thickness is assumed, during the 1st trial. The temperature gradient 

in the vertical direction is zero and there is no radiation (Comsol Multiphysics,  2008). No-slip 

boundary condition is applied for the flow at the inner and outer walls of pipes and shell. The 

fluid is considered as Newtonian and incompressible. The physical properties of the fluids inside 

the pipes and shell vary from one, another, and they are temperature dependent, as well for the 

pipe material. The flow inside the pipes is laminar, and equally the flow in the shell is laminar. 

Incompressible Navier-Stokes equations with convection and conduction modules are used in the 

simulation. Holes with 1 mm diameter inside the shell are arranged above the tube bundles to 

describe the spray evaporation process. The inner diameters of the pipes are assumed to be 7 mm 

which gave optimum high flux coefficient (Ranj Sirwan, 2012), with 2 mm tube thicknesses and 

tubes length 0.8 m. The shell side dimensions are 13 cm inner diameter with 0.8 m length. The 
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overall flow rate inside the pipe is 0.046 kg/s. Steel AISA 4340 was used for the pipes and shell 

material. 

NUMERICAL METHOD 

COMSOL Multiphysics 3.5a is employed for this study. COMSOL Multiphysics uses Finite 

Element Method (FEM) to solve the model which is defined as a numerical analysis technique 

for obtaining an approximate solution to a wide variety of engineering problems. The software 

runs the finite-element analysis together with adaptive meshing and error control, using different 

numerical solvers (Comsol Multiphysics, 2008). The direct PARDISO solver is also applied with 

relative tolerance parameter of 1.0E-6, and minimum damping factor of 1.0E-4. This solver uses 

a stationary analysis approach with the non-linear solver system. 

A mesh is a partition of the geometry model into small units of simple shapes. In this study, 3D 

geometry is used with a free mesh and a fine meshing within the number of degree of freedom 

1634637, and the number of mesh points created is 55521. The free mesh automatically creates 

an unstructured mesh, which is selected by the domains. The free mesh contains tetrahedral 

elements. The mesh statistics for this case are:  

a) Number of mesh points: 52587 

b) Number of elements: 302425 

c) Tetrahedral cells: 302425 

d) Number of boundary elements: 62435 

e) Triangular cells: 62435 

f) Number of edge elements: 9434 

g) Number of vertex elements: 260 

h) Minimum element quality: 0.1108 

i) Element volume ratio: 4.76E-5 
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Figure 1 (a), (b), and (c) show the mesh statistics at different views. And figure 2 shows the 

temperature profile of the fluid inside 3D axisymmetric shell side heat exchanger for triangular 

and rectangular tube bundle. 

 

                 (a) 

 

(b) 
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(c) 

Figure 1 (a, b, and c) The mesh statistics at different views 

 

Figure 2 Temperature profile distribution in the shell of the heat exchanger. 
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RESULTS AND OBSERVATIONS 

Different nanofluids of ammonia-solution for liquid spray in shell and tube heat exchanger have 

been investigated. The effects of saturation temperature and flow rates of ejected spray liquid on 

the heat flux performance between pipes and shell have been studied. The data were analysed for 

three tubes at different rows because they were symmetrical in shape and design parameters, in 

triangular pitch tube bundles. The results demonstrate the difference in heat flux performance, 

average outlet temperatures from the tubes and heat exchanger effectiveness at different 

operating conditions among different ammonia solution nanofluids. 

 

Comparison of different ammonia solution nanofluids on the average heat flux at different 

flow rates and saturation temperatures. 

The average heat flux results for different sprayed liquid flow rates are presented in Figure 3 (a, 

b, and c). Results show that the heat flux between the tubes and the shell-side increases as the 

mass flow rate increases since more spray flow rate obtained higher heat transfer coefficient due 

to stronger, faster, and smaller droplet impingement effect of liquid on the tube bundle. In 

addition, these droplets increase the amount of turbulence inside the shell resulting high 

Reynolds number, thus, an increase in heat transfer flux between the tubes and shell-side occurs. 

The results also show that at low Ts (saturation temperatures), a greater heat flux results due to 

the higher temperature differences between the pipe walls and liquid ammonia and a decrease in 

the film thickness of liquid ammonia around the tubes as a result of the decrease in the viscosity. 

