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ABSTRACT
The growing demand for new and eco-friendly energy resources has raised the need of sustainable sources
or renewable energy for use in present era. A vapor absorption refrigeration system (VARS or VAS) is a closed loop
refrigeration system which requires low heat for its functioning and, it is therefore, considered an eco-friendly
solution. Since, generator is the main component of VAS which can significantly influence the efficacy of overall
system, the current paper involves modeling and thermal analysis of generator using Computational Fluid Dynamics
(CFD). The objective of this study is to optimize the heat transfer by changing baffle spacing of generator heat
exchanger, running on a single effect LiBr/ water absorption cycle. For this purpose, hot water driven generator of
1ton capacity is taken. The simulation results of CFD were validated by comparing them with theoretical results.
The overall design estimation and design technique that follows Birmingham Wire Gauge (BWG) and
Tubular Exchangers Manufacturers Association (TEMA) standard are considered in this study. It was found from
the analysis that the design model with smallest baffle spacing has the highest heat transfer coefficient. On reducing
the baffle spacing from 137mm to 101mm, an increment of 48% in overall heat transfer coefficient was observed.
Likewise, an increase in velocity by 36% and drop in static pressure by 27% were seen. Similar trend was observed
in the theoretical results.
Keywords: Vapor Absorption System (VAS), Generator, Lithium Bromide-Water Solution, Kern Method,
Computational Fluid Dynamics (CFD)
INTRODUCTION
Generator heat exchanger is the important component in Vapour Absorption System (VAS). It is a reasonable
way of consuming little score energy immediately for air conditioning purpose. This is the main advantage as
compared to the conventional Vapour Compression System which drives in height score energy. Additional
important feature of this system is that it does not use any moving part except for a very small liquid solution pump.
The system contains of four basic components viz. an evaporator, an absorber (placed on low pressure side), a
generator and a condenser, (placed on high pressure side). By using lithium bromide water solution (LiBr/H 2O) as
working fluid (refrigerant), the generator creates the same duty as of the compressor in the conventional
compression refrigeration cycle. The generator used to evaporate the mixture of water that reacts with lithium
bromide and leaves pure water (steam). In the generator a mixture of LiBr/H 2O is heated. The external source of
heat can be steam, hot water or any other appropriate source. The boiling point of water is lower than LiBr, so it
vaporizes, separating the refrigerant from the generator.
Due to heating, the temperature of the solution rises. The refrigerant in the solution gets evaporated and it
leaves the solution at high pressure. The high pressure and temperature refrigerant then move in the condenser,
where it is cooled by the coolant. It then enters the expansion valve due to which the pressure reduces and then
finally, it goes into the evaporator where it produces the cooling effect. This refrigerant is then again absorbed by the
weak solution in the absorber. When the vaporized refrigerant leaves the generator, weak solution is left back. This
solution enters the pressure reducing valve and then back to the absorber, where it is ready to absorb fresh
refrigerant. After absorption process the strong solution is pumped to the generator. This cycle is keeps repeating.
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The pressure of the refrigerant is increased in the generator and hence it is considered to be equivalent to the
compressor.
A vapor absorption refrigeration system is a closed loop refrigeration system which requires low heat for its
functioning or air conditioning purpose [1] and, it is therefore, considered an eco-friendly solution. However, it has
relatively poor cooling efficiency, with its Coefficient of Performance (COP) typically lying in the range 0.5 and
1.5, compared to modern vapor compression cycles having COP of 3.0 or more [2]. This limits its application on
side, but due to its advantage on the other side for using low temperature (normally below 1000C) heat to provide
cooling, while making use of low temperature heat, which otherwise, is considered waste for other processes. This is
helpful in enhancing overall energy efficiency of the system, by making use of unused energy of the system [3, 4].
The VAS system may comprise of single, double, or even triple effect. In multi-effect cycle more components are
required with higher temperature of waste heat, but they have relatively higher COP [5].
The growing demand for new and eco-friendly energy resources has raised the need of sustainable sources or
renewable energy for use in present era. S. Hoseinzadeh et al. [6] performed feasibility study of zero energy
buildings (ZEBs), supporting the usage of renewable energies, essential for sustainable development, yielding
minimal production of greenhouse gases.
Latent heat is one efficient way to store energy which produces a high-density energy reserve using small
temperature differences. S. Hoseinzadeh et al. [7] analyzed the effect of geometrical parameters of storage via twodimensional numerical investigation of the performance of the Latent heat thermal storage (LHTS) unit, comprising
several rectangular PCM slabs. Similar other work on numerical and analytical investigation of thermal properties
have been reported for different thermal systems. In literature [8-9], authors have analyzed heat transfer
(convective–radiative) characteristics of porous fins with rectangular cross section. The effect of different
parameters like, porosity and convection, were examined.
The concept of VAS was first discovered by Michael Faraday in 1824 while performing a set of experiments
to liquify certain gases. The first vapour absorption refrigeration machine was developed by a French scientist
Ferdinand Carre in 1860. This system may be used in both the domestic and large industrial refrigerating plants. The
issue related to the phase changing is well referred in Stefan problems. Although using latent heat is helpful in terms
of energy density, the phase-changing constituents often suffer from short heat transfer due to their properties,
system design, heat transfer area. To overcome this insufficiency, some analyses and studies have been reported
related to the performance or heat transfer rate. For example, Elgafy et al. [10] studied matrix with a high heat
transfer. R. Ghasemiasl et al. [11] studied the influence of adding nanoparticles to copper and alumina for improving
