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ABSTRACT

The objective of this study is to evaluate the gains in a drop-in process of refrigerants in a basic refrigeration system
using the Response Surface Methodology to optimization. A central composite design and analysis of variance are also
used. In addition, the model will be analyzed and compared to experimental results, consolidating various parameters
to get the best regions in a broad universe of options, with a reduced number of experiments. The response surface
methodology is a set of statistical tool, which describes the entire region of interest through experimental specific points,
by appropriate polynomial equation. The experimental results were extracted from a cooling test bench compound for
a reciprocating compressor, evaporator, condenser and expansion valve. R22, R290, R1270, R438A, R404A, R134a,
R410A and R32 were tested at the same experimental apparatus, the lubrificating oil was replaced in some cases. The
higher value of coefficient of performance and cooling capacity were investigated. The results obtained with the MSR
technique showed good agreement with the experimental work, (R2 exceeding 0.8) which indicates, good representation
of the output variables of the cooling system. The tested optimization tools were able to identify areas of maximum,
allowing for better comparison of results obtained by different refrigerants.

1. INTRODUCTION

The replacement of refrigerants that destroy the ozone layer by options null ODP (Ozone Depletion Potential) had
a landmark the Montreal Protocol (1987). Since then, many studies have been developed to find alternative fluid to
chlorofluorocarbons and hydrofluorocarbons.

With the development of studies were tested several options, including hydrofluorocarbons, fluid that does not have
the element chlorine and does not impact the ozone layer, but mainly, they have a high impact on the greenhouse
effect. Hydrocarbons, one of the first fluid used in refrigeration, in the nineteenth century, returned to be analyzed as
an alternative because it does not impact the ozone layer and have low contribution to the greenhouse effect (low GWP
- Global Warming Potential). Against these fluids, there is concern in its use due to its high inflammability.

In addition to new fluids and new technologies for next generation of equipments, research to reduce the environmental
impact has a task force that analyzes the condition of the legacy, existing equipments in full operation and lifespan. For
this group, the drop-in and retrofit are possibilities to keep their operating conditions, with low environmental impact
and if is possible, improving energy efficiency and cooling capacity. The drop-in is a simple replacement, only the
refrigerant (sometimes the oil), while the retrofit is a updating the equipment for replacement or refurbishment of its
components. Because of the diversity of equipment installed and their different behaviors, many experimental research
of drop-in and retrofit have been developed.
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The subjects of simulation and optimization, together with the statistical design, have been developed new research in
this area. In general, we can say that these tools enables gains with time, availability and costs for experiments and
technical personnel (Kincl et. al., 2005).

Next is show an analysis using the design of experiments with the response surface methodology and desirability
function to find the points of best operational and specific refrigeration capacity of each fluid, to evaluate the statistical
tools on the comparison of alternative fluids to R22. The data were extracted from an experimental research performed
on a test bench with reciprocating compressor. A validation work is also discussed in the text together.

2. LITERATURE SURVEY

The use of statistical tools collaborates in experimental work in several ways: Defining limits, better performance
regions, better sets, etc. The Designed Experiments was presented by Box and Wilson (1951). It allows to analysis of
changes on controllable variables and their impact on the results of experiments (Montgomery&Runger, 2003).

The correct choice of treatment of statistical methods can reduce the number of experiments required (Özbayoglu
& Atalay, 2000). According Neto et. al. (2001), the Central Composite Design (CCD) is a second-order model
comprising:

• Factorial points (vertices) with coordinates xi = ±1, for all i = 1,2, . . . k, where k is the number of factors;

• star points (axial) that allows the estimation of the quadratic effects and curl effects (α > 1);

• Center point used repeatedly for pure error identification (lack of fit).

Response Surface Methodology (RSM) is a set of mathematical and statistical techniques used to represent (visualize)
models and analyze engineering problems (Aslan & Cebeci, 2007). The RSM can be utilized to select the best point
or region of a dependent variable or, the biggest effects of factors (Bezerra et. al., 2008).

Aslan (2008) utilized the RSM to establish a relationship between three variables of a Multi-Gravity Separator and
determine the optimal operating point.

The mathematical model of Response Surface is represented in equation (1).

Y = b0 +
k
∑
i=1

biXi +
k
∑
i=1

biiX2i +
k
∑
ii>j

k
∑
j
bijXiXj + e (1)

where:

Xi: are the independents factors;
b0: is the intercept (zero point);
bi: is the first orden coefficient of the model;
bii: is the quadractic coefficient of the factor;
bij: is the linear coefficient of the model for the interaction between factors;
k: is the number of factor studied and optimized and
e: is the experimental error.

