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RESUMEN

o Este trabajo presenta una aplicacion de hojas
de calculo para el filtrado de datos y analisis
energético, el cual tiene su aplicacion en
la investigacion y evaluacion experimental
del desempefo energético de refrigerantes
alternos. El sistema experimental de compresion
de vapor (sistema de refrigeracion) genera
una gran cantidad de datos, los cuales son
almacenados en archivos de texto de tamafo
variable. Los archivos de texto contienen
diferentes parametros como: temperatura,
presion, flujo masico y consumo energético,
estas medidas se toman a la entrada y salida de
cada componente del banco experimental. La
herramienta computacional desarrollada procesa
la informacién usando las funciones de las hojas
de calculo y programacion en Visual Basic para
aplicaciones (VBA), asi como la conexion con
las librerias dinamicas del REFPROP para las
propiedades termo-fisicas de los refrigerantes.
Resulta una aplicacion amigable para el usuario
(estudiantes de ingenieria, investigadores, etc.),
incluso sin que el usuario tenga la necesidad de
programar en VBA y sin conocimiento e iteracion
con librerias dinamicas del REFPROP.

e Palabras clave: estado estable, analisis
de datos, visualizacion grafica, sistema de
compresion de vapor.
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ABSTRACT

This paper presents a spreadsheet application for data fil-
tering and energy analysis, which has applications in research
and experimental evaluation of the energetic performance of
alternative refrigerants. Experimental vapor compression sys-
tem (refrigeration system) generate a large amount of data,
which is stored in text files of variable size. Text files contain
different parameters such as: temperature, pressure, mass flow
rate and power consumption, measured at the inlet and out-
let of each component of the test bench. This computational
tool processes information using spreadsheet functions and
programming in Visual Basic for Applications (VBA) capa-
bilities as well as the connection with the REFPROP dynamic
libraries for thermophysical properties of refrigerants. The re-
sulting application is user friendly (for engineering students,
researchers, etc.), even without VBA programming and inter-
action of dynamic libraries of REFPROP knowledge by the
user.

Keywords: steady state, data analysis, graphical visuali-
zation, spreadsheets, vapor compression system.

1. INTRODUCTION

Research and experimental energetic evaluation of alterna-
tive refrigerants with low Global Warming Potential (GWP)
in the field of refrigeration, has an important role due to en-
vironmental issues addressed in recent years. Experimental
research in this field is carried out in many universities and
research centers that have vapor compression systems. The
experimental test bench that is used for this purpose gener-
ates large amounts of data due to the wide range of operating
conditions that can be studied. Therefore filtering and analysis
of experimental data gathered is a challenge because it is time
consuming and requires the use of specialized software, since
a single data file can contain many transient and steady state
data from different combinations of operating conditions. A
solution to this problem is the development of computational
software that will result in a viable tool to successfully com-
plete the task. Among all programs available, Microsoft Ex-
cel® is a valid option based on spreadsheets that can be used
for this purpose. In recent years, Excel has become a respected
development platform alongside those based on C++, Java
and .NET [1]. Although the use of spreadsheets was intended
for its use in business accounting [2], the ubiquity and sim-
plicity of Excel, in addition to its rich library of built-in func-
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tions, such as plotting capabilities and other built-in utilities,
has made it an attractive tool for engineering as well as for
other disciplines. In the open source literature, many papers
deal with the use of spreadsheets. For example, Lowry and
Thomas [3] used spreadsheets to calculate daytime luminance
of rooms using first-principle calculations for customizable
sky luminance and glazing material properties. The resulting
model can be used to analyze the effect of altering proper-
ties and sky conditions without specialized software. Ayala
et al. [4] developed spreadsheet applications for processing
large EEG files. This resulted in an application with tabular
visualization, tools for table processing and the possibility to
subdivide tables when the memory requirements exceed ca-
pacity. Cheetancheri and Cheng [5] presented an application
for mechanism analysis and animation. This application al-
lows users to develop and solve complicated planar mecha-
nism problems. Aliane [6] explored the possibility of inter-
facing Excel with external hardware, and demonstrated the
use of VBA programming language to perform data acquisi-
tion and real-time control. Iglesias et al. [7] presented an el-
emental simulator of chemical processes (SimPro) developed
on Excel associated with VBA programming language. The
application allows carrying out mass and energy balances,
equipment dimensions and cost evaluations. Morishita et al.
[8] demonstrated that the fluid dynamics equations could be
solved efficiently using spreadsheets. They present three typi-
cal problems using Spreadsheets Fluid Dynamics (SFD) using
conventional spreadsheets calculations, matrix inverse, vec-
tor product functions, and iteration. Jordan [9] used spread-
sheets to solve thermal radiation problems specially related
with multi-surface enclosures. He concluded that spreadsheets
provide a convenient and flexible tool to solve these problems.