the system performance of phase change. Esmaeil et al. [12] modelled thermal energy generated by the collector.
Hoseinzadeh et al. [13] designed absorption chiller and the solar collector area for meeting cooling load. H. Kariman
et al. [14] thermodynamically optimized desalination using a forced rotation of the energy of distilled water into
saline water to maximize the use of available energy and decrease the energy consumption. The use of vacuum
pressure for achieving phase changing in low temperature was also studied in few papers. H. Kariman et al. [15]
modelled evaporative vacuum desalination system with brine tank for energy consumption. S. Hoseinzadeh et al.
[16] performed an investigation and found that the heat transfer of laminar and turbulent pulsating Al2O3/water
nanofluid flow in a two-dimensional channel, the velocity magnitude increased during laminar flow range, with
increasing Reynolds number (Re). Similarly, the Nusselt number (Nu) was improved, because of increase the overall
heat transfer rate. In another investigation, S. Hoseinzadeh et al. [17] studied the effect of SiC and Al2O3
nanoparticles on thermal efficiency of thermosyphon. It was observed that by adding SiC and Al2O3 nanoparticles to
water, the temperature difference between the condenser and evaporator was decreased, which confirmed the
improved efficiency of thermosyphon. In [18], an experimental investigation on thermal performance and pressure
drop of a microchannel heat sink under the low heat flux condition, copper oxide nanoparticles were added to the
liquid at 170 °C to escape from frosting. Sarafraz et al. [19] concluded that through this method a greater heat
transfer coefficient was realized. Also, experimental study on the convective heat transfer of graphene nano-platelets
dispersed in water-ethylene glycol showed that graphene nano-suspension was working as a coolant inside a microchannel [20]. Also, method of using graphene nano-platelets can possibly improve the thermal conductivity of the
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working fluid. It was identified that the thermal performance of the system improved but, with rise in the pressure
drop value [21]. It was established through experimental studies on boiling mechanism of a disc copper made heater
at different heat flux, mass concentration of nano-fluids and sub-cooling temperatures. The study proved that heat
transfer coefficient of Titana nano-fluids are comparatively better than that of the base fluid. Sarafraz et al. [22]
obtained that in attendance of surfactant, higher pool boiling heat transfer coefficient was improved. According to
their report, the smoothness of surface is powerfully controlled by nanofluid concentration due to deposition of
nanofluids on the heating division. Robert et al. [23] found this article were in good approval with other literature
review which offer development using nanofluids with changes in the surface play in pool boiling the most
imperative part in defining whether enhancement is realized.
In current study though nanofluid has not been used in this system in order to avoid chemical reaction due to
using LiBr/H2O. Practical problem typical to lithium-bromide water-based VAS is phase changing (steam
generation). As we know the system is closed loop and is completely independent of the external heat sources. To
minimize the external heat supplied or energy consumption, the efficiency of the system should be improved to
achieve phase changing. This is done by increase the heat transfer in generator, whereas, pressure and temperature
have to be maintained at certain level.
Since, generator is the main component of VAS which can significantly influence the efficacy of overall
system, the current paper involves modeling and thermal analysis of generator using Computational Fluid Dynamics
(CFD) wherein a single effect LiBr/water absorption cycle has been considered. The objective of this study is to
optimize the heat transfer by changing baffle spacing of generator heat exchanger. For this, hot water driven
generator of 1ton capacity is taken. The theoretical results were obtained using Kern method and they were
compared with the simulation results of CFD. The heat exchanger comprising of single shell and double tube in
vertical disposition, with 25% baffles cut were taken with varying baffle spacing as: 139mm, 127mm, 110mm and
101mm. The overall designing estimation and design technique that follows Birmingham Wire Gauge (BWG) and
Tubular Exchangers Manufacturers Association (TEMA) standard are considered in this study. This paper has been
organized into the following four major sections: Section 1 describes briefly about the Vapor Absorption System
and its functioning. Section 2 contains the design methodology adopted in this work. Section 3 shows the results
obtained from the theoretical and the simulation methods, followed by comparison between the two. Finally, section
4 provides the conclusion of the current study.
DESIGN METHODOLOGY
Heat transfer in generator of VAS
The generator heat exchanger of single effect LiBr/H2O absorption refrigeration system comprises of a shelland-tube heat exchanger. The generator is in vertical orientation with an inlet, two outlets, an inner and outer shell.
The strong solution enters into the inner shell directly from the inlet at the top of generator, and then moves between
the baffle plates around the tubes and get heated up via absorption of heat from hot fluid which passes in tubes.
When the solution reach at the bottom, the water vaporizes. The inner shell opens to outer shell at the bottom. The
weak solution is discharged from the generator at the bottom outlet and from there it is returned back to the
absorber, where it becomes ready to absorb fresh refrigerant. When the steam passes between the inner and outer
shell, it absorbs more heat until discharge from outlet at the top of generator and passes to the condenser. By adding
the outer shell, we can allow the steam to rise upward to discharge from the top, without restriction to the solution to
pass in the opposite direction. In this way, the refrigerant keeps on repeatedly moving inside the cycle. In this
section all the fundamental equations related to the modeling of generator of VAS have been provided. For cooling
of chiller generator lithium bromide water system 4.6 kW/TR of heat is supplied [24]. The mass flow rate (ṁℎ ) of
the hot fluid (water) can be obtained from heat transfer rate (𝑞) using overall energy balance equation [25]:
𝑞 = ṁℎ 𝐶𝑝ℎ (𝑇ℎ,𝑖 − 𝑇ℎ,𝑜 )
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where, 𝑇ℎ,𝑖 and 𝑇ℎ,𝑜 represents temperature of hot fluid at inlet and outlet, respectively, and 𝐶𝑝,ℎ is the specific heat
of hot fluid at constant pressure.
The temperature (𝑇𝑐,𝑜 ) of the cold fluid at outlet (solution of LiBr - Water) can therefore be obtained using
Eq. (2) [25]:
𝑇𝑐,𝑜 =

