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Excel in ME: Extending and Refining Ubiquitous Software Tools

(Excel Modules for Thermodynamic Properties of Refrigerants R134a and R22 and
Compressible Ideal Gas Flow)

Abstract
Microsoft Excel is a ubiquitous software tool that provides an excellent electronic format for

engineering computation and organization of information. This paper reports on the second year

of an NSF CCLI Phase I project to implement a sequence of Excel modules for use in the
Thermal Mechanical Engineering Curriculum.

A collection of Excel Add-ins has been developed for use in solving thermodynamics problems.

This paper reports on development of three Add-ins to compute properties of refrigerants R134
and R22 and to compute gas dynamics relations for isentropic, Fanno, and Rayleigh flows of
ideal gases. All of the Excel Add-ins developed can be downloaded at the project website
www.me.ua.edu/ExcelinME.

Intro
Under a National Science Foundation (NSF) Curriculum, Classroom, and Laboratory
Improvement (CCLI) grant a number of software modules have been developed to facilitate

engineering analysis in a computational spreadsheet. The ubiquitous spreadsheet of choice is
Microsoft Excel.

In an earlier paper by Chappell, et al. (2008), a Microsoft Excel module called XSteam,
developed by Magnus Holmgren (Holmgren 2007), was adapted and extended to compute
thermodynamic properties of steam/water from a wide range of input properties. After the
successful implementation of these expanded steam Excel modules in the classroom, attention
was turned toward adding capability for other substances, in particular the refrigerants R134a
and R22. This paper addresses the implementation and testing process of modules to calculate
the thermodynamic properties of R134a and R22.

Another topic of interest in thermodynamics is compressible flow of ideal gases. An Excel
module has been developed to compute basic functions for this area, including isentropic flow,
normal shock, Fanno Flow, and Rayleigh Flow. This paper will also present a summary of this
development.
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R134a

Description
1,1,1,2-Tetrafluoroethane, commonly referred to as R134a, is a refrigerant primarily used in

automobile air conditioners today. The R134a module developed in this work uses Excel macros
to compute the thermodynamic properties of R134a.

Why it is needed

The development of the R134a module is an important step in expanding the type of
thermodynamic problems that can be solved in Thermal Mechanical Engineering classes within
the spreadsheet environment. The addition of the R134a module allows students to tackle
problems involving refrigerants directly in the Excel spreadsheet environment without the need
of looking up values in published tables of properties.

Source for implementation

A paper by Tillner-Roth and Baehr (1994) on a fundamental equation of state for R134a has
become a standard source for computation of thermodynamic properties of R134a. Their work
and the existing XSteam module, which was expanded and modified by Huguet, et al. (2008),
were used as a starting point to implement the R134a module. The idea was to take an approach
similar to Huguet’s to expand the R134a module beyond the basic functionality provided by
Tillner-Roth and Baehr.

The fundamental equation of state for the refrigerant offers several basic relationships and
constants which were used to develop the primary functions for the R134a module in Visual
Basic. The XSteam module was invaluable to the expansion of the R134a module since the
coding used in each module was very similar. Unfortunately the R134a paper did not provide as
many initial functions as Holmgren provided in his XSteam module. To compensate, iterative
methods were implemented to develop a comprehensive module.

Naming of functions

To remain consistent with previous modules, the same naming convention used for the XSteam
module was used for the R134a module. “The name of the functions is of the form
“varl_var2var3”, where varl is the property to be computed, var2 is the first property passed in
the call list, and var3 is the second argument passed in the call list (Woodbury, 2008).” To
differentiate R134a functions from XSteam functions, “ R134a” was appended to the end of
each R134a function name. For example, p vT R134a returns the pressure of R134a as a
function of specific volume and temperature.

Units

Each R134a function computes in SI units. However, if a user desires values in the US
Customary system of units, an optional third parameter is passed to the function. If the third
parameter is the character string “ENG,” then the input and output units will be US Customary
units (Woodbury, 2008).
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Implementation

For the implementation of the R134a module, fundamental correlations from Tillner-Roth and
Baehr (1994) were first used to create a set of primary functions and additional functions were
added using iteration with these primary functions.

Using regression analysis, Tillner-Roth and Baehr (1994) determined equations for vapor
pressure, saturated liquid density, and saturated vapor densities. Their paper presents the
Helmholtz free energy equation and its derivatives in dimensionless form. From the
dimensionless free energy equation and the ideal gas law, Tillner-Roth and Baher developed
equations for pressure, internal energy, enthalpy, and entropy with respect to temperature and
specific volume. The functions developed from these equations are designated primary functions
because they are computed directly using these relations from Tillner-Roth and Baher.

Since the equations provided by Tilner-Roth and Baehr’s paper only solve the primary equations
when a single phase relation exists, it was important to insert logic checks into the coding of the
primary equations to determine if the thermodynamic state resides in the two phase region. An
example of the coding of a typical primary function, p_ Tv_R134a, can be seen in Figure 1. If
the state resides in the saturated region the pressure would simply be the saturation pressure at
the corresponding temperature; otherwise the single phase relationship from the paper would be
used to solve for the pressure.