As shown in the literature review, there is no record on the
use of Excel for experimental data analysis and filtering ap-
plied to experimental vapor compression systems. So, the aim
of the present work is oriented towards developing a simple,
user-friendly spreadsheet application for energy analysis and
for filtering experimental data obtained from a vapor com-
pression plant in the research of new refrigerant alternatives.
This application takes advantage of several spreadsheet fea-
tures such as macro programming, in-cell formulas as well as
its connectivity with dynamic libraries for fluid thermophysi-
cal properties. As a result, the application is a useful tool in
evaluating energy performance and data filtering for a wide
variety of operating conditions and refrigerants.

The rest of paper is organized as follows: section 2 de-
scribes the experimental test bench used as well as a descrip-
tion of the measuring system. Section 3 presents the strategy
and requirements for the application as well as the formula-
tion of the key parameters used to analyze the performance
of the system. Section 4 presents the application capabilities
through an example showing its implementation. Finally, the
main conclusions are summarized.

2. EXPERIMENTAL TEST BENCH

The refrigeration test facility (based on vapor compres-
sion technology) that was used to obtain experimental data
is shown in Fig. 1. The experimental plant is located at the
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Department of Mechanical Engineering and Construction of
the University Jaume I, Spain.

The computational tool that was developed in this work
pretends to reinforce the understanding of refrigeration sys-
tems and better explain ways in which experimental informa-
tion can be handled and analyzed inside teaching refrigeration
groups and applied research with the international collabora-
tion between universities research groups.

The experimental test bench consists of three loops: a va-
por compression circuit and two secondary loops to simulate
different refrigeration loads and condensing conditions. The
vapor compression circuit can work in two different configu-
rations: as a single-stage vapor compression system and as a
vapor compression system with an internal heat exchanger
(IHX). The configuration of the refrigeration system is con-
trolled by a system that automatically opens or closes valves.

In Fig. 2, a schematic diagram shows the location of the
valves to control the system’s configuration as well as the lo-
cation of the instrumentation to collect experimental data. The
main components of the vapor compression plant are: com-
pressor, condenser, expansion valve, internal heat exchanger
and evaporator. The compressor that was used is an open-type
variable speed compressor; a shell-and-tube evaporator type
is mounted, where the refrigerant flows inside the tubes and a
brine water-propylene glycol (35/65% by volume) is used as
a secondary fluid; it includes a shell-and-tube condenser, with
refrigerant flowing along the shell and the water inside the
tubes, a concentric corrugated tube as internal heat exchang-
er where the liquid refrigerant flows by the annulus and the
vapor refrigerant flows inside the internal tube and a set of
expansion valves. The experimental setup is complemented
with two secondary circuits used to control secondary fluid
conditions in the inlet of the evaporator and in the condenser
in order to simulate and control different working conditions
for the refrigeration system.

.

Fig. 1: Experimental test bench

Notice that in the bench, changes can be made in its main
elements, for example, changes in the heat exchange equip-
ment as well as any other volumetric compressor. However,
for purpose of the tool developed and presented in this work,
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only changes in the configuration of the installation are taken
into account.

