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ABSTRACT

The refrigeration and air conditioning system is a booming research in the research area. In refrigeration,
the scientists focus on the new refrigerant in order to reduce the global warming potential (GWP), high
coefficient of performance (COP) and meet zero ozone depletion potential (ODP). Not only the new refrig-
erant as a solution to attain zero ODP, high COP and at the same time to optimise the design of refrigeration
system to meet ODP and COP as a required level. This paper aims to optimise the design of a double refrig-
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erator evaporator for a refrigerator employing non ozone-depleting hydrocarbon refrigerant using brine V5
as a secondary solution with a low GWP. It is done by numerical modelling followed by the parametric

modelling using CATIA V5.

1. Introduction

Normally we preferred hydrocarbon as a refrigerant. Why hydro-
carbon refrigerants? The use of hydro fluorocarbon (HFC) refrig-
erants like R410A, R134a and R32, which are being used as
a replacement for ozone depleting CFCs like R12 and HCFCs
like R22, has resulted in an alarming threat to the environment
because of their high global warming potential (Devaraj, Yuvara-
jan, and Vinoth Kanna 2018). The advantages of hydrocarbon
refrigerants over HFC refrigerants can be seen from their prop-
erties and relative performance in Table 1.

With regard to relative performance of hydrocarbon refriger-
ants against HFC refrigerants and hydro chloro-fluoro-carbons,
hydrocarbon refrigerants provide slightly lower refrigerating
capacity but as they provide a higher coefficient of performance
(COP), they result in lower power consumption (Vinoth Kanna
and Paturu 2018).

2. Hydrocarbon refrigerant blends

Hydrocarbon refrigerants like iso-butane (R600a), butane (R600)
and propane (R290) are usually used in mixtures for better per-
formance. Some significant hydrocarbon refrigerant blends are
the blends of R290/R600a (68:32) and R290/R600 (79:21) (Vinoth
Kanna and Pinky 2018a). These stoichiometric mixtures are non-
azeotropic refrigerant mixtures which do not boil or condense
over constant temperature and exhibit a slight temperature gra-
dient or temperature glide. If the temperature glide of the refrig-
erant mixture is less than or equal to 5K, this effect may be
neglected (Vinoth Kanna, Vasudevan, and Subramani 2018).

3. Necessity for optimal design of refrigerant
equipment

The evaporator design needs to be optimised to minimise
the investment cost of refrigerator systems using alternative
refrigerants (Vinoth Kanna, Devaraj, and Subramani 2018). The
design of the equipment can be optimised to operate in the
predetermined service conditions with the objective of minimis-
ing the material usage. This would thus save the material cost
of the equipment. This has to be done within the capability of
the manufacturing process (extrusion) (Paturu and Vinoth Kanna
2018).

4. Double tube evaporators

Double tube evaporators consist of an outer annulus and an
inner concentric tube (Vinoth Kanna and Pinky 2018b). The
refrigerant circulates in the outer tube while the secondary
(brine) solution circulates in the inner tube. Heat exchange
occurs usually in the counter flow mode. Figure 1 shows a
schematic diagram of the double tube evaporator (Devaraj et al.
2017).

A double tube evaporator using brine solution like
CaCly brine solution can provide brine directly from the
evaporator for application in cooling appliances like chillers.
The tubes are usually made of extruded and annealed
copper (Gurudath Nayak and Venkatarathnam 2009). The
outer tube is provided a polystyrene foam insulation to
prevent heat dissipation into the circuit (Oshuoha
2014).
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Table 1. Properties of hydrocarbon refrigerants.

Saturated vapour
pressure (KPa)

Molar vapour specific

Refrigerant Molar mass (gmol~")  heat Jmol="K~")

R290 584.4 44.096 81.88
R134a 374.6 102.03 94.93
R22 621.5 86.468 66.63
R410a 995.0 72.585 87.27
R32 1011.5 52.024 69.16

Refrigerant
inlet

Refrigerant
outlet

Water < |
outlet

Figure 1. Schematic diagram of a double tube evaporator.

