
























































































































































































































































var valve h 1, m1, T 1, err 1, olderr 1, x 1, ui_1, incr, oldm 1, m est 1,
err est_ 1, T est_1, x est_1 : real;

begin
if pi_1<pf 1 then
begin
{This is a filling process, so we try jumps of size mi_1}
incr:=mi_1;
valve _h l:=enthalpy(pf 1, Tf 1, xf 1);
end
else
begin
{Thls is an exhaust process, so we decrease the mass in steps of mi_1/5}
incr:=-mi 1/5;
valve _h 1: —enthalpy((pi_;+pf_l)/2,
saturation_temperature ((pi_l+pf 1)/2), xi_1);
end;

{Next we find out how far off we are from the true figure to begin with.}
ui_1l:=int energy(pi_1, Ti 1, xi_1);

ml:=mi 1;

error(m 1, valve h 1, mi_1, ui_1, p£ 1, V 1, olderr 1, T 1, x 1);

err_est T1:=10;

m est 1:=10;

{We now enter a loop that hunts down the correct figure, which has to correct
to within 0.1% on a mass basis.}
repeat
oldm 1l:=m 1;
m_l:=m l+incr;
if m 170ldm 1<=0.01 then m l:=oldm 1/2;{This step prevents m 1 becoming 0}
error{m 1, valve_ h 1, mi_1, wi 1, pf 1, V_1, err 1, T 1, x 1);
if err ! l*olderr 1<0 then
begin
{If we have bracketed the final answer then we use a two-fold approach
involving a secant estimate and a hunting step. If either of these
produces a good enough value, we accept it. Otherwise we proceed as if
no secant step had been taken.}
m est _l:=(olderr 1*m l-err l*oldm 1)/ (olderr l-err 1);{Secant step]
if m est _1/m 1<0.01 then m est 1l:=(m l+oldm 1)/2
error(m est l,valve h 1,mi 1 ui l,pf 1,v_1, err est 1,T est 1,x est_1):
m 1:=m 1-1.5*incr;
incr:=incr/2;
end
else olderr l:=err 1;
until {abs(lncr/m 1)<0.001) or (abs(err_est 1/m est_1)<0.001);
if abs(err_est_l)>abs(err_1) then
begin
final m 1:=m 1;
final T 1:=T 1;
final x 1l:=x 1;
end
else
begin
final m 1:=m est_1;
final T 1:=T est 1;
final x l:=x est 1;
end;
end;

tdddddddddddddddddddddddeldddeldddecddacdddeldadeldcddaeic:

procedure exhaust saturated steam(
mi_l, pi 1, Ti 1, xi 1, pf 1, T£ 1, x£ 1, V_1 : real;
var final m 1, final _T 1, final x 1 : real);
{This procedure takes advantage of a special condition of the exhaust process.
If the steam in the cylinder is saturated then its properties become linear



and it is possible to solve directly for the final conditions. Also, some

advantage can be taken of the extra speed of this process to improve the

accuracy of the enthalpy figure used for the exhausted steam. The other
procedure, change pressure in volume is quite capable of dolng the same thing
but it is slower, I think. The principle of the procedure is that in the
saturated state, the governing equations become

ml*ul=m2*u2+ (ml-m2) *h
and m2=V/v2
where u2=uf+x2*ufg and v2=vf+x2*vfg. Solving these equations for x2 we obtain
X2=(V* (h-uf) -A*vf) / (A*vEg+V*ufg)
where A=ml* (h-ul).

In this procedure there is a loop that recalculates h so that it corresponds
to the middle of the process, i.e. at the average of the starting and finishing
pressures. This way the overall exhaust process is more accurately calculated.
mi_1 is the initial mass of steam in the cylinder, with initial conditions
pi_. 1, ti 1, xi_1 and internal energy ui_l.

Vv ] 1 is the volume of the cylinder during the process.

pf 1, Tf£ 1 and xf 1 are the final conditions at the end of the process. xf 1
is redundant but is preserved to maintain similarity with the procedure

change pressure in_volume.

final m 1 is the mass remaining in the cylinder after the process, with
temperature final T 1 (=Tf_1) and vapour quality final x 1. The final pressure
is of course pf 1.

p mid 1, T mid 1 and x mid 1 are the conditions at the middle pressure at which
the enthalpy of the exhausted steam is calculated.

ui_1 is the initial internal energy of the steam.

uff 1 is the internal energy of saturated steam at x=0 at pf 1.

ufgf 1 is the latent internal energy at pf_l.

vif 1 is the specific volume of saturated steam at x=0 at pf_1.

vEgf 1 is the difference between the x=1 and x=0 saturated steam specific
volumes at pf_1.

A 1l is A=ml* (h-ul) in the above description.

new x 1 is the predicted final vapour quality at the end of the process.

h 1 is the enthalpy of the exhausted steam.}

var p mid 1, T mid 1, x mid 1, ui 1, uff 1, ufgf 1, vff 1, vifgf 1, new_x_1,
h.l, A1l : real;

begin

{Initializations}

p_mid 1:=(pi_l+pf 1)/2;

T mid 1:=saturation _temperature (p_) mid 1);

u; 1:=int . energy(pi_1,Ti 1,xi 1);

uff l:=int energy(pf 1, Tf 1,0};

ufgf 1l:=int energy(pf 1,7€ 1; L)=-uff 1;
vEf l:=volume(pf 1,Tf 1, 0);

vfgf 1l:=volume (pf l Tf 1 1)y=vEf 1:
x mid l:=xi_1;

new_x l:=1;

{This is a loop that recalculates h_1 so that it is at the midpoint of the
initial and final vapour qualities. The final wvalue for the vapour quality
is accepted once it has converged to within 0.1%}

repeat

h_l:=enthalpy(p mid 1, T mid 1, x mid 1);

final X l:=new x 1;

A 1: =mi 1*(h 1-ui o1 3

new X 1: T=(V ] 1*(h 1-uff 1)-A 1*vff 1)/ (A 1*vfgf 14V 1*ufgf 1);
x_mid_1:=(xi_l+new x 1)/2;

until abs(flnal X 1- new x 1)/new x 1<0.001;

final m 1:=V 1/(vff l+new x 1*vfgf 1); )

f1nal X 1‘—new_;_}

final T l:=saturation_temperature(pf_1);

end;

{dddddddddddddddddddddddddddddddddeddddddadddddelddeldacy)



[global]procedure isentropic vol change(pi_1, Ti_1l, xi_1, final spec vol l:real;
var pf__ 1, Tf 1, xf 1 : real);

{This procedure organises finding the final conditions pﬁ_l, Tf 1, xf 1 after

an isentropic expansion to volume final spec_vol 1 from intial conditions

pi_1l, Ti_ 1 xi_ 1. Most of the real work is done by other procedures.

s_1 is the entropy throughout the process.

p_sat and T sat are the conditions at the intercept of the isentrope with the

saturation line. If this is off-scale, then the maximum values allowed are used.