Dharma et al. (2016) adopted the RSM to optimize the biodiesel production process. With an experimental design of
the Box-Behnken type, they obtained good fits curves (the analysis of R2 and R2) and identified the optimal operating
parameters for transesterification.

For checking the fit, test of importance of the factors and quality of the model, it was utilized the ANOVA (Ferreira et.
al., 2007a). The lack of fit of model was evaluated with 95% confidence level. The coefficient of determination (R2)
and adjusted coefficient of determination (R2) were checked for analyzing the proportion represented by the model.
The higher the value of the coefficient of determination, more precise is the model (Liu & Zhang, 2016).

Since the objective is to analyze the composite system (several dependent variables simultaneously), the analysis should
be carried out by combining the model representing each parameter, known as multivariate optimization.
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The optimization techniques help us to understand and maximize (minimize) the effects from the interaction between
the factors, indicating the region of interest (Ferreira et. al., 2007b).

Rodrigues et al. (2015) investigated the methods of Compromise Programming and Goal Programming comparing the
results with the method of the Desirability function. They identified that the method of Goal Programming can get
stuck to the points of optimal local, nevertheless, presented results higher than those found by the method of Derringer
and Suich (1980).

In the case where the response surfaces already exist, the overlap of these is an acceptable alternative (Sivertsen et. al.,
2007). The location of the best result region will be performed by visual analysis. This method has limited application
to impose restriction, as in the case of the evaporation temperature (TEV) and cooling capacity (QEV) for this job.

The Desirability function, suggested by Derringer and Suich and then modified by Derringer (1994), it is a method
that combines the equations (models) into a single equation using weights for each variable. They suggested individ-
ual functions that can assume values between 0, for a completely undesirable response and 1, fully desired response
(Dalvand et. al., 2014).

The combination of individual functions gives rise to Global Desirability. This should be maximized / minimized to
obtain the point of interest, optimizing at once all variables. The desirability function includes 3 different types of
response (Costa et. al., 2012):

1. Nominal - the - best (NTB): Where you want the estimated response reach a particular target value;

2. Smaller - the - best (STB): Where you want the estimated response is less than an upper limit;

3. Larger - the - best (LTB): Where you want the estimated response is greater than a lower limit.

The mathematical description of individual Desirability function (di) is presented in equation (2), (Bezerra et. al., 2008;
Bukzem et. al., 2016)

di =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0 if y < L
( y−LT−L)

s
if L ≤ y ≤ T

1 if y > T

⎫⎪⎪⎪⎬⎪⎪⎪⎭
(2)

Where L is the lower acceptable value and T is the target value. y is the response that want maximaze (LTB) and s is
the weigth.

Thus, the desirability of individual functions defined, the global function is written by the arithmetic average of the
individual functions

D = (d1 × d2 × . . . × dn)1/n (3)

where n is the number of individual responses that want optimize.

A relevant feature of the desirability function is that it is becomes null when any of the answers is outside the region
of interest, due to the use of the geometric mean.

3. RESULTS AND DISCUSSION

The drop-in operation was carried out on a test bench in Energy, Thermal Systems and Nanotechnology Laboratory
(LEST nano) of the Federal University of Uberlândia in order to evaluate the options of alternative fluids from R22.
The main cooling system is constituted by a reciprocating compressor developed for R22, electronic expansion valve
and two tube in tube heat exchanger. The details of the equipment are presented in Table 1. One frequency converter it
was used to modulate the compressor operating speed. Auxiliary equipments such as load bank to simulate the thermal
load, cooling tower, pumps, etc. are used for the functioning of cooling system but not detailed in this text. The Figure
1 shows a schematic drawing of the experimental bench. The calculation of the uncertainty of measurement was carried
out through software ESS, considering the individual values of each instrument.
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Figure 1: Schematic drawing of the experimental bench

The refrigerants utilized in this bench are presented in Table 2, together with the mass used (load of refrigerant) and
operational limits.

Data collection was performed in steady state conditions. Operating limits are used to prepare the experimental design,
performed with the aid of statistical software. Each set of tests performed (with a refrigerant), a drop-in operation was
carried out, where, the refrigerante already tested was removed, the system was vacuumed until the internal pressure
reaches 400 μmHg, and the new refrigerant has been added. Mineral oil was used for the fluids R22, R290, R1270 e
R438A. During the replacement of the R438A by R404A, it was performed replacing the lubricating by a polyolester
oil, compatible with the fluids not yet tested (R404A, R134a, R410A and R32). For each refrigerant, were performed
13 experiments, being 5 in the center point for the identification of experimental error, according to the experimental
design.