5. Optimal operating conditions for hydrocarbon
blends

Experimental investigations by Mani et al. show that the blends
of R290/R600a (68:32) and R290/R600 (79:21) provide the best
COP under the evaporator operating range (—18°C to 2°C) and
load of 0.5 to 2.2kW (Longo 2012). Iso-butane mixture has a
better safety index compared to butane mixtures. Hence the
R290/R600a (68:32) mixture can be considered suitable for the
retail chillers application (Longo 2010). The brine temperature
required at the outlet of the double tube evaporator is selected
to be 120°C. The optimum evaporator and condenser tempera-
tures are 2°C and 35°C, respectively. The corresponding pressure
in the evaporator and the condenser are p = 3.9642 bar and
p = 9.7683 bar. The inlet temperature of the brine solution is
assumed to be 25°C (Alhamid et al. 2013).

If the above-mentioned operating conditions are employed
then the cost of the evaporator becomes higher compared to the
conventional evaporators. Thus the optimisation of the hydro-
carbon evaporator becomes mandatory for the marketing pur-
pose (Longo 2011).

6. Numerical modelling of refrigeration heat
exchangers

Work by Nasution et al. (2013) attempted to have a thermo
dynamical abstraction of the heat exchange in finned tube evap-
orators for optimisation. Proceeding on similar lines, the math-
ematical model of the heat transfer can be developed into a
numerical model. This can be taken as an optimisation prob-
lem, subject to constraints. The absence of predefined library
models of heat transfer with hydrocarbon mixtures involv-
ing phase change necessitates the development of a numeri-
cal/mathematical model using heat transfer relations (Li and Liu
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2016). Regarding hydrocarbon mixtures, limitations in experi-
mental performance data in evaporators of different dimensions
make the development of accurate statistical models impracti-
cal. (Current data are limited to few models with relation to dif-
ferent operating conditions of the fluid and not the dimensions
of the design.)

The numerical model developed based on suitable boiling
heat transfer relations could be used as the optimisation prob-
lem for the design in relation to the design dimensions. Hence
the heat transfer model is developed in relation to the design
dimensions as parameters and then optimised for minimisation
of material usage. For mathematical models which are used as
the basis for refrigeration optimisation, a conformance of 95%
of numerical performance predictions with experimental results
is desired for validation of the design (Vaitkus and Dagilis 2017).

7. Parametric modelling for design optimisation

The numerical abstraction developed for the optimisation of the
design must be related to a parametric model of the evapora-
tor design. Such a model would have the design dimensions of
the evaporator as its driving variables. A parametric model thus
permits optimisation of design by a metaheuristic search for the
design variables/parameters which generate the design model
(Ozkan and Ozil 2006).

The numerical correlations would form the constraints of the
parametric model to search for the optimal dimensions. How-
ever, the exponential nature of the heat transfer relations for
forced convection and boiling heat transfer in the evaporator
makes traditional mathematical programming optimisation of
the design impractical. Hence the problem must be optimised
using metaheuristic search techniques (Yu, Liu,and Zhang 2014).

Furthermore, parametric modelling of the design in a CAD
package like CATIA V5 facilitates direct relationship with the
numerical abstraction of the model for optimisation. The opti-
misation of CAD designs involving complicated relations using
the native metaheuristic of CATIA V5 is found to be satisfactorily
accurate (Clerx and Trezek 1987).

8. Methodology adopted
8.1. Numerical modelling using heat transfer relations

The numerical model of the evaporator is developed using the
heat transfer relations corresponding to boiling heat transfer
and forced convection heat transfer between the fluids. The rela-
tions are derived assuming smooth piping of the evaporator.
Flow boiling on the refrigerant side and forced convection heat
transfer on the brine side has been assumed (Woo, O'Neal, and
Pecht 2010). The complications of the model, namely absence
of built-in library models in software packages for the heat
transfer in hydrocarbon mixtures involving phase change makes
numerical modelling by heat transfer relations the only practical
alternative (Tahat, Ibrahim, and Probert 2001).