sat_state_1 is a boolean indicating that the final conditions are saturated.}

var s_1, p_sat, T_sat : real;
sat_state 1 : boolean;

begin
sat_state l:=false;
s 1°=entropy(p1 i, Ti 1, %1 1):
{If we are on the saturation line then p sat and T _sat are easily found.}
if (xi_1=1) and (pi_l=saturation_pressure(Ti_1)) then
begin
p_sat:=pi_1;
T sat:=Ti 1;
end

else
if s_l>entropy(max p, saturation temperature(max p), 1) then

begin
{If the isentrope/saturation intercept is within scale we can find the
point of crossing. We can the find out whether we will have a saturated
final state or not.}
find sat_state from entropy(s_1, p_sat, T_sat);
if volume(p_sat, T sat, 1l)<=final_spec_vol_ 1 then sat_state_l:=true;
end
else
begin
{If the isentrope/saturation intercept is off scale then the initial
state must be saturated for it to be on scale (a quick look at a
temperature-entropy chart confirms this), and so the final state
must also be saturated.}
sat_state_l:=true;
p_sat:=max p;
T sat:=saturation_temperature (max_p);
end;
if sat_state 1 then sat_vap state from S and vol(s_1l, final_spec_vol_1,
B Saf, T sat, pE 1, TER, xf 1)

else
begin
vapour_ state from S and vol(s_1, final spec vel 1, p sat, T_ sat,
pf 1, Tf 1);
xf l:=1;
end;
end;

lcdddedddddddeddddddddddddddddeddddddddddddddddddeddddddddddd
THE MAIN PROCEDURE
clddclcdelciclelclcldceddeddddelcddedeelddelddededddelddeddeddddddedddeldddacy;

[global]procedure ideal cylinder performance (

clearance _vol, comp_ratio, exp ratio, starting x : real;

var comp _mass, exp mass, eff : real;

var cushion, top, start, exp, exhaust, vac : conditions);
{This procedure calculates all the relevant features for an ideal cylinder
operating with a clearance volume of clearance vol, an expansion ratio
exp _ratio and a compression ratio comp ratio. The procedure should be given
a starting figure for the vapour quality in the condenser: normally, the value
from a previous calculation is a good value, or 0.8 if it is the first

calculation.}



var p_ind, counter : integer;
oldeff, cushion spec vol, diff, u_start, u_exp, u_exhaust, u_cushion,
W_exp, W_comp, pl, T1, x1, p2, T2, x2, ml : real;

begin
vac.x:=starting x;
counter:=0;
eff:=10;
repeat
oldeff:=eff;
comp_mass:=clearance_vol*comp_ratio/volume(vac.p, vac.T, vac.x);
cushion spec_vol:=clearance vol/comp mass;
{The program works from recompression through to exhaust, so the
first step is recompression.}
isentropic_vol change(vac.p, vac.T, vac.x, cushion spec vol,
cushion.p, cushion.T, cushion.x);
{Then filling.}
change pressure in volume (comp_mass, cushion.p, cushion.T, cushion.x,
top.p, top.T, top.x, clearance vol, exp mass, start.T, start.x);
{Then expansion.}
isentropic_vol change(top.p, start.T, start.x,
clearance vol*exp ratio/exp mass, exp.p, exp.T, exp.x);
{Finally the exhaust conditions are calculated. Because of the variation in
enthalpy as the pressure decreases (and the vapour quality changes), the
process is done in 20 steps, during each of which the enthalpy is fairly
constant. }
p2:=exp.p;
T2:=exp.T;
X2:=exp.Xx;
ml :=exp mass;
for p ind:=19 downto 0 do
begin
pl:=vac.p+p_ind* (exp.p-vac.p) /20;
Tl:=saturation temperature (pl);
xl:=1;
if x2>=1 then change pressure in volume(ml, p2, T2, x2, pl, T1l, x1,
clearance vol*exp ratio, comp_mass, exhaust.T, exhaust x)
else Exhaust_saturated steam(ml, p2, T2, x2, pl, T1l, x1,
clearance vol*exp ratio, comp mass, exhaust.T, exhaust.x);
p2:=pl;
T2:=exhaust.T;
x2:=exhaust.x;
ml:=comp mass;
end;
diff:=abs (exhaust.x-vac.x);
vac.x:=vac.x+ (exhaust.x-vac.x) *1.3;
if vac.x>=1 then vac.x:=exhaust.x;
writeln(’T=",top.T,’ iteration ’,counter:4);
exhaust.p:=vac.p;
start.p:=top.p;
with exhaust do u_exhaust:=int_energy(p, T, x):
with cushion do u_cushion:=int_energy(p, T, X):
with exp do u_exp:=int_energy(p, T, x):
with start do u_start:=int_energy(p, T, x):
W_exp:=exp_mass* (u_start-u_exp);
W _Comp :=Comp_I mass*(u cushion-u ._exhaust) ;
eff:=100* (W_exp-W_comp) / ( (exp _mass-comp_mass) *enthalpy (top.p,top.T,top.x));
counter:=counter+l;
{The calculation is repeated until the final vapour quality calculated
equillibriates to within 0.2% and the efficiency converges to 0.1%, or
if this hasn’t happened by 15 iterations, then we have an error.}
until ((diff/exhaust.x<0.002) and (abs(eff-oldeff)/eff<0.001))
or (counter>15);
if counter<=15 then
writeln(’Calculation complete with exhaust condition error ’',diff:8:7)
else



writeln (' FAILED TO CONVERGE:DO NOT USE RESULTS!!!!’);
end;

end.



Program CYL

program cylindercalc (input, output, thermo, outfile, ofile);
{AUTHOR: Paul Bannister}
type conditions = record

pr T, x : real;

end;

var outfile, thermo, ofile : text;
clearance_vol, comp_ratio, exp_ratio, comp mass, exp _mass, eff,
u_start, u _cushion, u_exhaust, u exp, W exp,W comp,W max, massflow,
ex eff, acceptance, h_top, h_vac, starting x : real;
cushion, top, start, exp, exhaust, vac : conditions;
topindex, p_ind, t_ind :integer;
ch : char;
[external]procedure ideal cylinder performance(cv,cr,er,sx : real;
var cm,em,f : real;
var c,t,st,ex,eh,v : conditions);extern;
[external]l function saturation_temperature (p:real) :real;extern;
(external] function enthalpy(p,T,x : real):real;extern;
[external] function int_energy(p,T,x : real):real;extern;
[external] function exergy(p,T,x : real):real;extern;
[external] function volume(p,T,x : real):real;extern;
[external]procedure read in data(var wherefrom:text);external;

begin
rewrite (ofile);
rewrite (outfile);
read _in_data(thermo);
{clearance_vol:=}{71.05e-6}{53.88e-6}{44.44e-6;}
{comp_ratio:=10.1}{13.0}{15.8};
{exp_ratio:=10.1}{13.0}{15.8};
{writeln(’Clearance volume : ! ,clearance_vol);}
{writeln(’Compression ratio : ‘,comp_ratio:6:2);
writeln (’Expansion ratio : ',exp ratio:6:2);}
starting x:=0.8;
top.x:=1;
repeat
write (‘Clearance Vol : /);
readln (clearance_vol);
clearance_vol:=clearance_vol/le6;
write ('Expansion Ratio : ’);
readln (exp_ratio);
comp_ratio:=exp ratio;
write (/Vacuum Pressure: ');
readln (vac.p);
write (' Top pressure : ');
readln(top.p):
write (' Top Temperature : ’);
readln (top.T);
vac.T:=saturation temperature(vac.p);
ideal_cylinder performance (clearance vol,comp ratio,exp ratio,starting x,
comp_mass,exp_mass,eff, cushion, top, start, exp,exhaust,vac) ;
with vac do h vac:=enthalpy(p, T, x);
with top do h_top:=enthalpy(p, T, x);
with exhaust do u_exhaust:=int_energy(p, T, x);
with cushion do u_cushion:=int_energy(p, T, X);
with exp do u_exp:=int_energy(p, T, X):
with start do u start:=int_energy(p, T, X);
W_exp:=exp mass* (u_start-u_exp);
W_comp:=comp _mass* (u_cushion-u_exhaust);
W_max:=(exp_mass-comp ] mass)* (h_ _top-h_vac);
eff:=100* (W_exp-W_comp) / ( (exp_ mass—Ccomp_! mass)*h_top);
writeln(’Calculated efficiency is ’,eff:6:2);
massflow:=(exp mass-comp_mass)*25;
with top do
begin
acceptance:=100* (exp_mass-comp_mass) *volume (p, T, x)/clearance_vol;