After the primary functions were coded in the R134a module, the next step was to determine
what combinations of thermodynamic properties could be classified as secondary functions. To
expand this module, iterative techniques, such as the bisection or secant methods, were used to
manipulate the primary functions to develop a set of secondary functions that rely only on the
primary functions. Because this group of functions relies only on the primary functions,
additional iterations (iterations of iterations) are avoided, which help minimize the execution
time.

The bisection method was used for the iterations and an example of how it is used in the coding
of secondary functions can be seen in Figure 2. As in the coding of v. Tu_R134a, when the
thermodynamic state lies outside of the saturation region, the bisection method is implemented.
The secant method was also considered, but the bisection method was determined to be the most
robust and was utilized in all of the secondary modules.

After the possibilities of secondary functions were exhausted, the next step was to define a set of
tertiary functions that call upon both primary and secondary functions. Since tertiary functions
iterate using secondary functions that already use iterations, some of the tertiary functions
required excessive execution times or were inaccurate and were therefore abandoned.

Table 1 has a listing of all the primary, secondary, and tertiary functions that were developed for
R134a.
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'#]1 Property Functions

LI e ol i i i i il e e e e e
'¥1.1 Pressure

'Pressure

Function p Tv_ _Rl3d4a(ByVal T is Double, ByWal v As Double, Optional Units As String = "3I") As Double

Units = UCase (nits)

If (Units = "ENG"™] Then
T fromENGEo3I_T(T)
v = fromENGto3I v (v)

End If

tau = tau R13da(T)
delta = delta Rl3da(wv)
' check if less than critical temperature
If (T < Terit) Then
' if so, check for saturation
vL = vL T Ri3d4a(T)
vV = wV_T Riid4a(T)
If (v <= wvW And v >= wL)] Then
' if saturated return P_sat
p_Tv _Rl34a = psat T Rl3da(T)

If (Units = "ENG"™] Then
p_Tv _Rli4a = from3ItoENG p(p Tv R13da)
End If
Exit Function
End If
End If
' if supercritical then use single phase relation
p_Tv _Rl34a = (1 + delta * dphi residual deltaitau, delta)) * R * (T + 273.15) * 1 £
If (Units = "ENG"™] Then
p_Tv _Rl34a = from3ItoENG p({p Tv_ R1l3da)
End If

End Function

Figure 1. Primary Function for p Tv_R134a

f min = u - u Tv R134a(T, v_min)

f wax = u - u Tv Ri134a(T, v_max)

'Bisection Method

For Count = 0 To maxit ' Zet & mwax limit
v mwid = (v _max + v _min) / 2

f mid = u - u Tv R134a(T, v _mid)
If £ min * £ mid < 0O Then
v_max = v_mid

f max = £ mid
El=e
v _min = v_mid
f min = £ mid
End If
If [(Absi(f_mid) A VY tol egqual) Then
Exit For
End If

Next Count

Figure 2. Bisection Method Code in v_Tu_R134a.
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Table 1. R134a Functions with RMS Error Values

Primary RMS Secondary RMS Tertiary RMS
Functions Values Functions Values Functions Values
h_px_R134a 0.0005 h sx R134a Abandoned | h_prho_R134a 0.0042
h_Tv_R134a 0.0034 h vx R134a Abandoned | h_ps_R134a 0.0139
h_Tx_R134a 0.0004 p_Th_R134a 0.0628 h_pT_R134a 0.0005
hL_p_R134a 0.0006 p_Ts_R134a 0.0568 p_sv_R134a Abandoned
hL_T R134a 0.0001 p_Tu_R134a 0.0675 s_hv_R134a 0.0067
hV_p_R134a 0.0006 s vx R134a Abandoned | s_ph_R134a 0.0068
hV_T_R134a 0.0006 T_hv_R134a 0.0015 s_pT_R134a 0.0003
p_Tv_R134a 1.2879 T_ph_R134a 0.0413 s_pv_R134a 0.0034
psat_T_R134a 0.0062 T_ps_R134a 0.0737 s Th _R134a 0.0030
s_px_R134a 0.0005 T_pv_R134a 0.0092 s_Tu_R134a 0.0031