The relations are substituted for a small concentric cylin-
der element of length dx and then integrated over the entire
length using sufficient assumptions of mean/linear variation.
This would result in a logarithmic/exponential equation as the
heat transfer relation.
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8.2. Optimisation of design using a metaheuristic search

The heat transfer relation is complicated involving a logarith-
mic/exponential function which forms one of the constraints
of the optimisation problem. Hence it would be impractical to
solve it by traditional mathematical programming techniques.
So it would be practical to solve the design optimisation using a
metaheuristic algorithm like simulated annealing (SA). The inac-
curacy of the method would be negligible compared to the
manufacturing tolerance of the manufacturing method (Bjork
and Palm 2008).

9. Parametric modelling of the design using CATIA V5

The parametric model of the double tube evaporator can be
developed in CATIA V5 directly in relation to the principal design
dimensions, namely outer diameter of outer and inner tubes,
thickness of the tubes and the total tube length. This is done so
as to generate the entire design based on these variables.

Parametric modelling in CATIA V5 facilitates direct optimi-
sation of the model as there is a native SA metaheuristic macro
in the Product Engineering Optimizer (PEO) workbench of CATIA
V5. This allows the parametric model to be associated with the
numerical abstraction of the heat transfer model through the
problem definition module of the workbench.

Among the metaheuristic search procedures available, the
SA metaheuristic procedure is preferred as it facilitates continu-
ous search for the design variables within the search space for a
design problem. It searches in a pattern accepting solutions giv-
ing continuous improvement or solutions which provide slight
decrement, based on a probability.

(%)
Probability (acceptance) = e\ T

where Z. is the current trial solution, Z, is the next trial solution
and T is the parameter which is a product of temperature in the
current contour and Boltzmann constant.

If the random number generated is greater than probabil-
ity function, the current solution is accepted. The native meta-
heuristic algorithm, i.e. SA, will offer very accurate results in the
case of parametrically modelled CAD models.

To optimise the design using the native SA algorithm, the
design problem and its heat transfer constraint must be adapted
into an acceptable form of functions, which can be manipulated
by the SA macro iteratively. The final design is generated as a
parametric model of the optimal solution of the SA run.

10. Heat transfer conditions and assumptions

The thermal and physical properties of the refrigerant mixture
were obtained from REFPROP database, NIST Reference. The
dimensions of the initial double tube section, present in the
existing testrig, are

e DO = 15.87 mm
e Di = 1445mm
e d0O =9.52mm
e di =810mm

Mean variation is assumed for the properties along the evapo-
ration line. For a standard mass flow rate of 8.67 x 1073 kg/s for
the refrigerant mixture the velocity of flow of the refrigerant in
theinitial tube section was calculated and Reynold’s number was
calculated for bulk mean conditions as Re = 13,292. Hence it is
a turbulent flow (Re > 2300).

For a standard mass flow rate of 0.0725kg/s for brine,
Reynold’s number has been estimated to be Re = 932. Hence
itis a laminar flow (Re < 2300).

The evaporating condition has been equated to the flow boil-
ing of a refrigerant mixture because the refrigerant is flowing
continuously in tubes and not in a shell; hence there is not
adequate surface area for nucleate pool boiling to take place.