𝑞
+ 𝑇𝐶,𝑖
ṁ𝑐 𝐶𝑝,𝑐

(2)

where, 𝑇𝑐,𝑖 represents temperature of cold fluid at inlet, 𝐶𝑝,𝑐 is the specific heat of cold fluid at constant pressure,
flowing with mass flow rate (ṁ𝑐 ).
Kern Method:
The heat transfer area (𝐴) can be determined from Eq. (3) [26]:
𝐴=

𝑄
𝑈𝑎𝑠𝑠𝑚 ∆𝑇𝑖𝑚 𝐹𝑇

(3)

where, 𝐴 is the total area of hot fluid-side or cold fluid-side for heat transfer, 𝑈 is the average overall heat transfer
coefficient and ∆𝑇𝑖𝑚 is a function of hot and cold fluid temperature at input and output, respectively symbolized as:
𝑇ℎ,𝑖 , 𝑇ℎ,0 , 𝑇𝑐,𝑖 , 𝑇𝑐,𝑜 .
The LMTD (Log Mean Temperature Difference) method is a convenient way for finding the size of a heat
exchanger (generator in our case), for a given value of input and output temperatures of the hot (water) and cold
(LiBr/H2O) fluids, and can be calculated using Eq. (4) [25, 26]:
𝛥𝑇𝑙𝑚 =

(𝑇ℎ,𝑖 − 𝑇𝐶,𝑜 ) − (𝑇ℎ,𝑜 − 𝑇𝐶,𝑖 )
𝑙𝑛[(𝑇ℎ,𝑖 − 𝑇𝐶,𝑜 )/(𝑇ℎ,𝑜 − 𝑇𝐶,𝑖 )]

(4)

For multi-pass, crossflow the correction factor (FT) of heat exchanger is used to rectify the log mean
temperature difference. Reference [24] can be referred for values of one shell and two or more tube passes). The
value of overall heat transfer coefficient (𝑈𝑎𝑠𝑠𝑚 ) of 250 w/m2K is taken to begin the design calculation for the
lithium bromide water solution and hot water for generator heat exchanger. The approximate range of the overall
heat transfer coefficient depends upon temperature difference between the fluids, and it can be found out from
reference [25].
The number of tubes (𝑛𝑡 ) required for heat transfer can be calculated using following Eq. (5) [26]:
𝑛𝑡 =

𝐴
𝜋𝑑𝑜 𝐿𝑡

(5)

where, 𝑑𝑜 and 𝐿𝑡 are the outside diameter and length of tube.
The overall heat transfer coefficient 𝑈𝑜,𝑐𝑎𝑙 is dependent upon the physical properties of the fluid and its
physical state. The expression for 𝑈𝑜,𝑐𝑎𝑙 is given by Eq. (6):
𝑈𝑜.𝑐𝑎𝑙 = [

1
𝐴𝑜 𝑑𝑜 − 𝑑𝑖
𝐴𝑜 1
𝐴𝑜
) + ( ) + 𝑅𝑑ℎ ]
+ 𝑅𝑑𝑠 + (
ℎ𝑜
𝐴𝑖 2𝑘𝑤
𝐴𝑖 ℎ𝑖
𝐴𝑖

(6)

The convective heat transfer coefficient, hi and hₒ at the tube side and the shell side, respectively, can be
calculated using Eq. (9) and Eq. (12) [26,27].
Next, the Reynold's number for the hot water flowing through the tube is calculated using Eq. (7) [25]:
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𝑅𝑒𝑖 =

4ṁℎ
𝜋𝑑𝑜 µ𝑖

(7)

The empirical relation for the local Nusselt number, in case of fully developed (hydrodynamically and
thermally) turbulent flow in case of a smooth circular tube, is given by Dittus-Boelter equation [27], as follow:
4/5

𝑁𝑢𝐷 = 0.023𝑅𝑒𝑖

𝑃𝑟0.4

(8)

Hence, the convective heat transfer coefficient ℎ𝑖 at the tube side can be expressed as [25]:
ℎ𝑖 = 𝑁𝑢𝐷

𝐾𝑓𝑖
𝑑𝑖

(9)

The Reynold’s number for LiBr-water solution flowing through shell, is calculated using Eq. (10) [26]:
𝑅𝑒𝑜 = 𝐷𝑒 𝐺𝑠⁄µ𝑠

(10)

where the equivalent diameter, 𝐷𝑒 for the shell side with square pitch 𝑃𝑇 , is obtained by Eq. (11) [26, 27]:
𝐷𝑒 = 4(𝑃𝑇 2 − 𝜋⁄4 𝑑𝑜 2 )⁄𝜋𝑑𝑜

(11)

