Instructions and Explanation of the Thermodynamic Properties Package

These files employ no iteration, and are particularly well suited for dynamic simulation.  The format is keyed to convection bond graphs, although these graphs need not be used. It is superior in several details even for those few substances addressed in the book, except that air in its vapor phase (as a mixture of nitrogen, oxygen and argon) is available only as described in the book, there being little potential advantage of the new approach in this case.
The user of the package first runs the data file for the particular substance, once and for all if only one substance is being used.  These file names all begin with the designation “dat” and end with the usual name of the substance.  He or she then calls the program therprop.m whenever thermodynamic properties are wanted, providing the specific volume and the temperature as the input variables.  The appropriate function file vapor1.m , vapor2.m , . . . , vapor7.m is called automatically by therprop.m; the user need merely be sure that these files are accessible.
The present description continues with a presentation of how to use these files for practical simulation.  An illustration is given.  Finally, there is a brief discussion of the methods used in the programming and the sources of the information, including the tenth and eleventh files in the list.

Using therprop.m.  The full version of the call to this program is as follows:

[P,h,dudT,dudv,cv0,X,vg,vf,hf,hg,s,dPdv,dPdT,dsdT,dhdv,dhdT,sf,sg]=therprop(v,T);

Two input and 18 output arguments are given; the list may be truncated in many (most) cases.  The meanings and most common uses of these variables are indicated in the table below.  The final 16 variables in the list are computed and used internally in the program; they are needed rarely by the user, but can be added to the list of output arguments if desired (for some of them the list of output arguments of the appropriate vapor file and the call to the file must be augmented also).
	variable
	Meaning
	Principal use

	v
	specific volume, m3/kg
	input variable

	T
	temperature, K
	input variable

	P
	pressure, Pa
	for CS element, eq. (11.65) 

	h
	specific enthalpy, J/kg
	for CS element, eq. (11.65)

	dudT
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 where u is internal energy, J/kg
	for CS element, eq. (11.65)

	dudv
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	for CS element, eq. (11.65)

	cv0
	specific heat at low pressure, J/kg/K
	for orifice flow (orificenew.m)

	X
	quality (% of mass that is vapor)
	helps understanding

	vg
	vg, specific volume of vapor phase, m3/kg
	gravity separation; orifice flow

	vf
	vf, specific volume of liquid phase, m3/kg
	gravity separation; orifice flow

	hf
	hf, specific enthalpy of liquid phase, J/kg
	gravity separation; orifice flow

	hg
	hg, specific enthalpy of vapor phase, J/kg
	gravity separation; orifice flow

	s
	specific entropy, J/kg/K
	for 1-junction, AC element

	dPdv
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	for 1-junction, AC element

	dPdT
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	for 1-junction, AC element

	dsdT
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	for 1-junction, AC element

	dhdv
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	AC element

	dhdT
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	AC element

	sf
	sg, specific entropy of liquid phase, J/kg/K
	gravity separation

	sg
	sg, specific entropy of vapor phase, J/kg/K
	gravity separation

	u
	internal energy,  equals h-Pv, J/kg
	use identical h-Pv if needed

	up
	part of u due to pressure with temperature
	normally internal use only

	uc
	part of u due to specific heat with temperature
	normally internal use only

	sp
	part of s due to pressure with temperature
	normally internal use only

	sc
	part of s due to specific heat with temperature
	normally internal use only

	dsdv
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	normally internal use only

	d2Ps
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	normally internal use only

	dvg
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	normally internal use only

	dhgdv
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	normally internal use only

	dhgdT
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	normally internal use only

	dsgdv
	
[image: image16.wmf]¶

¶

s

v

g

/


	normally internal use only

	dsgdT
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	normally internal use only

	dugdv
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	normally internal use only

	dugdT
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	normally internal use only