Among all correlations for flow boiling, the Bo Pierre’s cor-
relation for average Nusselt's number has been chosen (Refrig-
eration Handbook, IIT-Kharagpur, 2008). Bo Pierre’s correlation
gives average heat transfer coefficient for forced convection
boiling. The average Nusselt's number is given by

N, = 0.0082+/R.2k

where

dXhg,
o

dX is the change in dryness fraction, hfg is the latent heat of
vaporisation = 365.87 kJ/kg and / is the length (m)

The flow of brine solution is laminar and hence Nusselt's
number Nu is independent of Reynold’s number. The heat trans-
fer by forced convection is expressed by Nusselt's number as
N, = 3.66 (constant).

k

11. Heat transfer relations for the small cylinder of
the tube

The energy equation for the small tube element as shown in
Figure 2 of length dx in counter flow mode is

Qcomy = QCond

ie.

tor — tevap In(do/d})

(1/hpr x w x di x dx) ~ (Kcopper X 27 x dx)
1 ty
= C — xd
Prof X 7T x do x dx o X Spbr X Tg X
dx

:hngmrefXaXdX (1

where Qcony is the convective heat transfer (kJ), Qcond is the con-
ductive heat transfer (kJ), tp, is the temperature of brine (°C), teyap

-
—

— —
Refrigerant > \
——— — A — - -
D. —x *
(l»‘ () — L
v

|
|
| dx

=

Xodx

Figure 2. A small cylinder of the double tube.



is the temperature of refrigerant mixture (°C), hy, is the mean
convective heat transfer coefficient of brine (W/mZ?K), hr is the
mean convective heat transfer coefficient of refrigerant mixture
(W/m?Z2K), Kcopper is the convective heat transfer (kJ), my, is the
mass flow rate of brine (kg/s) and my.s is the mass flow rate of

refrigerant mixture (kg/s).
Now the heat transfer coefficients are given by

k
h=NuXa

Wehave X = 0.234atx = 0,X = latx =L, tp, = 25°Catx =L
and tp, = 12°Cat x = 0 as the boundary conditions.

Substituting corresponding values in the differential
Equation (1), we have

tyr — 2
((1/5.736) + In((do/d;) /2425.31)) +
=3.1709 x 103 x dx
= 0.055 x 2782 x (dtp,/dx)

(Diz _ d(Z)) x L(0.5/3.185d0)

)

12. Integration and constraint derivation
Integrating the above Equation (2) within the given boundaries
and solving we have:

23

L (o ntdosdp  ( DF=df
e 0.055x2782 5.736 242531 3.185x10-5/do

+2  (3)

tor =

and

Omax = 0.055 x 2782

L X( 1 +|”(d0/d[))+ D7 —d3
o\ 00552782 X\ 5756 242531 31852105740

x| 1-

(4)

The above (Equations (3) and (4)) relations give the abstraction
of the heat transfer relations in the evaporator. Using these as
constraints, the problem for design optimisation is defined.

2 Partl (Partl.1)

Corestraints

Applications

=
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Objective: To minimise the material volume of the design
subject to,

23
L 1 Indo/dp) D2 —dy?
e o055x2782 *\ 5736 T 242531 )+ 3.185x105/d0

=12°C

+2

tyr (atx =0) =

(5

Qmax = 0.055 x 2782

L X( 1 Jr|n(a/0/ar,~)>Jr D% —dg?
0.055x2782 5736 ' 242531 3.185x10-3/do

x|1—e
= 249kW (6)
Do — d; do — dj
0 3 "and 22 : ! = 0.35 mm or 295SWG
x (manufacturing constraints for extrusion or tube drawing)
(7)
, ) di
Hoop's stress in the tubes (due to pressure) = Peyap X a—d
0o—di
= 03964 x ———
X do — d;
= 650 bar (65Mpa)
(8)
and
D; — do D; — do
P, — = 0.3964
® * Dy — D; Do — Di
= 650 bar (65MPa)

where Pe,qp is the evaporator pressure = 3.9642 bar.

13. Parametric modelling of the evaporator
13.1. Initial design model of evaporator in CATIA V5

Parametric modelling of the double tube assembly is done so
that the optimisation procedure can drive the generation of
the model via knowledge ware of CATIA V5. Successive update

.