ex eff:=(W_exp-W comp) *100/ ( (exp_mass-comp_mass) *exergy(p, T, x));

end;

writeln(’'Q th = ’,massflow*h top:6:2);
writeln(’Vacuum Vapour Quality = ’,vac.x:7:5);
writeln(’Expansion Power = ' ,W exp*25:6:3);
writeln(’Compression Power = ’,W _comp*25:6:3);
writeln (’/Power Output = ’, (W_exp-W_comp)*25:6:3);
writeln(’'Efficiency = ’,eff:6:2);

starting x:=vac.x;

write(’Again ? 7);

readln (ch) ;
until ch in [’n’,'N'];

end.



Program SYST

program system model (datafile,input, output,outfile,thermo) ;
{AUTHOR: Paul Bannister}
[********************************************************************

NOTES ON SYST.PAS
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SYST.PAS is a program designed to calculate the performance of a

single dish collector attached to an ANU engine. The basic principles

of the program, such as the design of the collector and receiver, are
described in Chapter 4 of the author’s thesis and will not be repeated here.
The functions of the individual subroutines are discussed in the main

body of the program, so it remains only to define the variables.

CONSTANTS}
const Pi = 3.1415926;
T 0 = 25; {Ambient Temperature}
stef boltz = 5.67e-8; {Stefan-Boltzmann Constant}
T_sky =250.0; {Sky temperature in Kelwvin}
{TYPES}

type rectype = record
capture, r lnt, r_skirt, length, A _int, A skirt, A_ap,
t_ins_top, t_ins cyl, Th, Tc, Tph, “xh, xc, xph, T sklrt, T cav,
T face, emiss, absb, shell emiss, shell absb, fluxheat,
Q cavconv, Q skirtconv, Q skirtrefl, Q cavrefl, Q skirtrad,
total losses, cavheat, skirtheat, th eff : real;
end;
dishtype = record
focal_length, rad, refl, refl area, angle, armlength,
shade factor :real;
end;
region = record
A, 1, r, view, T _av, T av4, cond, rad : real;
end;
fluidline = record
Th,Tc,xh,xc,Ts,1l,r,t_ins,Q,ri,pdrop : real;
end;
enginetype = record
Th,xh,pv,Tc,Pe,Q th,eff :real;
end;
(batt, rigid):

instype
{VARIABLES}

var rec : rectype;
dish : dishtype:
hot, boil, cold : region:
steamline, waterline : array(l..3] of fluidline;
engine : enginetype;
fluxweightl, fluxweight2, fluxweight3, pressuredrop, total_errocr, p,
sat_T, windvel, BBl, Bb2, Bb3, k_ins, insolation, m, oldp, Ts,
pump power, sum steamline losses, sum waterline losses,
sum_rotary Jjt_abs g, sum rotary jt_exch g, st_syst_eff,
sum_line pdrop, prec, syst_eff, syst eff2, syst effx,top_p,dt,
Tmax, xmax, syst effx2, syst effx3, ps, pf, pls, p2s, plf, p2f : real:;
rotary jt abs q, rotary jt_exch g : array[l..2] of real;
thermo, outfile, datafile : text;
loopcount,i: integer;
eh i char;

{VARIABLES : Definitions

rec : a record that contains the information regarding the receiver.
The fields of the record are



capture: the fraction of the flux from the dish which lands
inside the cavity aperture.

x dnt: the internal radius of the cavity (which is assumed to be
cylindrical).

r_skirt: the radius of the skirt of tubing around the cavity
aperture to catch the flux which does not land inside
the cavity.

length: the length of the cavity cylinder.

A int: the internal area of the cavity.

A skirt: the area of the skirt .

t_ins_top:the thickness of insulation on the top of the
receiver.

t_ins_cyl:the thickness of insulation on the cylinder walls.

Th,xh: the temperature and vapour quality of the steam
leaving the receiver.

Te;xC: the temperature and vapour quality of the feedwater
entering the receiver.

Tph,xph: the temperature and vapour quality of the fluid after
it has passed through the skirt and before it enters
the cavity.

T_skirt: the average temperature of the skirt.

T cav: the average temperature of the cavity.

T face: the average temperature of the bottom face of the
receiver, including both the cavity and the skirt.

emiss: the emissivity of the tube surfaces.

absb: the absorptivity of the tube surfaces.

shell emiss: the emissivity of the outer wall of the
insulation casing.

shell absb: the absorptivity of the cuter wall of the
insulation casing.

fluxheat:the total heat incident in the receiver from the
collector.

Q cavconv:the convective heat loss from the cavity.

Q_skirtconv:the convective heat loss from the skirt.

Q skirtrefl:the reflection loss from the skirt.

Q cavrefl:the reflection loss from the cavity.

Q skirtrad:the thermal radiation loss from the skirt.

total_losses:the total losses from the receiver.

cavheat: the flux power landing in the cavity.

skirtheat:the flux power falling on the skirt.

th_eff: the thermal efficiency of the receiver.

dish: A record containing the information on the collector. The
fields of the record are:
focal_length:the focal length of the collector.
rad: the radius of the collector.
refl: the reflectivity of the mirror surface.
refl area:the total useful reflective aperture area of
the mirror surface.
angle: the rim angle of the collector dish.
armlength:the length of the receiver support, running from the
focal region to the edge of the collector.
shade_factor:the fraction of the collector aperture that is
obscured by the receiver supports, etc, but not including
shading by the receiver itself.
hot,boil,cold: These are records of the conditions in the superheat
(hot) boiling (boil) and subcooled (cold) regions of the receiver.
The fields of each are:
A: the area of cavity wall occupied by the region.
1z the vertical height of the upper limit of the region
on the cylidrical wall of the cavity. The cavity
aperture plane is 1=0, the top of the receiver is l=rec.length.
b the radius of the upper limit of the region. If the
region finishes on the receiver walls, then r=rec.r_int.
However, if it finishes in the skirt or in the top section
of the receiver then r will be greater than or less than



rec.r _int, respectively.

view: the radiation exchange factor between the region and
the cavity aperture.

T av: the average temperature of the region.

T _avéd: the average value of the fourth power of the
absolute temperature in the region.

cond: the conduction loss from the region.

rad: the thermal radiation loss from the region out of the

cavity aperture.
steamline, waterline: these are three element arrays of records containing
information regarding the three sections of the steam and
water lines. The fields of each record are:
Th,xh: the temperature and wvapour quality at the point of
fluid entry to the line section.
Tc,xc: the temperature and vapour quality at the point of
fluid exit from the line section.

Ts: the average temperature of the outer wall of the
insulation in the line section.

X the length of the line section.

ri the outer radius of the fluid carrying pipe.

ri the inner radius of the fluid carrying pipe.

t_ins: the thickness of the insulation on the section.