As a practical matter, when the CS element is being addressed, which is the most commonly used convection bond graph element, the list of output arguments can be truncated to only four.  When an orifice is being treated, the next six may be needed, and four more for a reversible 1-junction (not the irreversible 1S junction) .  Only for the AC (area-change element, used with the IRS element when kinetic energy is being considered) are the next four of the 18 output variables normally needed in the list, and the last two are reserved for special combination cases.
Example.  The following simple example of a tank with propane discharging into a second tank through an orifice, with heat transfer, illustrates the use of the property programs and the new greatly extended and corrected program orificenew.m.  This program is discussed in the section “Upgraded or new MATLAB or PDF files,” from which it can be downloaded, as well as below.
The tank and its bond graph model are shown below:
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The master program for the simulation, with heavy annotations, is given below.  Note that it would comprise only 10 mostly short lines if stripped of annotations:
% Prob11_14m.m, master program for simulation of the blow-down of one 
% propane tank into another. Each is assigned a lumped thermal compliance. 
% The state variables are:
% x(1) is the mass in the receiver tank
% x(2) is the temperature in the receiver tank.
% x(3) is the temperature in the source tank.
% x(4) is the time integral of the pressure in the receiver tank.
% x(5) is the time intergral of the pressure in the source tank.
% Note that x(4) and x(5) play no role in the simulation, but allow the
% pressures to be plotted.
% The expansion comprises flow through an orifice, either liquid 
% (Bernoulli's equation) or unchoked compressible flow.
global MT TE1 TE2 %C K Vc Tc % MT is the total mass of propane in kg.
% TE1 and TE2 are the temperatures of the environment of the tanks.
global V1 V2 A % volumes of the tanks in cubic meters; orifice area, m^2. 
global CH1 CH2 % heat transfer coefficients, J/K
A=1e-6; V1=15e-3; V2=15e-3; MT=4; CH1=5; CH2=5; TE1=320; TE2=280;
datpropane % This is the only need to run this program
x0=[1 270 310 0 0]; % The vector of initial states
%x0=bldn2(13749,:);
options=odeset('RelTol',1e-10,'AbsTol',.0001,'InitialStep',.000001);
[t,x]=ode45('refblowdown',[0 200],x0,options); % standard MATLAB integrator
plot(t,MT*ones(size(t))-x(:,1),t,x(:,2)/100,t,x(:,3)/100) % for temperatures and mass
%plot(t(1:size(t)-1),diff(x(:,4))./diff(t),t(1:size(t)-1),diff(x(:,5))./diff(t)) % for pressures
This program calls the function file refblowdown.m, which is listed here in its first form and with heavy annotations.  
function f=refblowdown(t,x) % differential equations for refblowdownm.m
global MT TE1 TE2 V1 V2 A CH1 CH2
m2=MT-x(1); v1=V1/x(1); v2=V2/m2; % mass in source tank; specific volumes
% The calls to therprop.m for the respective CS elements have the list of
% output arguments truncated at 10 variables, since no others are needed:
[P1,h1,dudT1,dudv1,cv01,X1,vg1,vf1,hf1,hg1]=therprop(v1,x(2));
[P2,h2,dudT2,dudv2,cv02,X2,vg2,vf2,hf2,hg2]=therprop(v2,x(3));
if P2>P1
    htrans=h2;
    % Statements to locate the left-side orifice above its liquid/vapor interface:
     if v2<vg2 & v2>vf2; v2=vg2; htrans=hg2; end
    % Statements to locate the left-side orifice below its liquid/vapor interface:
    % if v2<vg2 & v2>vf2; v2=vf2; htrans=hf2; end 
else
    htrans=h1;
    % Statements to locate the right-side orifice above its liquid/vapor interface:
    if v1<vg1 & v1>vf1; v1=vg1; htrans=hg1; end
    % Statements to locate the right-side orifice below its liquid/vapor interface:
    % if v1<vg1 & v1>vf1; v1=vf1; htrans=hf1; end
end    
% The first differential equation, which calls the program orificenew.m,
% computes the time derivative of the mass in the downstream tank:
[f(1)]=orificenew(A,P2,P1,v2,v1,vf2,vf1,vg2,vg1,x(3),x(2),cv02,cv01);
% The following two differential equations are given by equation (11.65) 
% in the book (p.881), the enthalpy of the fluid passing through the
% orifice is assigned above.  Note that equation (11.72) in the book (p. 882) is 