s Tv_R134a 0.0032 Tsat_p_R134a 0.0005 T hs R134a Abandoned
s_Tx_R134a 0.0004 u sx R134a Abandoned | T_sv_R134a Abandoned
sL_p_R134a 0.0006 u vx R134a Abandoned | T _uv_R134a Abandoned
sL_T_R134a 0.0001 v_ps_R134a 3.7992 u_hv_R134a 0.0069
sV_p_R134a 0.0006 v_pT_R134a 0.0017 u_ph_R134a 0.0069
sV_T_R134a 0.0006 v_Th_R134a 0.0956 u_ps_R134a 0.0131
u_px_R134a 0.0005 v_Ts R134a 0.0135 u_pT_R134a 0.0005
u_Tv_R134a 0.0033 v_Tu_R134a 0.0451 u_pv_R134a 0.0042
u_Tx_R134a 0.0003 v sx R134a Abandoned | u_Th_R134a 0.0006
ul_p_R134a 0.0006 h_pv_R134a 0.0042
uL_T R134a 0.0001 u_Ts_R134a 0.0026
uV_p_R134a 0.0005 u hs R134a Abandoned
uV_T R134a 0.0005 u_sv_R134a Abandoned
v_px_R134a 0.0065 v_ph_R134a 3.5783
v_Tx_R134a 0.0093 h_Ts_R134a 0.0026
vL_p_R134a 0.0002 h_Tu_R134a 0.0007
vL_T_R134a 0.0003 v_hs R134a Abandoned
vV_p_R134a 0.0083 x_hv_R134a 0.0125
vV_T _R134a 0.0115 x hs R134a Abandoned
x_ph_R134a 0.0106 x_sv_R134a Abandoned
x_ps_R134a 0.0113 h_sv_R134a Abandoned
x_pu_R134a 0.0118 p_hv_R134a 0.0042
x_pv_R134a 0.0065 p hs R134a Abandoned
x_Th_R134a 0.0278

x_Ts_R134a 0.0062

x_Tu_R134a 0.0068

x_Tv_R134a 0.0082

rhoL_T_R134a 0.0003

rhoV_T_R134a 0.0119
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Comment on Use of Thermodynamic Equation of State

One might ask why the thermodynamic equation of state (the Helmholtz function) was used as
the basis for the computation of thermodynamic properties. Why not, instead, use a table lookup
procedure such as is employed by students to solve problems? That is, why not implement the

tables within VBA as a matrix of numbers and develop algorithms based on linear interpolation
of these matrices?

The primary reason is that thermodynamic properties listed in tables in textbooks are computed
from an equation of state. This is in fact how thermodynamic properties are determined. The
most accurate method to reproduce these table values will be to use such an equation of state.

A second reason is to minimize data entry errors and reduce the need for comprehensive
verification testing. If the table of numbers from a printed set of tables were to be entered,
approximately 1,850 separate values would be needed. Each of these would need to be typed in
and verified. Also, in the verification stage, each and every pair of possible interpolation pairs
would need to be tested in order to assure accuracy. With the thermodynamic equation of state, a
random sample of points in the state space will suffice to verify the accuracy of the
implementation.

A final reason also relates to the accuracy of linear interpolation in the tables. Although printed
thermodynamic tables are touted as reliably accurate under linear interpolation, this might not
hold in the case of double or triple interpolations required for iteration of tertiary functions.

Verification of Functions

Methods for testing

To test the accuracy of the functions of the R134a module, an array of states was chosen in the
saturation, super heated, and super critical regions to generally encompass all of the
thermodynamic state space. The reference values of the properties for these states were found
from the ASHRAE R134a tables (ASHRAE, 2005). Using these fully defined states, the R134a
functions could be checked by inputting table values into pre-developed testing tables. An
example of the testing tables used to check the R134a function p_hv_R134a can be seen in
Figure 3 below.

Similar table formats where used for all function checks. Table values were manually input into
appropriate cells in the tables. To test the functions, the function in question would call upon the
input property values in the same row to compute the answer for the desired output property. To
verify the functional accuracy of the module a procedure similar to the one used by Chappel et
al. (2008) was used to check each function. The function output was compared to the table
values to check the relative error of the function at a specific state. The relative error was
calculated using Equation 1.
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Yoerror = 21— dua s 1000, = € (1)

ydatui

The function p_hv_R134a worked very well inside the paper’s specified temperature range of
170K (-103C) to 455K (182C) (Figure 3). When the state specified is outside of this range, the
function is programmed to return #VALUE to signal that this combination is not possible. The
goal for all functions was to have an accuracy of at most 0.5 percent error from the table values.
After the relative error was found for each of the states, an average error (RMS error) over all the
states was found for each function. Equation 2 shows how the RMS error was calculated.

RMS,, = )

Results of Module

Accuracy

A complete list of all primary, secondary, and tertiary functions and their RMS error values in
the R134a module can be seen in Table 1. The RMS error value represents the root mean square
error value (average relative error) for each function considering the suite of states used for
evaluation. This value indicates the average accuracy of each function when compared to the
ASHRAE table values.

As can be seen by the table, all of the RMS error values are very low except for some of the
secondary and tertiary functions that solve for or utilize specific volume. The large RMS error
values for these functions are due to table truncation errors and high sensitivity around the
saturated liquid region. The steep slope of the state space in the liquid region results in high
sensitivity to specific volume in the compressed liquid region, so even slight errors will become
greatly magnified. The table values used to verify the module’s accuracy have been truncated to
an accuracy of about four significant figures. Use of these values as data to the Excel functions
results in values that correspond to nearby states, but not exactly to the (truncated) table value.