2.1. MEASUREMENT SYSTEM

The main thermodynamic states shown in Fig. 2, are ob-
tained by measuring temperature and pressure in the inlet and
outlet of each basic element of the installation using thermo-
couples and piezoelectric pressure transducers, respectively.
The thermocouples are calibrated in our own laboratory using
certified references, with an uncertainty of + 0.3 K, while the
pressure transducers within a range of 0-3 MPa have an un-
certainty of + 0.1%. The measurement of the refrigerant mass
flow, , is obtained by a Coriolis effect mass flow meter located
on liquid line, with a certified accuracy of + 0.22% on reading.
The volumetric flow for secondary fluids in the evaporator
and the condenser,, are measured using electromagnetic flow
meters with a certified accuracy of +£0.25%. All of these meas-
ured parameters are essential to obtain the rest of the thermo
physical properties using the REFPROP [10] database. Table I
summarizes the measured variables and the type of measuring
instrument used in different loops of the experimental plant.
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Fig. 2: Vapor compression plant scheme
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The signals generated by all sensors, as well those pro-
vided by the measuring devices, were gathered using a PC-
based data acquisition system SCXI 1000 from National In-
struments. All data are obtained with a sampling period of 0.5
seconds.

3. APPLICATION DEVELOPMENT
The approach that was used to develop the application is
shown in Fig. 3, where we observe that the proposed solu-
tion is carried out in three steps: acquisition of data in real
time, data filtering processing and displaying the results. In
the first step, the information is loaded by the user who up-
loads the pertinent information about the configuration of
the test bench. This facility is flexible to work with two con-
figurations, with or without IHX (see Fig. 2). The expansion
process also has two types of device: electronic and thermo-
static expansion valves. Furthermore, refrigerant type (such
as HFO-1234yf and HFO-1234ze, R407C, among others) and
propylene glycol brine concentration, allow to the user define
the configuration of the test bench used and loading the file
generated by DAQ system with the data from the experimen-
tal test bench. With the information recorded in the first step,
the application calls dynamic libraries of REFPROP to de-
termine thermodynamic properties in each thermodynamic
state that was measured, this is done by using the features
available in Excel and calling procedures developed in VBA
(Visual Basic for Applications) to optimize the calculation
time in the energy analysis. The information is then filtered.
Finally, an energy analysis for the complete experimental va-
por compression system is carried out and each component
for steady state conditions are obtained.

The main problems found while working with data gen-
erated by experimental vapor compression systems are due
to several factors; the configuration of the vapor compres-
sion system (with or without IHX), refrigerant type, propyl-
ene glycol brine concentration, and the size of the data file
generated by the DAQ system. The guidelines to develop the
application are listed below:

T K-type thermocouple 12 +0.3 K
P Pressure transducers 8 +0.1 %
Vapor compression W Coriolis-effect mass 1 +0.22 %
circuit ref flow meter -
Pot, Digital wattmeter 1 +0.5 %
N Inductive sensor 1 +1%
Immersion-type
4 3K
r thermocouples £03
Secondary circuits S .
ViV, Electromagnetic flow 5 £0.25 9%
meter

Table I: Measured parameters
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Fig. 3: General approach to develop the application

Selection capability of the configuration used in the test
bench for analysis. This option should include refrigerant
type, percentage of propylene glycol brine used in the evapo-
rator, single stage or with internal heat exchanger (IHX) as
well as the type of expansion device used.

Resizing according to the size of data file. This is an im-
portant feature because the information collected varies ac-
cording to the time expended while evaluating experimental
test bench operating conditions. It is means that the number
of contiguous rows in the spreadsheet varies with the infor-
mation, so, the energy calculation must be adaptable to the
experimental information collected.

Data filtering. The application must have an option for
data filtering and a feature that allows resizing and refreshing
all information and graphics. This feature permits separate be-
tween transient data and steady state data obtained, establish-
ing a range of variation and using the previous feature, show
only interest data (steady state energy analysis).

Energetic performance results. The application must show
the average energetic performance as well as the standard de-
viation for experimental data for the complete test bench. Ad-
ditionally, individual energetic analysis for each main compo-
nent should be presented.

Graphical results visualization. Graphical results must au-
tomatically fit the amount of data. This feature includes the
visualization of the behavior of key measured variables such
as outlet temperatures, 7, and pressures, P, at condenser and
evaporator, sub-cooling degree, SCD, superheating degree,
SHD, volumetric flow rate of secondary fluids, Vw,Vg, re-
frigerant mass flow rate, n'are/. , and from thermal analysis, the
information that must be displayed includes the cooling ca-
pacity for the evaporator, Qo, heat removed at the condenser,
Qk , as well as volumetric, 1, isentropic, M, and combined,
N, compressor efficiencies and for the performance refrig-
eration system COP.