% subsumed.
f(2)=(CH1*(TE1-x(2))+(htrans-h1+(P1+dudv1)*v1)*f(1))/(dudT1*x(1));
f(3)=(CH2*(TE2-x(3))-(htrans-h2+(P2+dudv2)*v2)*f(1))/(dudT2*m2);
f(4)=P2; % Used only to allow the plotting of the pressure in the source tank.
f(5)=P1; % Used only to allow the plotting of the pressure in the receiver tank.
f=f'; % Vector inversion as mandated by MATLAB.
In the first version run, which corresponds to the coding above, the connection on the left-hand tank (tank 2) is below a gravity-induced liquid/vapor interface.  The result is plotted on the next page.  The flow starts out choked, but becomes unchoked as the pressure ratio drops below the critical.  Both tanks remain in the saturated mixture region.  Heat transfer eventually causes the sign of the pressure difference to reverse, causing gradual back flow.

In the second version, the connection on the left-hand tank is made below its liquid/vapor interface while the connection on the right-hand tank remains above its interface.  This is accomplished in the coding by deactivating one line and activating another, as the annotations explain.  The resulting behavior is very different.  The initial flow is greater than in the first case, and much more mass is transferred before the pressures equilibriate and the flow starts to reverse.  The pressure in the first tank rises, unlike in the first case, until there is no liquid left.  Thereafter, the flow of  vapor causes liquid to form again, and a rapid oscillation between vapor and liquid states persists for a while (slowing the simulation down) until there is only vapor to be transferred.  Thus, the two simulations demonstrate the capability of the program orificenew.m to operate in various flow regimes.
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The program also is able to address situations in which there is no gravity separation of liquid and vapor.  There are two options for this, either of which would be  activated in refblowdown.m by disabling the second “if” statement; how to  choose between them is indicated in the program orificenew.m.  In the first option, the mixture passes through the orifice in the same proportions as its mass components.  This is the presumed case, for example, when the flow emerges through an orifice at the end of a slender tube, as in the condenser of a refrigerator.  The second option assumes that the orifice sees vapor over the fraction of the time equal to the proportion of the fluid volume that is vapor.  This might be appropriate for a nozzle submerged in a froth of some extent.
Illustrations of the use of reversible 1-junctions and AC elements are given in the programs downloadable from the second through fifth lines of the section “Upgraded or new MATLAB or PDF files,” with discussion primarily in the book.
Structure and Sources of the Programs therprop.m  and vapor1.m, . . . , vapor8.m.  These programs are based largely on the data and other information provided by W.C. Reynolds in his seminal report “Thermodynamic Properties in SI, graphs, tables and computational equations for 40 substances,” Department of Mechanical Engineering, Stanford University, Stanford, CA, 94305, 1979.  This report is most remarkable in the extreme measures required and taken to find and eliminate errors in the data reported by the primary sources.  These sources are listed in the report.  The sources for water and the  refrigerant R134a are from Keenan and Wilson with Basun, respectively, as noted in the book.  Also, the writer made contributions regarding the specific volumes of saturated vapor, as noted below.
Reynolds gives 12 different forms of “P-v-T” relations for the various substances.  The writer reduced the number to eight by combining certain of these.  The appropriate type is designated by the flag  “fp” given in the data programs.  The flag dictates to therprop.m which of the programs vapor1.m, . . . , vapor8.m to use.  Reynolds gives seven different forms of relations for specific heat; the writer reduced these to three.  The flag  “fc” identifies which form applies, and is used in each of the “vapor” programs.  Reynolds gives 11 different forms of relations for the saturated pressure equations; the writer reduced these to four, which are designated by the flag “fp” and implemented in the program therprop.m.  Reynolds gives eight different forms of relations for the saturated liquid density equations; the writer reduced these to five, which are designated by the flag “fs” and also implemented in therprop.m.  The writer developed a universal equation for saturated vapor density, so no flag is needed for its implementation in therprop.m.  Finally, the flag “fh” is used only for helium in order to distinguish which of three different sets of constants for its “P-v-T” relation apply, depending on its state.