Overall, the RMS error values of the R134a module were within the acceptable accuracy range
and well below the targeted 0.5%. The module consists of seventy-four total functions.

Computational Speed

To maintain relatively fast calculations, minimizing the number of iterations required by each
function was important. When iterative functions iterate using other iterative functions, the
speed of the calculations suffers. Steps were taken to reduce calculation time by eliminating
unneeded iterations in functions. Although the original goal was to include all available
combinations, some of the secondary and tertiary functions were abandoned due to
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B E C O E F G H J k L
9 |Check for p_hv_H134a
10 | Data Paints from ASHRAE Tables

11 | Saturation Table Table
12 T Fru. F hie vF p_he Ri34a X Eror h, g p_he Ri34a  HEror
13 [A] [MPal  [kPal  (kdkal [m3tka) [kalika)  [mkg)

14 030 00004 023 TI4E 00008 T o#vALUE! FHVALUE! 22494 364960 0395923103 16137
15 | 0000 ooooe 0856 TR3IE 00008 OBEES06Z41 1233 23EE6 261930 OEBEEIOE2ZH 1233
16 | -BOO0 00295 2345 13667 00007 2942960801 -0.0692  3ETEE  0BOE20 2944453163 -0.0185
7 2000 0327 132 ITRE4 00007 1320en48md 0 -09233 0 3BEED 004739 132EGETERE 00532
12 1000 0414E 44E 21352 00002 $144300095 00434 40432 0045944 H4ETVOSERE O0MT
19 | 4000 10eE  WIF 0 2BEA1 00003 IME23Z207 -0.0362 0 41343 001987 1B 113632 00478
20 | voOoo  21es T 0428 00 2NE244136 00263 42865 000865 216862883  0.0030
21 | 8800 28283 2926 33ZIZ 0 000N 292BEEERET  -00046  42TYE 000550 2925400016 -0.013%
22 9800 3E9Z 0 3691 BEEZE 00013 IEOL24E3ET 0003 42087 000374 393402264 0015
23 10000 38724 AT ORFEE00 0008 3972150855 -00063  40YER  OO0ZES 3973124354 02
24 1006 40583 4053 38564 0002 4069096493 00060 38964 00095 40BRET2IEI 0O
25

26 | Superheated Table

27 T PLu. F h y p_he Ri34a  =Eror

28 [A]  [MFal  [kPal  [kdikagl [m3fka)

249 | 2000 0QM3 0 013 FETEE 01957 1372307 00467

a0 4000 1000 0 1000 41353 00204 9997ER201 -0.0232

0 v0O0 0amE o 013 46443 02725 10138437 00526

32 v0OO0 2ooo 2000 432EFF 00095 20005338 00267

33 N000 4000 0 4000 44625 00043 3995953508 -0.0000

34 12000 1000 1000 50443 00295 000HESd 0042

36 16000 0am3 0 1013 B4EE3 0 0337E 01432484 0081

36 1v000 Zooo k000 BEOFE O01E3 1933338367 -0.0832

37 20000 1000 000 BA129 00371 T o#vALUE! FHvaLUE!

32 2000 4000 4000 52495 00035 Fo#valUE! FevalLug!

39 | ZAOO0 2000 | 2000 G443 00202 T o#valLUE! FHvALUE!

40 | 30000 4000 4000 65738 00 T o#valuE! FHvALUE!

41
42 | Supercritical
43 T Pru. F h u p_hu Ri34a 2 Error

44 | [T]  [MPa) [kPa) [kkg) [mdtkg)

45 | 1000 GO0 G000 37551 00013 5954030474 02662
45 | 15000 GO0 GOOD 48469 00035 SOSTOTOS4S  -0.2005
47 | 1000 E00 G000 G345 00045 SATEEZING  -0.3529
45 | 24000  EO0 BOO0  GHEZ 00053 T #VALUE! THVALUE
43 | 27000 GO0 GOO0  GE043 00066 T #VALUEL THVALUE
50 30000 GO0 G000 BE9.36 00072 T #VALUE! TH#VALUE
51

Figure 3. Testing Table for a R134a function to find the pressure when enthalpy and specific
volume are known.

inconsistencies in the data and the large amount of calculation time required. The
thermodynamic combinations eliminated were uncommon combinations such as _hv, vx, and
_sx. These combinations do not typically appear in practice or problems so they do not subtract
from the usability of the module.

A comprehensive evaluation of execution times of the functions was not conducted, but the
functions all return values typically within milliseconds. A random sampling of three of the
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tertiary functions was benchmarked for speed. The functions were called at least 1000 times
consecutively, and the VBA timer() function was used to infer the average time for execution
(ignoring overhead of the FOR..NEXT loop used in programming the test). The functions tested
and their average execution times are listed in Table 2 below. Note that the slowest of these
functions requires only 10 milliseconds to return a value.