0 the loss from the line section.

pdrop: the pressure drop through the line section.

engine:a record of the information pertaining to the engine. The
fields of the record are:
Th,xh: the temperature and vapour quality of the steam
entering the engine.

Tc: the temperature of the condenser.

pv: the absolute pressure in the condenser.

Pe: the electrical power out put of the engine.
Q_th: the thermal power input to the engine.

eff: the efficiency of the engine.

fluxweightl, fluxweight2, fluxweight3: weights to represent the
difference between the average flux levels in each region
of the receiver. They should sum to one, and the larger the
value, the bigger the region. Setting fwl=0.25, fw2=0.5,
fw3=0.25 for example would make the cold region (fwl) and the
hot region (fw3) appear to have and average flux of twice that
of the boil region (fw2).

pressuredrop: this is the pressure drop through the receiver. As it is
strongly design dependent, it is left as a user defined
parameter.

total_error: the error at the end of an iteration of the main
calculation loop.

p: the pressure at a given point in the calculation, in bars.

sat_T: the saturation temperature in the receiver.

windvel:the wind speed in metres per second.

BB1,BB2,BB3: the proportions of the receiver cavity internal area
occupied by the three regions, numbered in order of increasing

temperature.
insolation:the insolation.
m: the mass-flow around the system.
oldp: the pressure at the engine from the previous iteration.
B3 the desired steam temperature at the engine.

pump power:the mechanical power required to operate the pump.

sum steamline losses:the total heat loss from the steam line.

sum waterline losses:the total heat loss from the water line.

sum_rotary jt_abs_g:the total absolute heat loss from the rotary joints.

sum_rotary jt_exch g:the total exchange of heat from the steam to the
water in the rotary joints.

st_syst_eff:the exergetic efficiency of the collector and steam
system.

sum line pdrop:the total pressure drop in the steam and waterlines.



prec: the pressure at the receiver.

syst_eff:the thermal efficiency of the system.

syst_eff2:the thermal efficiency of the steam system, not including
the collector losses.

syst_effx:the exergetic efficiency of the steam system, not including
the collector losses.

top_p: the pressure at the feedwater pump.

dt: the difference between the condenser temperature and the
feedwater temperature.

Tmax,xmax:the temperature and vapour qualtity that would be reached
if there were no thermal losses in the steam system.

syst_effx2:the ratio of the real exergy gain to the maximum possible
exergy gain in the steam system.

syst_effx3:the maximum possible exergetic efficiency of the steam
system at the given engine temperature.

ps,pls,p2s:local steam pressure variables.

pf,plf,p2f:local feedwater pressure variables.

rotary jt_abs q: two element array of the absolute losses from the two
rotary joints.

rotary_Jjt_exch g: two element array of the exchange losses from the two
rotary joints.

thermo: data file for the thermodynamic properties module PROP.
outfile: output file.
datafile:input file for the program.

loopcount:counter of the number iterations that have been performed.
i: local integer variable.

ch: local character variable.

EXTERNAL SUBROUTINES

The program draws subroutines from two modules, being HEAT and PROP
Subroutines from PROP:)

[external] function saturation_temperature(p : real):real;extern;
[external] function exergy(p, T, x : real):real;extern;

[external)] function density(p, T, x : real):real;extern;

[external] function viscosity(p, T, x : real):real;extern;

[external] function enthalpy(p, T, x : real):real;extern;
[external]procedure read in data(var wh : text);extern;
[external]procedure T from h and p(h, p : real; var T, x : real);extern;

{Subroutines from HEAT:}

[external] function h_aperture(T, r, v : real):real;extern;
[external] function h _ext convection(T, r, v : real):real;extern;

dcldelddddddddeldedelddciddddddddddeddcy
{LEVEL 3}
dclcddeldcicidelcicicldcleldddddedcidcddaddacdey

function rockwool k(Th 3,Tc 3 : real; ins : instype):real;
{This is the conductivity of rockwool insulation whose hot-side
temperature is Th_3 and whose cold-side temperature is Tc_3}
var T 3 : real;

begin
T 3i=(Th 3+Te 3§ /2;
if ins=batt then rockwool k:=0.0315+9.476e-5*T_3+3.8095e-7*T_3*T 3
else rockwool k:=0.032+9.5e-5*T 3+1.952e-7*T_3*T 3;
end;
dcldelddddddddeldeldddddddddddedeldddddey



function tan(theta_3: real):real;

begin
tan:=sin(theta_3) /cos(theta_3);
end;

tdcddadddadddadddddddddeldddedddedelcys

function F_ 1 2(1_3,rl _3,r2 3 : real):real;

{This procedure calculates the radiation exchange factor between a
disk of radius rl_3 and one of radius r2_3. The disks are parallel and
coaxial and are separated by a vertical distance 1_3.}

var B, C, X : real;

begin
B:=rl 3/1 3;
'=r2 3/1 3
-1+B*B+C*C
if B>0 then F 1 2:=(X-sqgrt (X*X-4*B*B*C*C) )/ (2*B*B)
else F 1 2 =0;
end;

ddddddddddddelecddeldddedeldddeldcdeddey

function pressure drop(p_3, t_3, x 3, r 3, 1 3 : real):real;

{This function calculates the pressure drop along a section of pipe
whose radius is r 3 and length is 1 3. The water or steam at the
beginning of the pipe section has pressure p 3, temperature t_3 and
vapour quality x 3.}

var meanvel 3, Re 3, £ 3 : real;

begin

meanvel 3:=m/(density(p_3,T_3,x 3)*Pi*r 3*r 3);

Re_ 3: =2%m/ (Pi*r 3*v1sc031ty(p 3,1 ' 3% 3);

£ 3:=0.25/sqr(1n(2. 03e-7/r_3+5. 74/Re 3*%x0.9) /2.3);

pressure_drcp "l_ﬁ*f_ﬁ*dﬂﬂSlty(p_3 Tﬁﬁ,x_})*sqr(meanvel_B)/(4e5*r_3):
end;

clclcidelcicicllddcdeldecdeldddelddddeldddeicddch)

procedure calculate proportions(p 3,Th_3,Tc 3,xh 3,xc_3 : real;

var Bl 3, B2 3, B3 32 “real);
{This procedure assigns the proportions Bl 3, B2 __ 3 and B3 3 to the
receiver which are subcooled, boiling or superheated The proportions
are decided on the basis of the relative enthalpies for each stage,
modified by the fluxweights, which represent the different average
fluxes in each region.}
var hs, hg, hf, hc : real;

begin
hs:=enthalpy(p_3, Th_3, xh 3);
hg:=enthalpy(p_3, sat_T, 1);
hf:=enthalpy(p 3, sat T, 0);
hc:=enthalpy (p_3,Tc 3,xc 3);
if Tc_3<sat_T then Bl 57 —flUXWElghtl*(mln(hS hf) -hc)
else Bl 3:=0;
if Tc_3<=sat_T then 52_3 =fluxweight2* (min(1.0,xh 3)-xc_3) * (min (hg, hs) -hf)
else B2 3:=0;
if Th 3>sat_T then B3_3:=fluxweight3* (hs-max (hg,hc))
else B3 3:=0;
end;



gdddddeldelddelddddddecddecdelddelcelceld
{LEVEL 2}
acdadddaadaddddddddelciclcddeleicdelddelcd:

procedure calc_radiation_exch factors;