The convective heat transfer coefficient ℎ𝑜 at the shell side is calculated from Colburn factor (𝑗𝐻), obtained
from curve of shell side heat transfer for bundles with 25% cut segmental baffles at calculated value of Reynold’s
number (𝑅𝑒𝑜 ). The relationship between ℎ𝑜 and 𝑗𝐻 is expressed in Eq. (12)[26, 27]:
𝑗𝐻 =

ℎ𝑜 𝐷𝑒 𝜇𝑠 𝐶𝑝,𝑠 −1/3
[
]
𝑘𝑠
𝑘𝑠

(12)

The clean overall heat transfer coefficient 𝑈𝑐 can be determined from Eq. (13) [28]:
𝑈𝑐 =

ℎ𝑜 𝑥ℎ𝑖𝑜
ℎ𝑜 + ℎ𝑖𝑜

(13)

Therefore, the calculation of overall heat transfer coefficient is within the design criteria, viz.
𝑈𝑜,𝑐𝑎𝑙 − 𝑈𝑜,𝑎𝑠𝑠𝑚 ⁄𝑈𝑜,𝑎𝑠𝑠𝑚 𝑥100 …<30%

(14)

Due to flow of the fluid through a generator, the pressure drops in downstream except for the cases with
decreasing fluid velocity, wherein the pressure rises in the downstream side. The tube-side pressure drop can be
calculated from Eq. (15) [28]:
𝛥𝑃𝑡 = 4𝑓𝑖 [

𝐿𝑁𝑝
µ2𝑚
] 𝜌𝑖 [ ]
𝐷𝑖
2

(15)

The additional pressure drop due to change in the direction of the tube is calculated using Eq. (16) [28]:
𝜌𝑖 µ2𝑚
]
𝛥𝑃𝑟 = 4𝑁𝑝 [
2

444

(16)

Journal of Thermal Engineering, Research Article, Vol. 6, No. 4, pp. 440-459, July, 2020
The total pressure drop of tube-side is the sum of pressure drop due to friction during flow and that due to
change in direction:
𝛥𝑃𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑃𝑡 + 𝛥𝑃𝑟

(17)

The shell-side pressure drop for fluid flow across the tube bundles (frictional loss) is calculated using
Eq.(18)[28]:
𝛥𝑃𝑠 =

𝑓𝑜 𝐺𝑠2(𝑁𝑏 + 1)𝐷𝑠
2𝜌𝑜 𝐷𝑒 𝜙𝑠

(18)

For overdesign calculation of extra surface area beyond what is required for compensation of fouling, a
typical value of 10% or less is considered acceptable [27, 28].
% Over design (od) =𝐴 − 𝐴𝑟𝑒𝑞𝑑 ⁄𝐴𝑟𝑒𝑞𝑑 𝑥100 … < %10

(19)

Baffle Spacing and Baffle Cut
The baffle spacing (𝐿𝐵 ) is the center-to-center distance between adjacent baffles, as shown in Figure 1.

𝐿𝐵

𝐿𝐵

Figure 1. Layout of generator heat exchanger showing baffle spacing LB
The baffle spacing is one of the most critical geometric parameters that affects both the pressure drop and the
heat transfer characteristics of shell side model. By changing the baffle spacing, the mass velocity and the counter
flow area of the shell side fluid is changed which ultimately changes the heat transfer. For smaller baffle distance,
the flow area is smaller, and the fluid velocity is higher. The high flow velocity means there is slight increase in the
frictional pressure drop along with the heat transfer coefficient. Although, the heat transfer coefficient is increased
when the baffle distance is reduced, the TEMA has set a standard for its lower limit to be 0.2 to 1 times of the inside
shell diameter (𝐷𝑠 ). Similarly, when the baffle distance is high, the heat transfer coefficient is low. Moreover, higher
baffle distance also give rise to longitudinal flow which is considered less efficient compared to cross flow. This
also leads to lesser unsupported tube length which makes the design less strong and more prone to failure due to
buckling and vibration. Hence, TEMA has set the standard for maximum baffle spacing for mechanical
considerations. In generator heat exchanger model, the baffle spacing therefore should be chosen so that it may
ensure sufficient support to the tubes within the shell, besides, achieving the highest possible amount of the heat
transfer rate within prescribed pressure drop limit. The baffle cut from 15% to 45% is generally used, but 20 to 25%
provides perfect heat transfer with a slight pressure drop resulting due to frictional losses. This is because, in case of
small cut for segmental plates (baffles), the shell side fluid flow turbulence is high which results in high fluid
velocity and consequently increases the heat transfer coefficient. Contrary to this, in case of large baffle cut, the
velocity is low and hence the heat transfer coefficient is also low [5]. In the current study, a baffle cut of 25% has
been taken for four different baffle spacings, from 40% to 55% of the inside shell diameter specifically as: 139mm,
127mm, 110mm and 101mm.
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3D MODELING
The 3-D model of the generator was first created in Solid Works, as shown in figure 2. Figure 2a and Figure
2b shows full and cut section of one of the generator models, respectively. The inlet and outlet for LiBr water
solution as well the hot water can be seen in Figure 2a. The cut section presented in Figure 2b displays the
disposition of the tubes and baffles inside the shell of the generator heat exchanger.

(a)

(b)

Figure 2. 3-D modeling with (a) full isometric view (b) cut section view
Figure 3 shows the drawings of all the four models with major geometrical dimensions, considered in the
current study for analysis of generator heat exchanger.