This result is in agreement with (Ribatski and Jacobi, 2005, Tong-Bou, 2009). Greater pressure 

drop across the nozzles implies, the injection of smaller droplets and higher velocity marks. 

Furthermore, the nanofluids showed an enhancement of the heat transfer performance compared 
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to the base fluid (NH3), due to the effect of higher thermal conductivity of the nano-solid 

particles, suspended in the base fluid (NH3). The highest heat transfer appears with the Ag-NH3 

nanofluid. The maximum percentages of enhancement on the heat flux are 24% and 11.11% for 

Ag-NH3 and CuO-NH3 nanofluids, respectively, compared to the NH3 base fluid.  

 

Figure 3  (a)  Avarege heat flux at saturation temperature 5 o C 

 

Figure 3 (b) Avarege heat flux at saturation temperature 0 o C 
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Figure 3 (c) Avarege heat flux at saturation temperature -5 o C 

Effect of different mass flow rates and saturation temperatures on the average outlet 

temperature from the tubes (chilled water) for the nanofluids and ammonia refrigerant.  

For HVAC applications, the shell and tube evaporator heat exchangers have to give the best heat 

flux performance and as a result, they cause the desired reduction in fluid temperature at the 

evaporator tubes' outlets. In case of this study, neither the heat flux nor the temperature along the 

tube is constant. Therefore, the effect of improving the heat flux performance has played a 

crucial role. In figure 4 (a, b and c) the results show that, with a decrease in the Ts and an 

increase in the spray flow rate, the average outlet water temperature decreases, and this is due to 

the increase in the average heat flux between the tubes and liquid spray. The temperature effect 

is related to the decrease in the viscosity and the resulting decrease in the film thickness 

(Ribatski and Jacobi, 2005, W. H. Parken, 1990, M. C. Chyu, 1987). The enhancement of adding 

nanoparticles to the liquid ammonia are implemented by reducing the temperature out of the 

secondary refrigerant (chilled water). The nanofluids contain higher thermal conductivity 

particles which, affect the heat transfer performance. Figure 5 (a, b and c) shows the heat 

exchanger effectiveness for different nanofluid solutions, at different evaporator temperatures. 
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Effectiveness is defined as a measure of the thermal performance of the heat exchanger 

(P.Sekulic, 2003). And it is equal to the actual heat transfer to the maximum heat transfer 

possible in the heat exchangers.  

𝜀 =
𝑞

𝑞𝑚𝑎𝑥
                                                                                                         (11) 

𝑞𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛(𝑇ℎ𝑖 − 𝑇𝑐𝑖)                                                                                (12)  

Where Cmin is the minimum heat capacity among the both fluids.  

From figure 5 (a, b and c), it can be observed that the heat exchanger effectiveness, using Ag-

NH3 nanofluid has the highest values, followed by CuO-NH3, and finally NH3.  

 

Figure 4 (a) Average outlet water temperatures at evaporator temperature 5o C  
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(c) 

Figure 4 (b) Average outlet water temperatures at evaporator temperature 0o C

 

Figure 4 (c) Average outlet water temperatures at evaporator temperature -5o 

C 
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Figure 5 (a) Effectiveness of various nanofluids at different flow rates and 

evaporator temperature of 5o C 

  

Figure 5 (b) Effectiveness of various nanofluids at different flow rates and 

evaporator temperature of 0o C.  
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Figure 5 (c) Effectiveness of various nanofluids at different flow rates and 

evaporator temperature of -5o C 

CONCLUSIONS  

The study of the spraying for different ammonia solution nanofluids onto horizontal triangular 

tube bundle, inside shell and tube heat exchanger has been presented. The effects of varying 

saturation temperatures and flow rates were also investigated analytically. The results show that:  

1. The heat flux between the tubes and shell-side increases with the increase of the 

ejected flow rate from the liquid spray holes and decreases with the ejected liquid 

saturation temperatures.  

2. The average outlet temperatures from the tubes are affected by varying the average 

heat flux which is largely due to the constant flow rate inside the tubes. 

3.  The ammonia solution nanofluids gives better heat transfer rate compared to the 

base fluid (NH3).  

4. The heat exchanger effectiveness is increased by adding the nanofluids solutions to 

the system. The improvement of the heat exchanger effectiveness will increase the 
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performance of the absorption cooling system and this leads to a reduction in the 

required energy consumption   (Hasanuzzaman M, 2011).  
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