Table 2. Average Execution Time of Selected Functions
Average Execution

F i Regi

unction egion Time (seconds)
x_hv_R134a Saturation 0.004078
s pv_Rl134a Superheated 0.000292
v_ph R134a superheated 0.010047
v_ph R134a saturated 0.00075

R134a Example

Problem

A rigid, well-insulated tank having a volume of 0.2 m? is filled initially with R134a vapor at a
pressure of 1 MPa and a temperature of 40C. A leak develops and refrigerant slowly escapes
until the pressure reaches 100 kPa. Determine the final temperature in the tank (C) and the
amount of mass that leaves the tank (kg).

Solution

The Excel solution is seen in the screen shot in Figure 4. Note the reporting format implemented
in the example solution in Figure 4 (Woodbury, 2008). This reporting format is very clear and
allows the student and reader to easily understand the approach and solution to the problem. The
report format uses the first column in the document as the “Name” column where students assign
each variable a name, such as T 1, to be used in Excel’s Name Manager. The second column is
where the actual calculation or given variable is input. The third column in the document is used
to denote the units of the variable. Lastly, the Excel equations used to arrive at the answer in the
second column is shown by placing an apostrophe (tic-mark) in front of the equation and inserted
into the fourth column. As evident by this example, the reporting format organizes the solution
very concisely.

Note that the function x_ps R134a makes calculation of the final quality very simple. A
conventional approach to finding v_2 has been taken here, but it can be found directly once it is
recognized that the final state is fixed by P_2 and s_1. The final specific volume could be
computed directly from the function v_Ps R134a instead.

0T°009'tT abed



o )

I./:.; = R : Examplel.xlsx - Microsoft Excel - = X
_.-ﬁ Hame Insert Page Layout Formulas Data Fewiew  “Wiew Developer '@ - O X
4 Calibri -1 || ==\5 | General - FRE=T 1

el W11 L2 0 BTSN SESIES == A E R sl 3 &
- |E ]S A =] %8s i .
Clipboard M« Font | Alignment ] FMumber  Tu Editing
117 - (" £ | ¥
e T s E s e e - -
4 Givern:
5 ol 0.2 m*3
& P_1 1000 kPa
T 1 40 C
8 |P_2 100 kPa
9 !
10 Assumptions:
it -mass remaining inthe tank undergoes an isentropic process
12 |
13 v 1 0.020405 m~3/kg =v_pT _R134a(P_1,T 1)
14 mass_1 3.20 kg =Jolfy 1
15(s_1 1.71343 kifkg-K =5 _pT R13da(P_1,T 1)
16 |
17 |is second state two-phase? I 3
18 s g P2 1747429 kl/kg-K  =s_p_R134a(P_2)
19|
20 yes, sinces_2=s5 1=+s_g == condensation occurs inthe tank
21 |so,
22 [ -26.4 C |=Tsat_p_R134a(P_2)
23 [x_2 96, 14% =x_ps R13da(P 2,s 1)
24 v _2 018437 m*3/kg  =v_px R134alP_2,x 1)
25 mass_2 1.08 kg =volfv 2
26
27 |delta_m 8.72 kg |:mass_1-mass_2
W 4 » | Sheetl ~Sheet2 - Sheets - ¥J
| Ready S

Figure 4. Solution of R134a example.
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R22

Description

Why it is needed

Although it is being phased out because of detrimental effects on the ozone layer, R22 is still
widely used as a refrigerant. As well, some thermodynamics textbooks still have problems
written for R22. Thus, it is desirable to have functions for computation of R22 properties.

During the development of the R134a module, an earlier paper giving the equation of state for
R22 was found (Wagner et al. (1993)). The structure of the equation of state for both
refrigerants R22 and R134a is very similar, so implementation of the R22 module by
modification of the R134a module was very straightforward.

Implementation

The R134a module was used as a model to code the R22 module. Each instance of R134a
found in the R134a module was replaced with R22 to insure a consistent naming convention.
Constants pertaining to R134a, such as critical temperature, critical density, and maximum
temperature and pressure, were replaced with the appropriate R22 properties. The only
difference in the R22 and R134a equations of state are the number of constants used and their
values. At this point, the implementation process for the R22 and R134a modules are the same
because the initial primary equations provided in the R134a and R22 papers were the same.

Evaluation of Functions

Methods for testing

For the testing of the R22 module, REFPROP (NIST, 2008) was used to determine twenty-five
random thermodynamic states from the saturation, superheated, and supercritical regions.
REFPROP 8.0 is the NIST reference fluid thermodynamic and transport properties database

which provides properties for a wide range of fluids. The process for testing the R22 module was

improved due to lessons learned from the testing of the R134a module. Instead of copying and
pasting the actual table values into each appropriate cell in the testing tables, a single table was
made of all twenty-five thermodynamic states and all their properties. As can be seen in
Figure 5, appropriate names were applied to the columns and rows of the table so that Excel’s
Name Manager could be used to assign a descriptive, dynamic name to each table value. For
example, to call the saturated vapor entropy of the first saturation state in the table “=(satl s_g)”
would be typed in the testing tables. By using dynamic names in the testing tables, instead of
copying and pasting all table values into hundreds of locations in the testing tables, the
possibility of data entry error was substantially minimized. This new testing technique
drastically decreased the testing time of the R22 module. Also since the table values from
REFPROP were only entered in one location, correcting possible data entry errors or checking
additional states became a very simple process. Once again a goal of only 0.5 percent error in
R22 functions was set for all functions.
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Dlata Points from RefProps