{This procedure calculates the radiation exchange factors between each
section of the receiver and the cavity aperture.}

var term : real;

begin
with rec do
begin

if hot.A>0 then hot.view:=A ap*F 1 2(hot.l,r_int,hot.r) /hot.A

else hot.view:=0;

if cold.r>r int then cold.view:=0
else

cold.view:=A_ap*(1-F_1_2(cold.l,r_int,r_int))/(cold.A-A_skirt);

if cold.l=0 then term:=1 else term:=F 1 2(cold l;x Ant,x 1nt),

boil.view:=A ap*(term—F_l 2(hot.1l,r_int, hot. r))/b01l A;

{writeln(’Hot view = ’,hot.view:6:5);

writeln(’Cold view = ’,cold.view:6:5);

writeln(‘Boil view = ’,boil.view:6:5);}

{The last line of output is a check that the sum of the radiation
exchange factors, appropriately modified, is equal to its theoretical
total of one.

writeln(’Check this is one : ',

(hot.view*hot.A+cold.view*2*pi*r int*cold.l+boil.view*boil.A) /A ap);}

end;
end;

ddddddddddelceidddddddddedelddddadddc)

function weighted av_T(p 2, Th_2, Tc_2 ,xh 2, xc_2 :real):real;
{This function calculates the average temperature of the receiver,
weighted by the proportions Bl_2, etc.}

var Bl_2, B2_2, B3 2 : real;

begin
calculate_proportlons(p 2,Th 2,Tc 2,xh 2,xc 2,Bl1 2,B2 2,B3 2);
weighted av_T:=(Bl 2*(m1n(Th 2,8at T)+Tc 2)/2+B2 “2%sat T

+B3_2*(Th 2+max(‘I‘c " 2,sat "T))/2)/(Bl_2+B2_2+B3 2);
end;

ndgdddddddelddddeicddddcielddedelddeldelclcdy;
{LEVEL 1}

Hddadddddddddddddddddedddededddel el

function receiver_ frac_rad(capture 1 : real):real;

{This function calculates the radius of receiver aperture from the knowledge of
the dish rim angle and the percentage capture of the input flux inside

the cavity. The radius is calculated as a fraction of the mirror

radius through a series of equations derived from results calculated

with Ivan Mayer’s PSF module. The capture can only take the values

0.99, 0.98, 0.95, 0.9 or 0.8.}

begin
if capture_ 1=0.99 then
receiver_frac rad:=(-1.83+0.3231*dish.angle-7.209e-3*sqr (dish.angle)
+5.640e-5*dish.angle*dish.angle*dish.angle) /100
else if capture 1=0.98 then
receiver frac_ rad:=(-1.11+0.2689*dish.angle-6.025e-3*sqr (dish.angle)



+4.7578e-5*dish.angle*dish.angle*dish.angle) /100
else if capture 1=0.95 then ish.angle)
receiver_frac ;éd:=(-0.220+0.1961*dish-ang19-4'375i_3;§gg(dlSh e

+3.474e-5%dish.angle*dish.angle*dish.ang e)
else if capture 1=0.9 then ish.angle)
receiver frac rad:=(0.377+0.1406*dish.angle73.059&13*7?Eéd15h g
+2.911e-5*dish.angle*dish.angle*dish.angle)
else if capture 1=0.8 then i le)
receiver_frac Eéd:=(l.582+0.052*dish.angle—}.224e—i*5?§6315h'ang
+1.085e-5*dish.angle*dish.angle*dish.ang )
else
begin 057
writeln (’Illegal Capture Figure Ignored, Frac_rad set to )
receiver frac_rad:=0.05;
end;
end;

{GRERREERRRRRREREREEAERRARRRAREERRRE}

rocedure calculate receiver regions; 111
?This procedure calculates the gxtent of the subcooled ‘°°§§L'e§2;itng
(boil) and superheated (hot) regions inside the receiver. represent
is indexed by a radius and a length for each region. Thesihe Eold
the location of upper limit of the region. For 1gstancg,d ¢ of the
region typically would finish part way up the main cylinde ositive
receiver cavity. This would correspond to cold.l being some P

value and cold.r being r_int. }

var Bl 1, B2_1, B3 1 : real;

begin

with rec do

begin ]
calculate_proportions(p,Th, Tph, xh,xph,Bl_1,82 1,83 1)/
cold.A:=A_int*B1l_1/(Bl_1+B2_1+B3_1);
boil.A:=A int*B2 1/(Bl_1+B2_1+B3_1);
hot.A:=A int*B3_1/(B1_1+B2_1+B3_1); "
{writeln{’Colda = ’,100*cold .A/A int:6:2,'%");
writeln(’BoilA = ’,100*Boil.A/A_1int:6:2,'%");

writeln(’ HotA = ’,100*hot.A /A _int:6:2,'%')/}
with hot do if A<Pi*r int*r_ int then

begin

r:=sqrt (A/Pi) ;

l:=length;

end
else

begin

r:=r int; )
l:=length-(A-Pi*r_int*r_int ) / (2*pi*r_int);
end;
boil.r:=hot.r;
boil.l:=hot.l;
with cold do if A<A skirt thera
begin
r:=sqrt(r_skirt*r skirt-A/ Pi) ;
1:=0;
end
else
begin
ri=r int;
l:=(A-A_skirt) / (2*pi*r_int) =
end;
with hot do
begin
T_av:=(Th+sat_T) /2;



en§T§V4:=((Th+273.15)**5—(sat__'1'+273.15)**5)/(5*(Th—sat__’1‘));

rﬁﬁvz=sat_?;
.end?av4:=(sat_r+273.15)**4;
"1ER cold go

€gin

T_av:=(Tct+sat_T)/2;
ehg__av4:=( (sat_T+273.15) **5-(273.15+Tc) **5) / (5% (sat_T-Tc)) ;
J,:;iteln('hot.l = 7 ,hot.1:6:3);
weicSln(‘hot.r = /, hot.r:6:3);

teln(’cold.1 = *,cold.1:6:3);

zi%teln('cold.r = ’,cold.r:6:3);
wI?taln('hot.Tav4 = '/, ,hot.T av4**0.25:6:2);
e;geln('cold.‘ravé = ’,cold.T_avd**0.25:6:2);}
end; *
dddeldedddddddddddddddddddddddedddcs]
Pro

{Th‘?Ed\l:re set_dish_and_receiver_shape; _ )
ahE;LB is discussed in the main body of my thesis, and so this
va Uld be read in the context of that description.}

T ang : real;

be%?ir)
aAng:=dish.angle*Pi/180;
94 sh.focal length:=(1l/tan(ang)+tan(ang/2)/2) *dish.rad;
Writeln('f = ’,dish.focal length);
With rec do
begin
r_int:=dish.rad*receiver frac rad(capture);
writeln(’'r_int = /,r _int:6:3);
length:=0.1064*dish.focal_length;
writeln(’length = ’,length:6:3);
if (r_int+t_ins_cyl)>(l.l*receiver_frac rad(0.99)) then
r skirt:=rec.r_int+t_ins cyl
else
r_skirt:=1l.l*receiver frac rad(0.99);
writeln(’r skirt = ',r skirt:6:3);
A int:=Pi*length*2*r int+Pi*r int*r int;
A skirt:=Pi*(r skirt*r skirt-r int*r int);
A _ap:=Pi*r int*r int;
end;
dish.refl_area:=dish.shade factor*Pi*dish.rad*dish.rad
-Pi*rec.r skirt*rec.r_skirt;
dish.armlength:=dish.rad/sin(ang);
{Having calculated the dish and receiver dimensions, the steam and
water lines are organised. The numbering of these is a little
nonstandard: both lines are numbered in the direction of the flow.
Thus the section of line closest to the engine room is the first
waterline section but the third steam line section.}

steamline[l].l:=dish.armlength;

steamline(2] .l:=dish.rad;

steamline([3] .l:=dish.rad*2.5;

waterline[l].l:=dish.rad*2.5;

waterline([2].l:=dish.rad;

waterline[3].l:=dish.armlength;
end;

ccddddaddddddeldelelddelddelddeldeicdeldcicy



procedure calc_receiver_ conduction;