FOBIVNLEES 6

&

o 4

NP SRAASBE 6 EE

Sebeck o object or & commansd
= Propct

e —

2 start

Figure 3. Initial parametric model in CATIA V5.
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of the model can be achieved using the parametric modelling
approach.

The free variables namely siameters, thickness, length, num-
ber of coils (in terms of double runs) can drive the entire model to
evaluate the objective function for each trial. Properties of cop-
per for the tube are imported from CATIA's material library. The
initial dimensions of tube diameters, length, etc. are used as such
as in the existing model (Figure 3).

Optimization

Problem | Constraints | |
Optimization type: [minimization

Optimized parameter

| volume. 1 0.001m3

J

Free Parameters

Name I Value I Inf. Range ] Sup. Range I Step
“PartBody\Plane.2\... 2312.5mm Auto.
*PartBody\Rib.3\5k... 7.935mm Auto.
“PartBody\Rib.3\5k... 7.225mm Auto,
“PartBody\Rib.3\3k... 4.0Smm Auto,
*PartBody\Rib.3\5k... 4,76mm Auto,
“PartBody\Plane.1\... 187.Smm Auto,

Edi st |
Avallable algorithms
Algorithm type : [seulated Anneaing Algorithm
Selected algorithm settings
Running Criteria i
Convergence speed : Fast = )
Termination criteria |

IS Maximumn time (minutes) S00

Optimization data

O with visualization update @ Without visuakzation update
14 Disconnect Undo log

(PartBody\Plane.1\Offset” )

T e st” +2% PartBody\Plane.2\Offset™ )*"PartBody\RectPattern.2\NumberT
& c ive updates without i 5000 Il * =1500mm/(2*"PartBody\Plane.1\Offset” )

14. Optimisation of the design
14.1. Problem definition in the PEO workbench

The problem was defined in the PEO workbench of CATIA V5
with the objective of minimisation of material volume of the
model (and hence the amount of metal). The problem and
the independent variables, namely the design dimensions are
defined (Figure 4).

lw i'?‘ ‘g, ‘

.. | Distance to satisf....

23jexp(‘Length.1°... No 1.63619 0
0.055%2762*(1-...  Yes 0 True
“PartBody\Rb.3i5k...  Yes e True
“PartBody|Rib.3\5k...  Yes omm True
“PartBody|Rib.3\5k...  Yes omm True

8 PartBody!Rib. 3\5k. Yes Omm True
... 0.39%42* PartBody... Yes 0 True
..o 0.39642*( PartBod... Yes 0 True
.. PartBody\Plane.2\... No 62.5mm True
.. PartBody\Plane.1\... Yes O True

New.‘.l New (derivatives provider) I Dde(sl

Constraint definition

23/exp(" Length, 1 m/(0.055*2782%(1/5.736-+in( PartBody\Rib. 3\Sketch.7\Radius

Name:  [Constraint.2 ®
Comment:
(“PartBody\Plane.1\Offset" ) o
=
Satisfied: §  Activiy: [True ] weight: [T =
) s
at™ +2% PartBody\Plane.2\Offset” )*"PartBody\RectPattern.2\Numberl
Body: Edt... | * =1500mm/(2* " PartBody\Plane.1\Offset" )

®
i = 2
QL2008 66 Zria

< >
Precision: |0 =]
Run optimization

@ ok | O apply | & cancel|

‘4 start [3] cai

Figure 5. Definition of the constraints for the optimisation problem.

[ 3|



15. Constraint definition in the PEO workbench

The constraints derived in the previous chapter are defined in
the PEO workbench of CATIA V5 (Figure 5).

It must be noted that the geometrical layout of the evapora-
tor is not rigidly fixed. The design optimisation is focused only
on the dimensions of the tube. The geometric design is decided
based only on practical considerations to reduce the pressure
drop.