Temp Fhar FrMFa FkFa w f v_a w B0 u_f ug u_ B0 h_t h_g h_&0 s_f =g s_R0
prop= Pl Prue F Y Y, Yo U u, Usznz he h, her = =, =T
units ] [bar] [MFa) [kFa) (m'kgl  [m'kgl  (m'kgl  (kJdtkgl  (kikgl  (kJikgl  [kJdikgl  (kdikg]  (kJfkg)  kJk'K) kJAkQT) kJ[kgTK]
=atl 1800 000001933AT 1923TE-0E 0001934 0000523 6123693 306185 ITE5E 3240505 1902023 37568 3359 18T DMEvE 25663 135403
at2 -126 0002237 000012237 012237 0000EN  ME3I14 G219 G4IE293 FIZEGFZ 1985101 E4.163 4T 20865 033947 22492 1294335
satd -0 0.020102 00020102 20102 0000836 8265829 4133233 MTOITE 342354 25289 30.705 35887 2248378 050502 20543 127968
satd -76 014713 0014713 14713 0000865 123233 OBHTTT  NT240F 36236T1 2347387 1725 374 244245 084813 183 12833035
Sath -60 06453 0.08453 B453 0000697 0323345 0162271 1439351 3626223 2632637 144.03 38342 263726 077626 1848 1311625
Satg -26 20143 0.20142 2042 0000734 062 OOBEIZZ 1712921 JrZ4mb 2718632 171.44 3949 2837 DaE9Es 17912 1341626
aty 0 49799 043733 49799 00007E 004706 0023943 199614 381892 290607 200 40505 302528 1 17507 137535
satd_ 25 10433 10433 0433 0000584 0022605 000724 2294133 3994254 09424 23029 413.03 32186 11045 17174 141035
satd 50 13427 19427 13427 0000924 001634 0006273 261455 3948378 325464 263.28 41744 340345 1.208 1.6852 14456
satil 76 3T 3317 IMTT 000107 0005947 0003505 29790592 I94.7606 3463343 30148 41445 367975 13077 16424 148005
=atll 30 44423 44423 44423 0.001252 0003563 0002423 326.3955 3260403 3662173 332.03 401.57 366.93 14001 15922 143515
supl ] 4.5 0.45 450 0.05548% 3853408 41331 1.7832
supl 50 4.5 045 450 0.0E5636 12,4892 441,98 18839
sup3 0 5 05 500 0049383 T3 412,33 1.77EG
supd a0 1 05 a00 0.058613 4120234 44133 18723
suph -26 ik 0.03 a0 0.291693 374554 3av.82 1.8895
supk 1] ik 0.03% &0 0323185 3aT.6152 4347 13431
sup? -26 1 01 100 0232002 IT2492 39745 1.96E6
supd 0 1 01 100 02675 876 421 19267
zupd v 12 12 1200 0024292 412.7497 4479 18143
supld a0 1z 12 1200 0.026363 4324278 464.07 1.8607
supil 1] & 18 1800 0.018173 4222134 451.23 1.8006
supi2 120 16 15 1500 0.021393 4507617 454.93 1.891
soritl 1] 13 18 1300 0.0157E 4204117 44573 17833
soritd 7o 24 24 2400 0.0100E 46,7459 423.89 17077
scritd 100 24 24 2400 0.01z219 4302648 459.59 17902
scritd 150 24 24 2400 0.015095 4632114 o04.44 19037
L 180 24 24 2400 0.018633 4309652 5304 1964
=CritE

Figure 5. R22 Functions Checks Table from RefProp
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During testing, attention was given to making additional changes in the R22 code to reduce the
run time of the functions and to increase the uniformity of the module. Some of the reasons to
have unnecessarily long run times could be due to superfluous iterations and functions calls. The
first action taken to increase the speed of each calculation was to reduce the coded steps found in
the derivative equations of the Helmholtz Free Energy equations that are called by almost every
function in the module. Tau, defined as the critical temperature divided by the temperature of
the state, and Delta, defined as the density of the state divided by the critical density, were
calculated an excessive number of times within each derivative equation. Private functions were
introduced to calculate Tau and Delta and were inserted before iterations began in the derivative
functions to reduce the runtime of the functions and to make the module more uniform. All
improvements made to the R22 module to reduce calculation time and to improve uniformity
were also made in the R134a module so that consistency would exist between all modules.

Results of Module

A complete list of all primary, secondary, and tertiary functions and their RMS error values in
the R22 module can be seen in Table 3. The RMS error value represents the root mean square
error value for each function. This value shows the accuracy of each function when compared to
the REFPROP table values. Seventy-four functions were included in the R22 module. The other
seventeen functions considered were excluded because of inconsistencies in results and

excessive runtimes.