The experimental bench has always operated with the adjusted factors as planning (AVEE and FCP). The thermal reser-
voir has the function of heat exchange with the refrigerant in the evaporator. The water inlet temperature (T8) and mass
flow in the evaporator, were established and maintained in 20○C and 0.35 kg/s, respectively, during the tests. The other
parameters were collected when reached steady state. Coriolis Mass Flowmeter was used to measure the mass flow of
refrigerant in the system. Temperature sensors type PT100 and piezoresistive pressure sensor were distributed on the
test bench according Figure 1. The cooling capacity was calculated using the mass flow of refrigerant and the enthalpy
of the fluid in the inlet and outlet of the evaporator. The energy consumed by the compressor was read directly on the
frequency converter.

The degree of superheat (SH) and subcooling (SC) of the refrigerant at the evaporator and condenser outlet, respectively,
were not controlled and achieved wide range of results, including values above the usual (SH higher than 40°C). The
same applies to the compressor discharge temperature (T2), which in some tests, reached values close to the compressor
operating limit and lubricating oil.

After the tests, the statistical treatment of the results were performed. The hypothesis test (ANOVA), was used to

Table 1: Equipment used in the main experimental facility

Equipment Category Model Nominal Capacity [kW]

Compresor reciprocating Octagon 2DC − 3.2 7.6

Condenser tube in tube 26.2

Evaporator tube in tube 17.5

Expansion valve Electronic E2V18BRB00
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Table 2: Refrigerants in analysis and operational limits: Compressor operating frequency (FCP) and Degree of
opening of electronic expansion valve (AVEE)

Fluid Charge [kg] FCP[Hz] AVEE[%]
Bottom Central Upper Bottom Central Upper

R22 3.2 40 50 60 50 70 90

R290 1.5 40 50 60 50 70 90

R1270 1.5 40 50 60 50 70 90

R438A 3.0 40 50 60 50 70 90

R404A 2.4 40 50 60 50 70 90

R134a 3.2 40 50 60 45 55 65

R410A 3.0 35 40 45 35 45 55

R32 1.9 35 40 45 35 45 55

Figure 2: Results of analysis of variance (ANOVA) for the COP parameter - Fluid: R22

identify representative terms of model for each refrigerant. The Figure 2 presents the results of analysis of the mathe-
matical model of the COP (coefficient of performance), to R22 fluid, that will be reference in this study. It can be seen
that the adjusted coefficient of determination value (R2) is bigger than 0.80 (R2 = 0.9945), indicating good fit of the
mathematical model. All analyzed values of (R2), for all fluids were greater than 0.80.

After the development and testing of models, look for by means of desirability function to find the best operating
condition (optimum operating point), for specific evaporating temperatures, maximizing the set COP and QEV. It
was defined three evaporation temperature for the R22 analysis, -5○C, -10○C and -15○C. For these temperature, it
obtained the optimum operating point, maximizing the desirability function with equal weights for these two dependent
variables. The definition of weights in multivariate problems is always a critical decision, because it is individual of
decision maker (Costa et al., 2012) and takes into account the application and need for each case. The Figure 3 shows
the behavior of the desirability function and maximum values found for R22 with TEV = -10○C.

It can be seen in Figure 3 that the selected points do not indicate themaximumCOP or themaximumQEV. The objective
of this step is identify the optimum operation point for the R22 fluid.

The next step was to perform the optimization for alternative fluids, in search of points with the same conditions (TEV
and QEV) and the best COP, which will be used to compare with results of R22 fluid. The Table 3 displays the result
found for all analyzed fluids.

It is important highlight, for alternative fluids, the point shown in Table 3 is not the optimum operating, as defined for
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Figure 3: Optimization of the desirability function for R22 and TEV = -10○C
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Table 3: Optimization results for the desirability function for fluids analyzed

Fluid TEV = −5○C TEV = −10○C TEV = −15○C
TEV[○C] COP QEV[kW] TEV[○C] COP QEV[kW] TEV[○C] COP QEV[kW]

R22 -5.06 3.43 9.00 -9.93 3.02 7.63 -14.97 2.58 6.74

R290 -4.87 3.39 9.45 -10.03 3.06 7.35 -14.89 2.78 6.27

R1270 -5.16 4.07 9.34 -9.95 3.73 7.28 -14.78 3.05 6.97

R438A -4.87 2.82 8.54 -9.80 2.75 6.89 -14.99 2.54 5.24

R404A -4.95 2.63 6.78 -10.00 2.26 7.14 -14.90 2.16 6.58

R134a -5.04 2.98 5.62 -10.00 2.64 4.90

R410A -5.08 2.78 8.87 -9.94 2.46 7.36 -14.89 2.20 6.45

R32 -5.14 2.95 9.04 -10.17 2.66 7.40 -14.94 2.43 6.49

R22, which maximizes the desirability function (máximum set COP andQEV). The cooling capacity restriction implies
a new function desirability, which results in a variation of COP (the best COP for a especific QEV).