16. Staging the SA run

Since the SA inbuilt algorithm is being used to solve a design
problem involving a vast search space, the number of iterations
in the algorithm is very high (total of approximately 90,000).
Hence the search space is divided into domains with varying
number of trials, convergence intervals and cooling times. The
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convergence requirements were varied from domain to domain,
i.e. narrower intervals and greater trials for small intervals, more
time, etc. as the search space contracted and the solution grew
closer to the global optimum.

This was done to ensure that the algorithm did not pre-
maturely converge into a random local optimum. This is anal-
ogous to the natural process of visual searching for fea-
tures on topography, by the human eye. A similar approach
using a general search followed by deep probes into the
search space was suggested by Puaro et al. for multi-objective
decision-making.

The search domain categorisation based on the material vol-
ume range/function and the respective search time for each
stage is described below:

e Run 1:27000 trials, cooling time = 530 minutes; Search space
(0.000637855 m?, 0.000612996 m?)

[S]CATIA V5 - [Evaporatorresult.CATPart] - [=]x]

B ot ENOVIAVSVPM Ele  Edt  Vew Insert Tcols Window  Help
2. & 00 i)
¥ part1
 xy plane
vz plane
 7x plane

@l Parameters

=4 = Relations
169 Formula.1: “PartBody\RectPattern.2\Spacingl * =2*(" PartBody\Plane.1\Offset" )
Optimizations.1

Optimization

Objective best value:
Optimization Constraints.

timization.1

hGw  fe®  BE6 I

0.000752951m3

163 Formula.2: *Volume.1" =smarl

Neme | Body

[ Setisfied | Distance to satf....
Yes o

Constrai..
Constrai...
Constral...
Constrai..

463 Formula.4: ‘Length.1* =(2*"P;
169 Formula.5: “Par tBody\RectPat
= PartBody

Number of updates performed:

Number of updates wihout improvement: [l

Elapsed Time:

Number of aborted updates:

NEES Y B&

23fexp( Length.1 m{(0...
23%0.055%2782%(1-ex0X ..
“PartBody\Rib. 3\sketch...
* PartBodyiRib. 3\Sketch...

R 9menQQUsB0 8. 66

Yes
ves
Ves

(L]

(1]
—_—

z,

CaTia

Initialstate
/4 start

[

3| CATIA VS - [Evaporat...

Figure 6. The first run of the SA search.
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Figure 7. The third run of the SA search.
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e Run 2: 5963 trials, cooling time = 100 minutes; Search space
(0.000612996 m3, 0.000612621 m3)

e Run 3: 20000 trials, cooling time = 500 minutes; (but only
19914 could be generated) Search space (0.000612621 m3,
0.000527156 m3)

e Run4:20000 trials, cooling time = 500 minutes; Search space
(0.000527156 m3, 0.000557275 m3).

e Run 5:20000 trials, cooling time = 500 minutes; Search space
(0.000557275 m3, 0.000561195 m3)

17. Results of the metaheuristic search

The SA metaheuristic was executed in stages as described earlier.
The SA execution is illustrated (Figures 6-7).

18. Material saving achieved in the optimised design

The optimised design generated by the SA metaheuristic search
has the following changes from the initial design:

The optimised length has an increased length (from 15 to
23.575 m) (including the bends) and reduced wall thickness
(from 0.71 mm or 22 SWG to 0.35 mm or 29 SWG)

Hence there is a reduction in material volume (from
0.000637855 to 0.000561195m3 (or 12% material reduc-
tion).

This would give a material savings of 0.685 kg of copper (den-
sity = 8940 kg/m?3) in the evaporator tube.

However, the optimisation of the design was concerned
with the overall dimensions of the evaporator. It must be
noted that the geometrical design has 28 horizontal rows and
hence there would be a significant pressure drop. Hence the
geometry is altered during installation, but would be inde-
pendent of the overall dimensions as it is a flexible tube
(Figure 8).

Figure 8. Optimised evaporator.

19. Conclusion

The variables controlling the design of the evaporator are deter-
mined by numerical modelling and these variables are para-
metrically modelled to obtain the optimised design of the
evaporator.
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