Similar to the R134a module, the results of the R22 module were very accurate. Almost all
functions fell within the desired 0.5 percent error criteria for accuracy. The RMS error values
were all reasonable except for very large error values for some of the specific volume functions.
These extreme RMS error values are highlighted in yellow in Table 3. The large error values are
due to the strong sensitivity of specific volume in the saturated liquid region.

R22 Example

Problem

Refrigerant 22 is compressed steadily from saturated liquid at 50 psia to 200 psia with an
isentropic efficiency of 88%. Determine the specific work (Btu/lbm) required. What is the
temperature of the R22 leaving the compressor?

Solution

This problem is in US Customary units so the optional argument “ENG” is given to all the
function calls to utilize these units. The solution is seen in the screen shot in Figure 6. Note that
the four-column format is adhered to, with the actual formulas used to compute the values cut-
and-pasted as visible text strings in the fourth column.
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Table 3. R22 Functions with RMS Error Values

Primary RMS Secondary RMS Tertiary RMS
h_px_R22 0.0026 | h_sx_R22 Abandoned | h_prho_R22 0.0023
h_Tv_R22 0.0064 | h_vx_R22 Abandoned | h_ps_R22 0.0016
h_Tx_R22 0.0036 | p_Th_R22 0.0115 h_pT_R22 0.0001
hL_p_R22 0.0043 | p_Ts_R22 0.0103 h_pv_R22 0.0023
hL_T_R22 0.0061 | p_Tu_R22 0.0124 h_sv_R22 Abandoned
hV_p_R22 0.0004 | s_vx_R22 Abandoned | h_Ts_R22 0.0016
hV_T_R22 0.0004 | T_hv_R22 0.0037 h_Tu_R22 0.0003
p_Tv_R22 0.0111 | T_ph_R22 0.0010 p_hs_R22 Abandoned
psat_T_R22 0.0143 | T_ps_R22 0.0012 p_hv_R22 0.0190
rhol._T_R22 0.0002 | T_pv_R22 0.0014 p_sv_R22 Abandoned
rhoV_T_R22 0.0103 | Tsat_p_R22 0.0007 s_hv_R22 0.0031
s_px_R22 0.0014 | u_sx_R22 Abandoned | s_ph_R22 0.0031

s Tv_R22 0.0063 u_vx_R22 Abandoned | s_pT_R22 0.0001
s_Tx_R22 0.0031 | v_ps_R22 225.7018 | s_pv_R22 0.0013
sL_p_R22 0.0023 | v_pT_R22 0.0005 s_Th_R22 0.0032
sL_T R22 0.0053 v_sx_R22 Abandoned | s_Tu_R22 0.0030
sV_p_R22 0.0003 | v_Th_R22 2971.1509 | T _hs_R22 Abandoned
sV_T_R22 0.0005 | v_Ts_R22 1437.7998 | T_sv_R22 Abandoned
u_px_R22 0.0025 | v_Tu_R22 0.2799 T _uv_R22 Abandoned
u_Tv_R22 0.0063 u_hs_R22 Abandoned
u_Tx_R22 0.0034 u_hv_R22 0.0002
ul_p_R22 0.0042 u_ph_R22 0.0002
ul._T_R22 0.0059 u_ps_R22 0.0014
uV_p_R22 0.0003 u_pT_R22 0.0001
uV_T_R22 0.0003 u_pv_R22 0.0022
v_px_R22 0.0026 u_sv_R22 Abandoned
v_Tx_R22 0.0086 u_Th_R22 0.0002
vL_p_R22 0.0003 u_Ts_R22 0.0015
vL_T_R22 0.0002 v_hs_R22 Abandoned
vV_p_R22 0.0032 v_ph_R22 2066.4173
vV_T_R22 0.0106 x_hs_R22 Abandoned
x_ph_R22 0.0775 x_hv_R22 0.0013
x_ps_R22 0.0623 x_sv_R22 Abandoned
x_pu_R22 0.0866

x_pv_R22 0.0031

x_Th_R22 0.0969

x_Ts_R22 0.0789

x_Tu_R22 0.1068

x_Tv_R22 0.0156
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Figure 6. Example R22 Problem.
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Gas Dynamics

Description
Algebraic equations for compressible flow of an ideal gas are quite amenable to development of

an Excel library of functions. Such a collection of functions provides an excellent substitute for
the tables of compressible flow functions in the appendix of many gas dynamics textbooks.
Availability of such a library enables engineers to perform compressible flow calculations in the
spreadsheet environment. Functions for isentropic flow, normal shock, oblique shock, Prandtl
Meyer expansion, Fanno flow, and Rayleigh flow can readily be implemented.