Figure 3. Drawings of all the four generator models with different baffle spacing: LB = 139mm, 127mm, 110mm
and 101 mm for model A, B, C and D, respectively.
The different baffle spacings (LB) were 139mm, 127mm, 110mm and 101mm for model A, B, C and D,
respectively, which can be seen clearly from the drawings. The model contains 52 copper tubes with inner diameter
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of 15.95mm. The number of fluid passes in tubes side (Np) is 2, the square pitch (PT) is 25mm, corresponding to the
closest standard (BWG). The length of the tubes (Lt ) is 766mm and the baffle plates thickness is 2mm, which is
same in all the four models, while the variable (LB ), during a drop in baffles space, increases in number of baffles
plate (Nb ). Model A and B have 5 baffle plates, whereas Model C and Model D have 6 and 7 plates, respectively.
CFD AND THEORETICAL ANALYSIS
Theoretical Analysis
The Table 1 and Table 2 shows the modeling data for working fluid and properties of lithium bromide/
water solution, used in the current study as the working fluid, required for theoretical calculation for tube side.
Table 1. Modeling Data for working fluid
Tube side
Fluid Name
Water (H2O)
Input Temperature (ºC)
100
Output Temperature (ºC)
65
Mass Flow rate (kg/s)
0.0313
Inner Diameter (m)
0.015
Outer Diameter (m)
0.019
Length(m)
0.766
Heat supplied in Generator (QG) in kW
4.6
Input Pressure (psi)
14.5
Data

Shell side
LiBr + H2O
40
97
0.0212
0.245
---1.0697

Table 2. Properties of Water and Lithium bromide water solution at average temperature [29, 30]
Property of the Fluid
Hot Water
LiBr/ water Solution
Average Temperature (ºC)
82.5
68.5
Specific Heat (J kg-1K)
4.196 x 10-3
3.808x10-3
Thermal Conductivity (W/m K)
0.667x 10-3
0.512x 10-3
Density (kg/m-3)
971.82
1433
Dynamic Viscosity (Ns/m2)
0.355x10-3
0.4016x10-3
Prandtl Number
2.266
-It is assumed that the plates and tubes are fixed. The following values for conducting analysis were taken
corresponding to the closest standard (BWG), [26]:
▪ 3/4 OD tube (11 BWG) on 1 square pitch (PT)
▪ Tube length (Lt) = 26 inch
▪ 1 shell pass- 2 tube passes
▪ Tube ID= 0.510 inch
▪ Flow area per tube=0.204 in2
▪ Shell ID= 10 inch
▪ Number of the tube= 52
The system of equations presented previous section were solved for the above parameter settings and the
properties of fluid given in Table 3.
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Table 3. Values of some constants for fluids used in the analysis
Parameters
ΔTim (ºC)
𝑅𝑒,𝑖

Values
10.37
8666

𝑁𝑢𝐷
ℎ𝑖 (W/m2 K)
ṁℎ (kg/s)
𝐹𝑇
𝑛𝑡
C (m)
𝐿𝑡𝑡 (m)
𝑑𝑖 (m)
𝑑𝑜 (m)

45.09
2321.7
0.0313
0.97
52
6.35x10-3
34.34
0.015954
0.01905

Parameters
BWG- ID
𝑁𝑝

Values
11
2

Parameters
∅𝑠
𝐶𝑃

𝑃𝑇 (m)
𝐷𝑠 (m)
𝐿𝑡 (m)
𝑓𝑖
𝜇𝑚 (m/s)
𝛥𝑃𝑡 (Psi)
∆𝑃𝑡𝑟 (Psi)
∆𝑃𝑡𝑜𝑡𝑎𝑙 (Psi)
𝐷𝑒 (m)

0.0254
0.254
0.766
0.01949
0.041
0.732
1.6
2.3

𝑅𝑑ℎ
𝑅𝑑𝑠
ℎ𝑖𝑜 (W/m2 K)
𝑈𝑜,𝑎𝑠𝑠𝑚 (W/m2K)
𝑘𝑤 (W/mK)
𝐴(m2)
𝐴𝑟𝑒𝑞𝑑 (m2)
𝑛𝑡,𝑟𝑒𝑞𝑑
Od (%)

0.0240

Values
1 shell side
1square pitch
0.0001
0.0002
1578.75
250
390
2
1.83
46
9.2%

The summary of the results so obtained have been presented in Table 4.
Table 4. Results of different models for different baffle spacing with 25% baffle cut
Parameter

Model A

Model B

Model C

Model D

𝐿𝐵 (m)

0.139

0.127

0.110

0.101

𝑁𝑏
𝐺𝑠 (kg/m2 s)
𝐴𝑠 x 10-3 (m2)
∆𝑃𝑠 (Psi)
𝑂𝑐 (%)
Os (%)
Re,o
𝑓𝑜
ℎ𝑜 (W/m2K )
𝑈𝑜,𝑐𝑎𝑙 (W/m2 K)
𝑈𝑐 (W/m2 K)