{This procedure is a fairly lengthy calculation for the conduction
losses in the receiver. The losses are calculated separately for the
hot, boil and cold regions of the receiver. The basic procedure for
each is identical: the outside wall temperature of the insulation is
varied until the heat flows at the wall balance.}

var Ur_top, Ur_cyl, h ap 1, h ext 1, wallA, radterm, incr, cylcond,
topcond : real;
Ts, e : array[l..2] of real;

begin
{The conduction from the hot section is calculated first, starting
with the conduction from the top (flat) part of the receiver.}
incr:=10;
with hot do
begin
Ts[1]:=T 0;
Ur_top:=rockwool k(T av,Ts[l],batt)/rec.t_ins_top:
h ap 1:=h aperture(Ts[l], min(rec.r skirt,r+rec.t_ins cyl), windvel);
radterm:=rec.shell emiss*Stef boltz*((Ts[1]+273 15) **4-T _sky**4) ;
e[l]:=Ur_top*(T_§v-Ts[1])—h_ap_l*(Ts[l]-T_O)+
rec.shell absb*insolation-radterm;
repeat
Ts[2]:=Ts[l]+incr;
Ur_top:=rockwool k(T _av,Ts[2],batt)/rec.t_ins top:
h ap 1l:=h aperture(Ts[Z], min(rec.r sklrt,r+rec t ins_cyl), windvel);
radterm:=rec.shell emiss*Stef boltz*((Ts[2]+273 15) **4-T sky**4) ;
e[2] :=Ur_top*(T_av- -Ts[2])-h_ap 1*(Ts[2]-T_0)
+rec.shell absb*insolation-radterm;
{ writeln(’l : *,Ts[l]:6:2," ',e[l]:6:2);
writeln(’2 : 7,Ts[2]1:6:2," ',e[2]:6:2);}
if e[l]*e(2]1<0 then incr:=-incr/2;
Ts[1l]:=Ts([2];
e[l]l:=e[2];
until (max(abs(e[l]), abs(e[2]))<1l):
topcond:=Ur_top*pi*sqgr (min(rec.r_skirt,r+rec.t_ins_cyl))* (T _av-Ts([2]);
{writeln (’Hot cond from top = ’,topcond:6:2);}

{If the hot section extends part way down the cylinder, then
conduction from that section must also be calculated.}
if rec.length-1>0 then

begin
Ts[1]:=T_0;
incr:=10;

Ur_cyl:=2*Pi*rockwool k(T _av,Ts(1l],batt)/ln(rec.r_skirt/rec.r int);

h ext l:=h ext convectlon(Ts[l], rec.r skirt, windvel) ;
radterm:=rec.shell emiss*Stef boltz*((Ts[1]+273 15) **4=T sky**x4q) ;
e[l]:=Ur_cyl*(T_av- —Ts([1])/ (2*pi*rec.r - skirt)-h ext 1*(Ts[1l]-T_0)-radterm;
repeat

Ts[2] :=Ts[1l]+incr;

Ur_cyl:=2*Pi*rockwool k(T av,Ts([2],batt)/ln(rec.r_skirt/rec.r_int);

h ext l:=h ext convectlon(Ts[Zj, rec.r_skirt, windvel);
radterm:=rec.shell emiss*Stef boltz*((Ts[2]+273 15) **4-T sky**4);
e[2]:=Ur cyl*(T av- Ts[2])/(2*p1*rec r skirt)-h ext 1*(Ts[2]-T_0)-radterm;

{ writeln(’1l : *,Ts[1]:6:2,’ ‘,e[l]1:6:2);

writeln(’2 ¢ £, TE12] 1652, ';el2]:6:2)2)

if e[l]l*e[2]1<0 then incr:=-incr/2;

Ts[1]:=Ts([2];

e[l]:=e(2];
until max( abs(e(l]), abs(e[2]) )<1;

cylcond:=Ur_cyl* (rec.length-1) *(T_av-Ts([2]);

{writeln(’Cylinder hot conduction = ‘,cylcond:6:2); }
cond:=cylcond+topcond;

{writeln (’ Superheat conduction : ',cond:6:2);}



end;
end;

{The conduction losses from the boiling section of the receiver are
now calculated in a manner very similar to those of the hot region,
starting with the losses from the top of the receiver.}
with boil do
begin
if r<rec.r_int then
begin
Ts(1]:=T_0:
incr:=10;
Ur_top:=rockwool k(T av,Ts[1l],batt)/rec.t_ins top;
h ap 1:=h aperture(Ts[l], rec.r_skirt, windvel) ;
radterm:=rec.shell_emiss*Stef boltz* ((Ts[1]+273.15)**4-T sky**4);
e[1l] :=Ur_top* (T_ av-Ts(1])=h L ap 1%(Ts 1] =T 0)+
rec.shell absb*insclation-radterm;
repeat
Ts([2] :=Ts[1l]+incr;
Ur_top:=rockwool k(T av,Ts[2],batt)/rec.t_ins top;
h_ap 1l:=h aperture(Ts[ZI, rec.r skirt, windvel) ;
radterm:=rec.shell emiss*Stef boltz* ((Ts[2]+273.15) **4-T_sky**4);
e[2]: —Ur_;op*(T_av—Ts[Z])—h_ap_l*(T5E21~T_0)
+rec.shell absb*insolation-radterm;
writeln(’l : *,;Ts5[l] 2632, t,e[l]:6:2);
writeln(’2 : ’,Ts[2]:6:2,' ',e[2]:6:2);}
if e[l]*e[2]<0 then incr:=-incr/2;
Ts[1l]:=Ts[2];
e[l]:=e[2];
until (max(abs(e[l]), abs(e[2]))<1);
topcond:=Ur_top*pi* (sqr(rec.r_skirt)-sqr(rt+rec.t_ins_cyl))
*(T_av-Ts[2]);
{writeln(’Boil cond from top = ’,topcond:6:2);}
end;