Implementation

Basic equations for compressible flow are readily available in most thermodynamics textbooks.
The equations used for the present development were actually taken from John and Keith (2006).
The relations were easy to code into Visual Basic for Applications (VBA) and were wrapped into
an Add-in module similar to the other suites. A list of the functions that are available in the
module is seen in Table 4.

Gas Dynamics Example

Problem

Air (y=1.4) expands from a storage tank through a converging-diverging nozzle having a throat
area of 50 cm®. The conditions in the tank are P=200 kPa and T = 300 K. A normal shock
stands in the diverging portion of the nozzle at a location where A=100 cm®. The exit area of the
nozzle is 200 cm”. Find: a) A* from the tank to the shock location, b) A* from the shock to the
exit, ¢) the Mach number at the exit, d) stagnation pressure at exit, e) exit plane static pressure.

Solution

The solution to the problem is seen in the screen shots in Figures 7 and 8. Note the use of the
Excel “Goalseek” capability to do the “reverse lookup” to find the Mach number corresponding
to a known A/A” ratio in part b).
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Table 4 - Gas Dynamics Excel Add-in functions

Isentropic Suite

T TOM, v)

P_PO(M, v)
den_denO(M, y)

A Astar(M, v)

Rho V(PO, TO, y, M, R)

Standing Normal Shock Suite

SNS M2(M1, v)
SNS T2 T1(Ml1, )
SNS P2 PI(M1,vy)
SNS den2 denl(M1, v)
SNS P02 PO1(M1, vy)

SNS Mexit(Pb_ P01, Ae At,y)

Obligue Shock Suite
OBS M2(Ml, 6, v)
OBS delta(M1, 0, v)
OBS_deltamax(M1, )

Prandtl-Mever Function
PMF nu(M, v)

Fanno-Flow Suite

Fan fLL D(M1, M2, vy)
Fan T1 T2(Ml1, M2, y)
Fan P1 P2(MI1, M2, )
Fan P01 _P02(M1, M2, y)
Fan rhol rho2(M1, M2, y)

Rayleigh-Flow Suite
Ray T1 T2(M1, M2, y)
Ray P1_P2(M1, M2, y)
Ray P01 P0O2(M1, M2, y)
Ray TOl T02(M1, M2, )
Ray rhol rho2(MI1, M2, v)

static to total temperature ratio

static to total pressure ratio

density to density at total temperature and pressure

area ratio (Astar is the area corresponding to Mthroat = 1)
mass flux at given mach number and stagnation conditions

mach number downstream of a normal shock.
static temperature ratio across a normal shock.
static pressure ratio across a normal shock.
density ratio across a normal shock.

stagnation pressure ratio across a normal shock.
exit mach number when a normal shock stands

mach number downstream of an oblique shock.
turning angle in degrees —Has Units.
maximum turning angle in degrees

Prandtl-Meyer function v in degrees

friction relative length.
static temperature ratio.
static pressure ratio.
stagnation pressure ratio.
density ratio

static temperature ratio.
static pressure ratio.
stagnation pressure ratio.
stagnation temperature ratio.
density ratio.
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v ] innw find the M_y downstream
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24 |A_Astar_y | 1.258827 =f_Astar{M_y,gamma)
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Figure 7 — Gas Dynamics example solution part a) and b)
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Figure 8 Gas Dynamics example solution — parts c) — ¢)

Conclusions

With the addition of the R134a, R22 and Gas Dynamics modules, the potential use of the Excel
add-ins developed under the NSF project “Excel in ME” has been significantly expanded. The
R134a and R22 modules were developed using well-known fundamental equations of state from

the literature for each refrigerant. These equations were used to develop a set of primary

functions in Visual Basic which were then expanded by adding additional functions that iterate
using the bisection method. The R134a and R22 modules are useful to teachers and students as
they allow work in Excel without the necessity of looking up values in tables. A Gas Dynamic
module was developed using well-established algebraic relations for flow of an ideal gas. These
functions enable solution of compressible flow problems in the spreadsheet environment. All of

the Excel Add-ins developed can be downloaded at the project website
www.me.ua.edu/ExcelinME.

(Lin) em o - : e i e s -
Home Insert Page Layout | Formulas Data Review  View Developer '@ - 0 X
ﬁ E AutoSum ~ ;ﬁ Logical = f_%' § .ﬁ} Eﬂ
ﬁr Recently Used = [A Text ™ 2
Insert ¥ = . Defined | Formula | Calculation
Function @ Financial = Eff' Date & Time = [[Ij* Mames = Auditing = -
Function Library
fi¥iie] - , Fe | | Calcutation | ¥
29 |
30 |c} a special function exits for this case
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32|
33 |d) find the stagnation pressure change across the shock
34 |P Oy P Ox  0.629411 =SNS_P02 P0O1(M_x,gamma)
35 [s0
36 |P_0_exit 125.8822 kPa =P_0*P Oy P Ox
37|
38 |e) find P/P_0 for the exit Mach number
35 |P_PO 0.944417 =P PO(M_exit,gamma)
40 |so
41 P exit 118.8852 kPa =P_PO*P_0 exit 3
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