The developed application is able to adapt to different as-
semblies based on the data acquisition system, provided that
the facility is based on vapor compression. The contribution
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Data filtering for steady-state conditions

of the tool is aimed to the energy evaluation of the system at
steady state, the transient performance in this application is of
no interest.

3.1. PHYSICAL THEORY FOR ENERGY ANALYSIS

The aim of experimental energy evaluation of new refrig-
erants is to evaluate its behavior in actual compression systems
using refrigerants that need to be replaced. For this purpose,
each component of the refrigeration system and the complete
system are studied using thermodynamic theory, besides geo-
metric characteristics and measured parameters such as power
consumption or refrigerant mass flow rate. Physical constants
for each component of the experimental test bench are shown
in Table II, which includes the physical theory for the com-
pressor, condenser, evaporator, IHX, expansion valve and the
energetic performance of the refrigeration system. The main
parameters for the compressor are volumetric, isentropic and
combined efficiencies. These parameters determine the per-
formance of the compressor under defined operating condi-
tions. The parameters that define energy behavior for the heat
exchangers are heat transfer rate and overall heat transfer co-
efficient. The thermal analysis of the heat exchangers is based
on the logarithmic mean temperature difference method. This
method is a logarithmic average of the temperature difference
between the hot and cold streams at each end of the exchanger.
The larger, , the more heat is transferred. Finally, the expan-
sion device is modeled as an isenthalpic process.

4. RESULTS

Based on the physical theory for energetic analysis of test
bench components and their performance, the application was
developed using spreadsheets features. In this section, the
windows and spreadsheets used in the application that was
developed are described.

When the application starts, a main screen appears, is
shown in Fig. 4. This screen is a spreadsheet containing the

Noviembre - Diciembre 2014 | Vol. 89 n°6 | 608/615 | Dyna | 611



articulo Computational tool for experimental refrigeration system analysis using spreadsheets
Juan Manuel Mendoza-Miranda, Juan Manuel Belman-Flores, Armando Gallegos-Mufioz, Adridn Mota-Babiloniy Joaquin Navarro-Esbri

_ 60rm, . i
1 = pVe N M
Pot hl,s _h7
= 2
A @
_ rhref (h'l,s _h’l)
7 comb POtC (3)
Compressor
. . VW
Qk =mref (h‘l_h’3)=pw(36oojcp,w (Tw,o _Tw,i) (4)
V.T,, T, 0,
: Uy =——=t 5
1 1« k A ( AT, )k 5)
3 2 -7 V(T -
“+— k/\/\/\) <+ (AT,), = U TT) (TT3 L)
In (—3 i J ©
Condenser T,-T,,
SCD=T,,,-T, (single stage) 0
- v,
0, =m,, (hs_h5)=Pg(3600]vag (Tg.i_Tg,o) (8)

—> —> U = —QO

v (T =T2)~ (T ~Touy)

, AT =
L. Vel (ATu), T,,-T,, (10)
Evaporator tn ﬁ
SHD=T;-T,, an
QIHX = rhref (hj' _hj“) = rhref (h6“ _h6') (12)
3" 3 0
Upg =2~ 13
N VAVAVAV o " A (AT, ) 9
T, -T.)-(T. - T,
t >\ ANA\ANA\NAT (ATml)IHX:( : 6])~ (; 6) 14
6' 6" In [uj (14)
THX T ~Ts
SCD=T,,,-T, (with HX) (15)
4 5

| " | h, =h (16)

Expansion device

Qo
Pot

c

Coefficient of performance COP = an

Table Il: Physical fundamentals for each component of the experimental test bench

navigation bar on the top of the screen. This allows accessing  the filtering and reviewing the information generated by the
the different spreadsheets that the application contains. Ad-  energy analysis calculations.

ditionally, this screen contains a button labeled “Experimental :