5
2.401
8.826
0.058
2.8%
30%
1408
0.460
864
451
587

5
2.628
8.065
0.062
7.2 %
30 %
1540
0.432
927
468
612

6
2.928
7.239
0.069
11.52%
31%
1716
0.403
990
483.6
634

7
3.286
6.4516
0.076
13.73%
30%
1926
0.374
1022
499
650

As per the values obtained for convective as well as the overall heat transfer coefficient of different models,
model D with the smallest baffle spacing shows the best heat transfer characteristics.
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Figure 4. A comparative view of (a) the shell side pressure drop (b) heat transfer coefficient and, (c) Reynold’s
number for different baffle spacing.
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Figure 4 shows the summary results for different baffle spacing corresponding to different generator
models namely A, B, C and D considered in the current work. Figures 4 (a), (b) and (c) shows a comparative view of
the shell side pressure drop, heat transfer coefficient and Reynold’s number, respectively, for different baffle
spacing.
Figure 4(a) shows the effect of baffle distance on shell side pressure drop, wherein it can be seen that by
increasing the baffle distance the shell side pressure drop is reduced. The highest and the lowest values of shell side
pressure drop are 0.076 Psi and 0.058 Psi, corresponding to Model D and Model A, respectively. The decrease in
pressure drop due to increasing baffle distance is because of smaller shell fluid mass velocity. A decrease of about
36% in shell fluid mass velocity is observed on increasing the baffle space from 101mm to 139mm and this amount
is sufficient to decreases shell side pressure drop by 31%. Figure 4(b) shows the relationship of baffle distance and
shell region fluid heat transfer coefficient, wherein the high and low values of shell side heat transfer coefficient are
1022 W/m2 K and 864 W/m2 K, corresponding to Model D and Model A, respectively. It is apparent from here that
with increasing baffle space the heat transfer coefficient decreases, and this is because the increase in baffle spacing
causes unsteady shell side fluid flow. Figure 4(c) shows the percentage of Reynolds number increase for different
generator models. An increase of 36.7% in Reynolds number percentage is observed as we move from model A to D
due to which the heat transfer is also highest in model D (because of higher turbulence).
CFD Analysis
Geometry
The Generator was made like a shell-tube heat exchanger on solid works and then exported in IGS file into
ANSYS Fluent. In workbench stage there are some processers it was generated like united, merge and fill the
surfaces inside, outside the tubes and shell domain, then finally named cell zone selection that will help for selection
the special materials for every domain. 25% baffle cut was taken in the current study. Baffles spacing of 139mm,
127mm, 110mm and 101mm for model A, B, C and D, respectively, in order to study its influence on the heat
transfer rate. In order to reduce the computational time, only smaller number of tubes have been taken in the analysis
part and the cover shell have been removed, ensuring that these inclusions does not affect the final analysis results.
Although simulation time depends mainly on computational method and the configuration of computational
hardware, the time taken in our case (double precision and 2 processes method, core i7, 200 iteration) was roughly
25minute. Figure 5 shows the geometry of the tube-shell assembly of Model C of the generator, imported in ANSYS
Fluid.

(a)

(b)

Figure 5. Geometry of the tube-shell assembly of Model C of the generator (a) with shell, (b) without shell
Meshing
Meshing is an integral part of the computer aided engineering simulation process. The mesh affects the
accuracy, convergence and speed of the solution result and meshing should be done properly on the surface and
edges, as per the geometry details and solution convergence. If the geometry has high number of element it will give
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more accuracy result and it can show very clear on the surface. Figure 6 shows the meshed model of generator in the
ANSYS workbench, obtained using double precision and 2 processes method. The number of elements used in this
meshing for different models, is shown in Table 5. In this process face meshing and edge sizing of meshing is done
to analyze the process.
Table 5: Number of elements and nodes of meshing of different models
Domain
Model A
Model B
Model C
Model D

Elements
11558354
11559492
18193942
40490089

(a)

Nodes
3363275
3363389
5025401
11844561

(b)

Figure 6. Meshing model of generator (a) Isometric view and (b) side view
CFD Results
The CFD model (ANSYS Fluent 16) was initially used to verify the performance of generator heat
exchanger. The analysis setup based on four cell zone condition, tubes and shell solid material (copper and steel),
and cold fluid (LiBr/H2O) solution and hot fluid (water) ,this analysis done in double precision for more accuracy,
under vacuum pressure the theoretical results of Table 1 and Table 2 were used as input data in boundary condition
for setup stage, standard initialization method option used in solution monitors and computed from all zone
condition, 100 number of iteration was taken for run calculation in CFD analysis. The baffle spacing of the different
models, namely Model A, Model B, Model C, and Model D were taken as 139mm, 127mm, 110mm and 101mm,
respectively. With different baffle spacing the models are supposed to have different flow velocity between the
baffles in shell, thereby yielding different heat transfer rate. Figure 7 for Model A, Figure 8 for Model B, Figure 9
for Model C and Figure 10 for Model D summarize a comparative result of CFD analysis for all the models showing
the four critical parameters including (a) wall heat transfer coefficient, (b) stream velocity, (c) static temperature
and, (d) static pressure at shell fluid side.
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(a)

(b)

(c)
(d)
Figure 7. (a) Wall heat transfer cofficient (W/m2k), (b) streamline velocity magnitude (m/s), (c) static
temperature (K), and (d) static pressure (Pa), of Model A

(a)

(b)

(c)
(d)
Figure 8. (a) Wall heat transfer cofficient (W/m2k), (b) streamline velocity magnitude (m/s), (c) static temperature
(K) and (d) static pressure (Pa), of Model B
451

Journal of Thermal Engineering, Research Article, Vol. 6, No. 4, pp. 440-459, July, 2020

(a)

(b)

(c)
(d)
Figure 9 . (a) Wall Heat transfer cofficient (W/m2k), (b) Streamline Velocity magnitude (m/s), (c) static temperature
(K), and (d) static pressure (Pa), of Model C