By analyzing the desirability function, it has been found that, for the R290, in all TEV, the optimized value maximum
has QEV similar to that found in the analysis of R22 fluid, thus, the point shown in the table 3, is also the optimal
operating point. This same condition occurs for the R1270 (TEV = -15○C), R438A (TEV = -5○C), R404A (TEV = -5 and
-15○C) and R410A (TEV = -15○C). In all other tests, the optimal point for the alternative fluid does not present the same
refrigerating capacity of R22, what it is to be considered normal due to differences in properties of fluids.

To R1270, TEV = -5 and -10○C, the maximum desirability point occurs with cooling capacity higher than in the R22.
Thus, it was necessary to limit (reduce) the cooling capacity by the insertion of restriction condition in desirability
function. This action resulted in an increase of COP.

The R410A (TEV = -10 and -15○C) also presented QEV upper, however the restriction imposed on the desirability
function (reduction cooling capacity), instead what happened with the R1270 resulted in reducing the COP. The same
was observed with R32 (TEV = -5 and -10○C), but at a lower intensity. To R32, TEV = -15○C, the COP was practically
unchanged with limitation of QEV.

In the case of R404A (TEV = -10○C), The optimum operating point was found withQEV lower than observed for R22. In
this case, to produce approximately the same cooling capacity than R22, the COPworsened (From 2.38 to 2.26).

With the R134a fluid, it wasn’t possible reproduce a operating condition that reached the same cooling capacity of
R22 in the same evaporation temperature. The same occurs with R438A, TEV = -10 and -15○C and R404A, TEV =
-5○C.

With the analysis of the desirability function, we can observe the behavior of the dependent variables according on the
factors tested (Compressor operating frequency and Degree of opening of electronic expansion valve). It is observed
that all the analyzed factors (TEV, QEV and COP) increases with increasing degree of opening of electronic expansion
valve. With respect to compressor operating frequency, TEV and COP fall with increasing FCP, while the cooling
capacity grows. This divergent profile of parameters is one point that requires attention in optimization and complicates
the use of weights.

In order to verify the quality of the methodology, the analisys was compared with the experimental results of tests
performed byAntunes (2015) in the same test bench, points ofmaximum cooling capacity were selected in experimental
research and compared to results of desirability function.

Approximately 40% of the points found with the mathematical model are between limits of measurement uncertainty.
Some points outside this region can be explained due to the fact of desirability function has not calculated with the
exact target temperature, adding to it an error in the results obtained by optimization function. Ten (10) measurements
(approximately 20%) need to be evaluated because they showed error bigger than 10%, which may be posed by various
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Figure 4: Comparison of experimental and optimized results to maximum QEV and TEV = -5○C.

causes, inclused experimental error. The Figure 4shows a comparison between experimental and calculated points of
maximum QEV.

4. CONCLUSIONS

With the analysis of the desirability function, it was possible to identify the points or regions of maximum result (COP
and QEV) and when it happens (AVEE and FCP). In addition, the function works well in the application of restrictions
such as limits to TEV and QEV. At this point, it is important to note that beyond these parameters, during the process of
construction of response surfaces, other results were observed and not used in this work. With the desirability function,
it is possible, for example, verify the behavior of the fluid due to variation of condensing temperature, or even determine
if in a drop-in operation, replacing a condenser or evaporator will be required to achieve the desired cooling capacity
or improve the efficiency of operation.

Regarding the comparison between alternative refrigerants and R22, due to the difference found between the exper-
imental points and the optimization model, should check the construction of curves and test procedures in order to
reduce errors. Gains or losses obtained with the replacement of R22 for alternative fluids, there are the same order of
magnitude to the average error identified in the validation of methodology (comparing the experimental results with
the mathematical model). In the analysis of deviation, can be found a group of points that showed good convergence
(about 40%), indicating that use of this work it is possible. Is important identify and analyze the points with error upper
to 10% to reduce the average error. Nevertheless, the desirability function can be used, in principle, in the previous
selection of factors value, to reduce the number of tests.
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NOMENCLATURE

AVEE Degree Of Opening Of Electronic Expansion Valve
CCD Central Composite Design
COP Coefficient Of Performance
GWP Global Warming Potential
LTB Larger The Best
NTB Nominal The Best
ODP Ozone Depletion Potential
Q Cooling Capacity
R2 Coefficient Of Determination
R2 Adjusted Coefficient Of Determination
RSM Response Surface Methodology
SC Subcooling
SH Superheat
STM Smaller The Best
T Temperature
Subscript
2 Compressor outlet
8 Evaporator inlet - water side
CP Compressor
EV Evaporator
VEE Electronic Expansion Valve
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