Data Analysis”. When this button is pressed, the process of
experimental data analysis begins, which collects information
on; the date of the analysis, the percentage of propylene glycol
as secondary fluid used in evaporator, refrigerant type, cover-
ing pure fluids and mixtures, the expansion valve (electronic

and thermostatic) used, and the configuration of the vapor ‘ UNIVERSI‘[‘AJ
compression system, with or without IHX. When the thermo- — :
static expansion valve is selected, the user needs to select the
orifice type available in the test bench. Thus, when a data file ;
is found, the user visualizes all the processed data and start  Fig. 4: Main screen when the application starts

Experimental
test facility
diagram

Data Table Plots. Calculations l P-h Diagram Summary

Experimental
Data
Analysis
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Fig. 5: Loaded data and calculations

P10 v

Once the user has concluded
filtering the data, the next spread-
sheet, which appears under the
button labeled as “Calculations”,
is shown in Fig. 8. This spread-

sheet shows the most important
parameters for whole and individ-
ual components of the vapor com-
pression system. This table high-
lights compressor efficiencies,
overall heat transfer coefficient
for each heat exchanger; and the
main parameters that determine
the working conditions of the
test bench. This spreadsheet of-
fers the energy analysis informa-
£ tion of average experimental data
for each component of the test
bench in steady state conditions.
The spreadsheet shown in Fig.
9, displays main thermodynamic
properties for each component of

Volumetric flow meter

@ & ) =
ST P
) K3 3

x- mass flow ?et?::o"
meter 21845

16.3778
P7
21332

- Smm b 6

|

P2

Volumetric 131413

Two

2001 Condenser

Compressor

Fig. 6: Graphical visualization of the main variables and energetic parameters

From the main screen, and by using the navigation buttons,
the user can access a spreadsheet labeled “Data Table” (Fig.5).
In this spreadsheet the experimental data are stored and the cal-
culation of thermo physical properties are carried out for each
thermodynamic state (see Fig. 2). By clicking the “Plots” but-
ton located in the navigation bar, the user can view the main
variables that were measured and the parameters involved in
the system’s energy analysis. From this spreadsheet (Fig. 6),
the user can identify the temporality in measured parameters
such as pressure, temperature and mass flow rate. Other param-
eters that the user can visualize include the energetic behav-
ior of the test bench and its components. All plots contained in
this spreadsheet show the average of the values along with the
standard deviation of data. The deviation range of data is con-
sidered as one standard deviation, and it is shown as the dashed
lines in Fig. 6. From the data table spreadsheet, the user can use
the dynamic table’s tools to filter information. Data filtering is
defined by intervals of interest of the measured variables con-
sidering a reference value or interval (see Fig. 7).
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the test bench with its graphical
representation in a p-h diagram
corresponding to the refrigerant
studied. The p-h diagram is very
useful to quickly identify the in-
Plots fluence of IHX in the superheat-
ing and sub-cooling degree (SHD,
SCD) parameters. The scheme of

Home

Calculations

Data table R
vapor compression system shown
in Fig. 10 helps to identify each
SE . thermodynamic state represented
at p-h diagram in the test bench
Summary

as shown in Fig. 9. Additionally,

the user can view average values

about refrigerant mass flow rate,

& secondary volumetric flow rates,
and compressor speed.

Thus, the application present-
ed in this paper is a very interest-
ing tool in the energy evaluation

of various systems of cold generation, either for refrigeration
or air conditioning that is instrumented, and also either from
the educational point of view of research or industrial level. In
the latter, most facilities lack sophisticated systems of moni-
toring and evaluation for the performance of refrigeration
systems, or in some others, it is impossible to analyze large
performances of the system, and for this reason, this type of
application turns to be an interesting tool from the practical,
economical and functional point of view. Among its advantag-
es, it includes the flexibility to adapt to other facilities (based
on vapor compression cycle), keeping in mind that what is
necessary for starting the analysis is the recording of data to be
acquired in real time during the operation of the facility. Thus,
the tool on an industrial level can be an add on maintenance
issues in its main elements such as heat exchange equipment
or the compressor itself, as there are specific parameters in
the spreadsheets that offer the performance of the pieces of
equipment.
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and heat transfer are an area of im-
mense importance in the academic
development of mechanical engi-
neering students with specializa-
tion in thermal fluids.