(a)

(b)

(c)
(d)
Figure 10. (a) Wall heat transfer cofficient (W/m2k), (b) streamline velocity magnitude (m/s) (c) static temperature
(K), and (d) static pressure (Pa), of Model D
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It is inferential from the figures that with decrease in the baffle distance, the wall heat transfer coefficient
increases (as visible from increasing trend Model A to Model D). The lowest value of heat transfer coefficient,
possessed by Model A is 2771 W/m2k whereas the highest value, possessed by Model D is 4100 W/m2k which is
48% higher than that of Model A. Similarly, the stream velocity has increased by about 36% from Model A to
Model D, due to decreasing baffle spacing. The static pressure has decreased by 27% from Model A to Model D.
This is because of frictional losses, however it has consequently improved the heat transfer coefficient due to
increased static temperature in LiBr/H2O fluid to the required temperature of 90oC (outlet of cold fluid). Among all
the four models, Model D shows the best result as per the CFD analysis.
Figure 11 shows the temperature gradient at the entry and exit of the generator model D. Figure 11(a) shows
entry of LiBr/H2O solution in the shell and exit of hot water inside the tube. Figure 11(b) shows entry of hot water
and exit of LiBr/H2O solution. It can be seen that at the entry, the LiBr/H2O solution in the shell domain has around
temperature 313K at input boundary condition as (VAS) cycle design which is sufficient to generate vapors.
However, as the heat is exchanged between hot water and LiBr/H2O downstream the tubes, the LiBr/H2O becomes
sufficiently hot with average temperature of 363 K.

(a)

(b)
Figure 11. (a) Entry and (b) Exit side view of Model D showing static temperature of fluids

Figure 12(a) shows the plot of static temperature in Model D at inlet and outlet of cold fluid (LiBr/H2O)
solution, flowing through shell side at 313K. As the fluid flow through the shell, the heat get absorbed from the hot
fluid flowing inside the tube of the generator heat exchanger. The cold fluid outlet has an average value of static
temperature of 363K. The static temperature in cold fluid domain increases by 15.97%. Further, the static
temperature at inlet of hot fluid (H2O) is 373K and average value at the outlet is around 326K. Similarly, Figure
12(b) shows the velocity magnitude in fluid cell zone condition at inlet and outlet of hot and cold fluid. The figure
depicts that how the velocity increases while flowing along the length of shell in between the baffle plates, the
average value of velocity at inlet and outlet are 0.041m/s and 0.045m/s, respectively.
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(a)

(b)

Figure 12. Comparison between inlets and outlets of hot and cold fluid for model D showing (a) Static temperature
and (b) Velocity magnitude, along the length of the tube.
Figure 13 shows the rise in static temperature and variation in velocity magnitude of cold fluid (liBr/H2O)
while flowing inside the generator heat exchanger along the flow direction in model A.

(a)

(b)

Figure 13. Cold fluid (LiBr/H2O) in Model A, comparison (a) Static temperature and (b) Velocity magnitude to
length of generator heat exchanger (Z direction)
Similarly, Figure 14 shows the rise in static temperature and change in velocity magnitude during the flow
of cold fluid in Model D.
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(a)

(b)

Figure 14. Cold fluid (LiBr/H2O) in Model D, comparison (a) Static temperature and (b) Velocity magnitude to
length of generator heat exchanger (Z direction)
From above figures, it can be noticed that the velocity fluctuates as the fluid passes between the baffle
plates inside the shell. The values for static temperature and velocity magnitude can be observed corresponding to
the two models (Model A and Model D), which were chosen relating to largest and smallest baffles space,
respectively.
Table 6. Summary of CFD Results of Different models for different baffle spacing with 25% baffle cut
Generator
Fluids
Model A
Model B
Model C
Model D
Outlet fluid average static Temperature (K)
Average values of wall Heat transfer
coefficient (W/m2k)
Average value of static Pressure (Pa)
Average values of Velocity Magnitude (m/s)

LiBr/H2O

348.75

350.32

358

363.33

Hot water

338.14

339.98

331.12

326.09

Tube side

2771.23

2898

3610.49

4100

LiBr/H2O
LiBr/H20

6271.48
0.033

6161.23
0.039

5692.45
0.043

4537.41
0.045

The simulation results obtained using CFD analysis, were validate by comparing their values with
theoretical results (obtained using Kern method). Though these values do not match closely, the trend of the
variation is same in both the cases, which is sufficient to indicate the optimal design parameters.
Table 7. Comparison of theoretical and simulated temperature at different sections along the length
Temperature
(K)

Length (m)

𝑇ℎ,𝑖
𝑇ℎ,𝑜
𝑇𝑐,𝑖
𝑇𝑐,𝑜

0.766
1.532
0.00
0.766

Theoretical
Temp (K)
373
338
313
347

Temperature (K)
Model A
373
338.14
313
348.75

Model B
373
335.98
313
350.32

Model C
373
331.12
313
358

Model D
373
326.09
313
363.33

Table 7 shows the validation of simulated temperature values of different models with theoretical results.
The variation corresponding to Model D is 4.7 % at outlet of cold fluid (lithium bromide water solution). This
deviation may be due to difference in the velocity magnitude incurred by variation in baffle spacing used in actual
simulation. Figure 15 below shows a simpler view of the validation presented in Table 7, above.
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Model C