The eight “vapor” programs employ the empirical “P-v-T” and specific heat relations to find the values of u, h and s and the several partial derivatives thereof in the single-phase domain, which includes compressed liquid for most substances, using the thermodynamic identities
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The values of u0 and s0 given by Reynolds are employed in order to give nominal values of zero to h and s at the temperature T0 =T0.   (Minor discrepancies in the approaches make the actual values slightly different from zero.)
The states of saturated liquid and saturated vapor are properly determined from the “P-v-T” and specific heat data using the fact that a pair of such states have both the same pressure and the same value of the Gibbs function  g = h – Ts.  To do this computationally requires considerable iteration, however, and great accuracy due to the high sensitivity of the saturated liquid state.  Reynolds instead used relations for the density of the saturated liquid and the pressure of the saturated mixture as functions of temperature that had been developed once-for-all (he supplied the results himself where they were not available).  From the latter he computed dPsat/dTsat and found the saturated vapor conditions from the identifies
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He doesn’t report how he got the values of vg in order to implement this, but presumably he used the confluence of the pressures as determined from the saturated pressure and single-phase equations of each of the temperatures reported.  For purposes of non-iterative evaluation of the saturated states, including arbitrary mixtures, the writer used this approach to deduce empirical relations for the density of the saturated vapor, also.  The programs that did this are satvapor.m and pressure.m, which are given as the tenth and eleventh entries in the table of programs for the Thermodynamic Properties Package.  The data is represented by the coefficients E1, E2, . . ., E26 for each substance.  The evaluation of vg is performed in therprop.m, and the various saturation state properties are calculated, including those derivatives needed to reduce equation (11.72) in the book (p. 882) to equation (11.65) (p. 881).  These derivatives therefore are dropped from the list of output arguments for the therprop.m; they are merely listed in the table above as being available should you have some special interest or need.
The formulas for the specific volumes of the saturated states are applied  to within 0.3% of the critical temperature (TC).  Quadratic models are employed for the small region closer to the critical state, pinned to the known conditions at its limits.  This explains the coding in therprop.m for the region 0 < x < 0.003, where x = 1 – T/TC, one of the improvements over the coding listed in the book.
Reynolds describes “special” treatment for the compressed liquid region which corresponds to the actual procedure employed by the writer for all single-phase states.  The agreement appears to be excellent for the substances for which data is reported (ammonia, carbon dioxide and water), and is expected also to be good for other substances for which the generating models include the liquid state.  Unfortunately, the refrigerants and the metals appear not to be included.  .  The flag “fl” is set equal to 1 in the data files of these substances (0 otherwise), and a value of the bulk modulus (“beta”) is set.  This flag is queried in therprop.m, and the bulk modulus model substituted to estimate the values of pressure, internal energy and enthalpy whenever the substance is in the compressed liquid region.  (The entropy equals its saturation value, and other output arguments are also left at their saturation values.)  The value of the bulk modulus is set artificially low to prevent the state equation set from becoming too “stiff”; you may which to change the value.  Further, should you wish to use the bulk modulus model for a substance in which the liquid region is included in the standard model, perhaps for the very reason of making the equations less stiff, you need simply  substitute fl=1 and define beta (and add it to the “global” list) in the data file for the substance.
The domain over which the computations are known to be accurate is given in the comments at the top of each data file.  The writer has checked the results of his programs for various conditions of each substance against values tabulated by Reynolds, with agreement that he has deemed is satisfactory, at least one part in one thousand and usually considerably better.  There are some terms in the various equations that may not have had a large enough effect on the checked results to be positively verified, however.  He would appreciate receiving word of any suspicious discrepancies.
Reynolds gives “generalized equations of state” that are claimed to apply to any substance for a domain of larger temperatures and pressures, but the writer has not implemented this model.
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