{The losses from the parts of the boiling region on the cylinder
wall are now calculated.)}
Ts([1l]:=T_0;
incr:=10;
Ur_cyl:=2*Pi*rockwool k(T av,Ts[1l],batt)/ln(rec.r_skirt/rec.r int);
h ext 1l:=h ext convectlon(Ts[l], rec.r skirt, windvel);
radterm:=rec.shell emiss*Stef boltz*((Ts[l]+273 15) **4-T sky**4);
e[l]:=Ur_cyl*(T av-Ts[1l])/(2*pi*rec.r _skirt)-h_ext _1*(Ts[1]-T_0)-radtemm;
repeat
Ts[2] :=Ts[l]+incr;
Ur_cyl:=2*Pi*rockwool k(T av,Ts[2],batt)/ln(rec.r skirt/rec.r_int);
h ext l:=h ext convection(Ts[2], rec.r_skirt, windvel);
radterm:=rec.shell emiss*Stef boltz*((Ts[21+273 15) **4-T sky**4);
e[2]:=Ur cyl*(T av—Ts[Z])/(Z*pl*rec r_skirt)-h_ext _1*(Ts[2]-T_0) -radterm;
writeln(’l : ’/,Ts(1]1:6:2," ’,e[1]:6:2);
writaln{*2 = *,Ta[2):6:2;" ";el2]:6:2):)
if e[l]*e[2]<0 then incr:=-incr/2;
Ts(1l]:=Ts[2];:
el[l]l:=e(2];
until max( abs(e[l]), abs(e[2]) )<1;
cylcond:=Ur cyl* (l-cold.l)*(T_av-Ts[2]);
{writeln(’Cylinder boiling conduction = ’,cylcond:6:2); }
cond:=cylcond+topcond;
{writeln(’Boiling conduction : ’,cond:6:2);}
end; :

{The losses from the cold section are calculated similarly to those
of the hot and boil regions, except that it is assumed that the cold
region does not extend to the top part of the receiver.}

with cold do if 1>0 then



begin

Ts[1]:=T_0-10;

incr:=10;

Ur_cyl:=2*Pi*rockwool k(T av,Ts[l],batt)/ln(rec.r_skirt/rec.r_int);
h_ext_1l:=h ext convection(Ts[l], rec.r _skirt, windvel) ;
radterm:=rec.shell emiss*Stef boltz*((Ts[1]+273 15) **4~-T sky**4);
e[1] :=Ur_cyl*(T_av-Ts([1])/(2*pi*rec.r_skirt)-h_ext_1*(Ts[1]-T_0)-radterm;
repeat

Ts[2] :=Ts[l]+incr;

Ur_cyl:=2*Pi*rockwool k(T _av,Ts[2],batt)/ln(rec.r_skirt/rec.r_int);

h ext_l:=h_ext convectlon(TSEZ], rec.r_skirt, windvel);

radterm:=rec.shell emiss*Stef boltz* ((Ts[2]+273.15) **4-T sky**4);

ef[2] :=Ur cyl*(T av-Ts[Z])/(Z*pl*rec r skirt)-h ext l*(Ts[Z] -T_0)-radterm;

{ writeln(’1l : /,Ts[1]:6:2," ’,e[l]:6:2);

writeln(®2 ¢ *,;Ta{2)+6:2," " ,.e[2)26:2):]

if e[l]*e[2]<0 then incr:=-incr/2;

Ts[l]:=Ts[2]:

e[l]:=e(2];

until max( abs(e[l]), abs(e[2]) )<1;

cond:=Ur_cyl*1*(T_av-Ts[2]);

{writeln(’Cylinder cold conduction = ’,cond:6:2);
writeln(’Subcooled conduction : ",cond:6:2);}
end;

end;

tddddddaelcledddddelclcddecdddedddedddcy
{LEVEL 0}
ccdddddeddeldeedddedededddddeddelddelcc;

procedure calc_receiver losses;

{This is the primary routine in which the receiver performance is
calculated. The conduction and radiation losses are calculated
primarily through other subroutines, but the convection is calculated
in this procedure with some calling of routines from the module HEAT.}

var h_ap,h _skirt,Tl,x1 : real;

begin
with rec do
begin
{weiteln (" Th *,Thi6:2;" Tph ", Tphi6i2,;T Te T ,Toie12);
writeln('xh * ,xh;6:5;" xph ! xph:6:2,' xc ";x%:6:2);)
sat_T:=saturation_ temperature (p);
fluxheat:=insolation*dish.refl area*dish.refl;
calculate receiver regions;
calc_receiver conduction;
calc_radiation_exch factors;
hot.rad:=hot.A*hot.view*emiss*Stef boltz*hot.T av4;
boil.rad:=boil.A*boil.view*emiss*Stef boltz*boil.T_av4;
cold.rad:=cold.A*cold.view*emiss*Stef boltz*cold.T_av4;

{This is where the convection from the cavity aperture and from the
receiver skirt is calculated.}
T_skirt:=(Tph+Tc)/2;
T cav:=weighted av_T(p,Th, Tph,xh,xph) ;
h . _ap:=h _aperture(T cav,r skirt,windvel);
h_skirt:=h_aperture (T_ sklrt r skirt,windvel);
Q skirtconv:=h_ap*A skirt* (T_ skirt-T 03
Q skirtrad:=A sklrt*emlss*stef boltz*((T skirt+273.15) **4-T sky**4),
Q cavconv:=h ap*A ap* (T_cav-T_| 0);
Q skirtrefl: -(1-absb)*(l-capture)*fluxheat,
Q  cavrefl: =capture*fluxheat* (1-absb/ (1-(l-absb)*(1-(A_ap/A_int))));
cavheat: =capture*fluxheat-Q cavrefl-Q cavconv

- (hot . rad+hot .cond+boil. rad+boil.cond+cold. rad+cold. cond) ;
skirtheat:=(l-capture)*fluxheat-Q skirtrefl-Q skirtrad-Q skirtconv;



{writeln(’ Cavheat = ’,cavheat:6:2);
writeln (' Skirtheat ! ,skirtheat:6:2);
writeln(’ (E-C-s)/f ', {(fluxheat-cavheat-skirtheat) /fluxheat:6:4) ;)

o

{The temperatures at the crucial parts of the receiver are now
calculated. }
T1l:=Tc;
x1:=xc;
{ writeln(enthalpy (p,Tc,xc)+skirtheat/ (m*1000) :6:2);}
T from h and p(enthalpy (p,Tc,xc)+skirtheat/ (m*1000),p,Tl,x1);
Tph:=T1;
xph:i=xl;
{ writeln(’New Tph = ’,Tph:6:2);
writeln(’New xph = ’,xph:6:2);
writeln (enthalpy (p, Tph, xph)+cavheat/ (m*1000) :6:2); }
T _from h and p(enthalpy (p,Tph,xph)+cavheat/ (m*1000),p,T1,x1);
Th:=Tl;
xh:=x1;
{ writeln(’New Th = ’,Th:6B [B:2);
writeln('New xh = ’,Th:6:2);
writeln ((enthalpy (p, Th,xh) -enthalpy (p, Tc,xc)) *m:6:2) ; }
{ writeln;
writeln (’Summary of Receiver Performance :');
writeln(’ Flux reaching Mirror : ’,pi*sqr(dish.rad):6:2);
writeln(’ Total Incident Flux : ’,fluxheat:6:2);
writeln(’ Reflected from skirt : ’,Q skirtrefl:6:2);
writeln(’ Convected from skirt ",Q skirtconv:6:2);
writeln(’ Radiated from skirt ",Q skirtrad:6:2);
writeln (’Reflected from cavity : ’,Q cavrefl:6:2);
writeln (’Convected from cavity : ’,Q cavconv:6:2);
writeln(’ Radiated from cavity : ’,hot.rad+Boil.rad+t+cold.rad:6:2);
writeln (/ Conduction Losses : ’,hot.cond+boil.cond+cold.cond:6:2);
writeln (NonThermal Efficiency ", {fluxheat-Q skirtrefl-Q cavrefl)*100
/fluxheat:6:2);}
Total_Losses:=Q_ skirtrefl+Q skirtconv+Q skirtradt+Q cavrefl+thot.rad+
boil.rad+cold.rad+Q cavconv+hot.cond+boil.cond+cold.cond;