Model D

350,32

348,75

347
313

313

313

320

313

313

326,09

330

331,12

340

338,14

350

335,98

360

338

Temperature (K)

370

363,33

Model B

358,01

Model A

373

373

373

373

373

Theoritical

310
300
Th,i

Th,o

Tc,i

Tc,o

Figure 15. Comparison of theoretical and experimental results for different design models of generator heat
exchanger
CONCLUSION
In tube-shell type generator heat exchanger, reducing the baffle spacing increases the heat transfer
coefficient. The lower limit for the baffle spacing has been set by the TEMA Standards in the range, 0.2 to 1 times
of the inside shell diameter. Contrarily, if the baffle spacing is large, the heat transfer coefficient is small. Moreover,
large baffle spacing promotes longitudinal fluid flow which is considered less efficient compared to cross flow. This
also leads to lesser unsupported tube length which makes the design less strong and more prone to failure due to
buckling and vibration.
In this study we presented a detailed description of optimizing the generator heat exchanger of absorption
system (VAS) using CFD simulation. Lithium bromide/water was taken as an absorbent- refrigerant pair. The effects
of variable baffle distance of the generator heat exchanger on wall heat transfer coefficient, Reynolds number and
static pressure have been analyzed, corresponding to four models. It was found that the model with the smallest
baffle distance has the highest wall heat transfer coefficient which is attributed to high turbulence acting in the small
spacing of the heat exchanger. By reducing the baffle space from 137mm to 101mm, an increase in the wall heat
transfer coefficient of 48% was observed. Likewise, an increase in velocity by 36% and drop in static pressure by
27% were seen. Similar trend was observed in the theoretical results; however, the theoretical values differ from
CFD results. This is because the theoretical calculations are based on normal pressure of LiBr-H2O solution, while,
the CFD results are based on four cell zone condition, tubes and shell solid material (copper and steel), and cold
fluid (LiBr/H2O) solution and hot fluid (water). The CFD analysis was done using double precision and 2 processes
method under vacuum pressure which represents the actual working condition (to create vapor at low boiling point)
and hence, provides more accurate results.
NOMENCLATURE
𝐴
𝐴𝑟𝑒𝑞
𝐴𝑠
𝐶𝑝
𝐶
𝐷𝑒
𝐷𝑠
𝐷𝑖

Tube cross sectional area, m2
Required surface area of tube, m2
Cross flow area at shell side, m2
Specific heat at constant pressure of hot/cold fluid, J/kgK
Tube clearance, m
Equivalent diameter, m
Inside shell diameter, m
Inside tube diameter, m
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𝑑𝑜
𝐹𝑇
𝑓𝑖
𝑓𝑜
𝐺𝑠
ℎ𝑖
ℎ𝑜
jH
𝐾𝑤
𝐾𝑓𝑖 /𝐾𝑓𝑜
𝐿𝑇
𝐿𝐵
𝑚̇ℎ /𝑚̇𝑐
𝑁𝑏
𝑛𝑝
𝑛𝑡
𝑁𝑢𝐷
OS
OC
Od
Pr
𝛥𝑃𝑠
𝛥𝑃𝑇
𝛥𝑃𝑇𝑟
𝑃𝑇
𝑞
𝑅𝑑𝑠 /𝑅𝑑ℎ
𝑅
𝑅𝑒𝑖 /𝑅𝑒𝑜
𝑇𝑐,𝑖
𝑇𝑐,𝑜
𝑇ℎ,𝑖
𝑇ℎ,𝑜
𝛥𝑇𝑖𝑚
𝑈𝐶
𝑈𝑜,𝑐𝑎𝑙
𝑈𝑎𝑠𝑠𝑚
𝑈𝑚
𝑣𝑖
𝜇𝑖 /𝜇𝑜
𝜌𝑖 /𝜌𝑜
𝜑𝑠

Outside tube diameter, m
Correction factor
Friction factor on tube side
Friction factor on shell side
Mass velocity of shell side fluid, kg/m2s
Convection heat transfer Coefficient of tube side, W/m2K
Convection heat transfer Coefficient of shell side, W/m2K
Colburn factor
Thermal conductivity of tube material, W/mK
Thermal conductivity of tube side & shell side fluid, W/mK
Tube length, m
Baffle- spacing, m
Mass flow rate of hot & cold fluid, kg/s
Number of baffles
Number of tube passes
Number of tubes
Nusselt number of tube side fluid
Over surface, %
Overall heat transfer coefficient, %
Over design, %
Prandtl number
Shell side Pressure drop, N/m2
Tube side pressure drop, N/m2
Tube side return pressure drop, N/m2
Tube pitch size, m
Heat transfer rate, W
Fouling factor of solution & hot fluid
Heat capacity rate ratio
Reynolds number of tube & shell side fluid
Inlet temperature of cold fluid, °𝐶
Outlet temperature of cold fluid, °𝐶
Inlet temperature of hot fluid, °𝐶
Outlet temperature of hot fluid, °𝐶
Log mean temperature difference, °𝐶
Clean surface Overall heat transfer coefficient, W/m2·K
Calculated heat transfer co-efficient, W/m2·K
Assumed Overall heat transfer co-efficient, W/m2·K
Mean velocity of tube(inside) side fluid per pass, m/s
Mean velocity of tube side fluid m/s, m/s
Dynamic viscosity of tube& shell side fluid, N s/m2
Density of tube/shell side fluid, kg/m3
Viscosity correction factor for shell side fluid
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