To evaluate the use of the com-

putational tools as means of virtual
laboratory, 17 intermediate stu-
dents (third year) were included in

W-PG brine {m*mh)
Water (m'/h)

the subject of Refrigeration and Air
Conditioning, which is given for a
period of 12 weeks, with 3 hours
of class per week. The purpose of

using the tool consisted primarily
of: 1) define the simple configura-
tion of the experimental setup, ii)

assign a conventional refrigerant
as the working fluid (R134a), iii)
search and load of the file under
certain operating conditions, iv)
once the steady state of the sys-
tem was evaluated, the student
must reproduce the information
obtained in respect to the energy
performance of the facility, COP.
Finally, the student must repeat
the above steps, but now, by as-
signing an alternate refrigerant as
HFO-1234yf, in order to compare
the energy performances between

ABLE
AVERAGE

P1 (bar) P7 (bar) P2 (bar) P4 (bar)

232 1413 128861
00042 00248 00200

P’ (bar) both refrigerants while corroborat-
ing what was found in the literature

regarding the tendency of alterna-

Fig. 8: Energetic calculations with average data for whole vapor compression and its components

4.1. EDUCATIVE EXPERIENCE

As mentioned above, the application of the spreadsheet data
filtering and the energy analysis of the refrigeration system may
be an user friendly application to engineering students. In this
context, engineering educational programs seek to use software
in different areas to help reinforce the student’s education. Cur-
rently computer technology allows to create tools that optimize
the degree of interactivity and the level of information retention
in the teaching-learning process. Subjects as thermodynamics
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I SO | oo e e ot et used the tool achieved the same re-
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13.2477 28009 Yolue Fiters b . h d . .
200 | 2m08 e — IS 20871 pressing thermodynamic equations
132421 | 28009  (seectAD ~ | Does Not Equat 50962 for each element of the installation.
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132346 | 28029 ( 21023 eters of heat exchange equipment
1 £ . . .
il ) — s and comprehensive information
132328 28009 21319 21069
a5 | 28000 1l e about the performance of the com-
132365 28000 21364 2.1069

pressor, all this aspects strengthen
the student’s formation.

5. CONCLUSIONS

In this paper a spreadsheet application for filtering data and
energetic analysis for experimental vapor compression system
was presented. This application simplifies the work done in post-
acquisition in experimental refrigeration. The main conclusions
about this work can be summarized as follows: We showed that
the use of Excel can be applied to the experimental data analysis
in the field of refrigeration in the research of new refrigerant flu-
ids. The application is very robust because it can be use a wide
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range of fluids. The application can be
used in both research and educational

N e . purposes. The resulting application

i o e is simple and user friendly for a wide

E— e range of people (namely engineering

students, researchers, etc.) without pri-

E«e'tfq',,. T | knowledge of VBA programming or

: the interactions of dynamic REFPROP

Lo et ] e libraries. This application can be used

I on any computer, reducing both costs
) 70 BT and time when compared with special-
% = : ized data analysis software that needs
Ovcra st rastes coticent — i — to be bought for several computers.

The user only needs to focus on energy
analysis for each component of the va-
por compression system and the per-
formance of the system. The excellent
features that Excel provides are used in
the application, which allows working
with variable size data text files as well

PG-Refrigerant Temperature Difference (Ato)
Vapor quality inlet at

2[S3|S3| 3|3 3|3

Fig. 9: Main thermodynamic states for experimental vapor compression and its representation ina ~ aSa wide range of refrigerant substanc-
p-h diagram es (pure and mixed).

This application results in a use-

ful tool in the area of refrigeration re-
search because it responds to the need

for quick data analysis and evaluation

of'the performance of the system. This

S tool can be used in engineering educa-
Test facil s . .
Diagram’ | S tion in order to strengthen the knowl-
edge about the study of refrigeration
Thermodynamic states . .
P-h Diagram in vapor compression system, a pro-
T(°C) h(kJ/k . . . . .
16.3778] 21332 414.9181 i jectin which the Umver51ty of Guana-
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