{writeln(’ Total Losses : ’,total losses:6:2);
writeln(’ Total efficiency : ', (fluxheat-total_ losses)*100/fluxheat:6:2);
writeln(’Pressure is ',p:6:2);}

end;

end;

fcceldddeldadeldadeldddddaddeddddedddddddd;

procedure calc_line losses(Th 1,xh 1,1 1,ri 1,ro 1 :real;

var Tc 1,xc l,q 1 : real);
{The losses from the steam and water lines are now calculated in a
manner rather similar to that of the conduction through the receiver
insulation, except that it is slightly simplified.}

var UAc, hA ext, incr : real;
Ts, e : array(l..2] of real;

begin
Ts[1]:=T_0-20;
incr:=10;

hA ext: =2*pi*]l l*ro 1*h ext _convection(Ts[1],ro_1,windvel);
UAC:=2*Pi*1 l*rockwool  k(Th 1, Ts[1], rlgld)/ln(ro 1/ri 1);
e[1] :=UAc* ((Th_1+Tc_1)/2-Ts[1]) -hA . ext*(Ts[l]—T ' 0);
repeat
Ts[2] :=Ts[l]+incr;
UAc:=2*Pi*1 l*rockwool k(Th 1, Ts[2], rigid)/ln(ro 1/ri 1);
hA ext:;=2*Pix] _1*ro 1*h ext convectlon(Ts[Z] ro 1, windvel) ;
el[2]: —UAc*((Th 1+Tc l)/2 -Ts[2])-hA ext*(Ts[Z]—T 01 B4
if e[l]*e[2]<0 then incr:=-incr/2;
Ts([1l]:=Ts[2];



e[l]:=e[2];
until max( abs(e[l]),abs(e[2]) )<1;
q_l:=UAc*(Th_1+4Tc 1-Ts(2]-Ts[1])/2;
TC 1 _Th 1:
XC__ " 1:=xh . i
T from B andﬁp(enthalpy(p,Th 1,xh . 1)-g_1/(m*1000),p,Tc_1,xc_1);
{writeIn(‘Line Q loss 'rq 1:6:2);
writeln(’Line Th : FoTh 1:622," Te ¢ ',Tc 1:622)7)
end;

dddddadddddddddddddaeddededddddaddelcdcy;

procedure rotary joint(Ths_1, xhs 1, Tcw_1, xcw_1 : real;

var Tcs_1, xcs_1, Thw_1, xhw 1, Q exch 1, Q abs 1 : real);
{The heat transfer in a rotary joint is calculated using the empirical
expressions for Q exch 1 and Q abs 1 in the first section of the
procedure. }

begin
Q exch 1:=1.25*(Ths_14Tcs_1-Tcw_1-Thw_1);
{writeln(’ Q exch = ',Q exch 1:6:2);}
{Q_exch 1: —Q exch 1+26%4.879*rockwool _k(Ths_1,Tcw_1,rigid) *(Ths_1-Tcw_1);}
Q abs 1:=0. l*(Ths 1+Tcs 1+Tcw_1+Thw 1),
{writeln(’ Q abs = ’,Q abs 1:6:2) ;)
{Q _abs 1:=Q abs 1+26%11.53*rockwool _k(Tcw_1, 30, rigid)*(Tcw_1-30);}
i {xhs 1>0) and (xhs_1<1) then Ths_1: =saturation _temperature (p) ;
T _from h and;p(enthalpy(ps Ths l,xhs 1) -(Q_exch 1+Q abs 1)/ (m*1000),
ps,Tes_1,xcs l).
T from h and;p(enthalpy(pf Tew_1, xew _1)+Q exch 1/(m*1000),pf,Thw_1,xhw 1);
{ writeln(’ Rotary Joint Steam IN : ,Ths_; 6:2,7 OUT ',Tcs 1:6:2);
writeln(’ Water IN : ’,Tcw_l:6:2,' OUT ’,Thw_1:6:2);}
end;

fddclcddddelccdddddddddddddelceleddddeielcy)

procedure calc_engine_performance;

{The engine performance is calculated using generalized forms of the
empirical engine performance expressons derived in Chapter 3 of the
author’s thesis. The procedure lists many different forms of the engine
performance, of which only one is ever used at any one time. The other
forms are included for the convenience of not having to continually
enter long numerical expressions.}

var pvkpa, Pel6, Pel3, pl6, pl3 : real;

begin
pvkpa:=engine.pv*100;
with engine do
begin
Q th:=enthalpy (p,Th,xh) *m;
{writeln ('Engine Thermal Input ’ +@ thebed)i)
{ Pel0:=-4,43+(6.05e-2+4.90e-4*Th-4. 33e-7*Th*Th-2.12e- -4*pvkPa) *Q_th;
Pel3:=-4.33+(2.02e-2+7.86e-4*Th~8.71e-7*Th*Th-2. 42e~-4*pvkPa) *Q th;
Pel6:=-4.84+(-9.69%e~3+1.00e-3*Th~1.18e-6*Th*Th-2.18e-4*PvkPa) *Q_th;
pl0:=-11.6+(0.120+3.97e-4*Th-1.95e-7*Th*Th-2.51e-3*pvkPA) *Q th
+0.454*pvkPa+2.16e-3*pvkPa*pvkPa;
pl3:=0.468+(-0.101+1.3%e-3*Th-1.46e-6*Th*Th+5.97e-4*pvkPa) *Q th
+7.83e-2*pvkPa+9.87e-4*pvkPa*pvkPa;
pl6:=-2.27+(-0.172+2.01e-3*Th-2.24e-6*Th*Th~1.75e-3*pvkPa) *Q th
+0.510*pvkPa+l.52e-3*pvkPa*pvkPa; }
{There now follows an effort to describe a 4 cylinder 1:10.0 engine}
{Pe:=-6.4+(6.05e-2+4.90e-4*Th-4.33e-7*Th*Th-2.12e-4*pvkPa) *Q th;
p:=-11.6+(0.120+3.97e-4*Th-1.95e-7*Th*Th~-2.51e-3*pvkPa) *Q th*0.75
+0.454*pvkPa+2.16e-3*pvkPa*pvkPa; }
{There now follows an effort to describe a 4 cylinder 1:13.0 engine}
{Pe:=-6.4+(2.02e-2+7.86e-4*Th-8.71e-7*Th*Th-2.42e-4*pvkPa) *Q th;



p:=0.468+(-0.101+1.3%9e-3*Th-1.46e-6*Th*Th+5.97e-4*pvkPa) *Q th*0.75
+7.83e-2*pvkPa+9.87e-4*pvkPa*pvkPa; }

{There now follows an effort to describe a 4 cylinder 1:15.8 engine}

{Pe:=-6.4+(-9.69e-3+1.00e-3*Th-1.18e-6*Th*Th-2.18e-4*PvkPa) *Q th;

p:=-2.27+(-0.172+2.01e-3*Th-2.24e-6*Th*Th-1.75e-3*pvkPa) *Q th*0.75
+0.510*pvkPa+l.52e-3*pvkPa*pvkPa; }

{There now follows an effort to describe a 6 cylinder 1:13.0 engine}

Pel3:=-9.6+(2.02e-2+7.86e-4*Th-8.71e-7*Th*Th-2. 42e-4*pvkPa) *Q_th;

pl3:=0.468+(-0.101+1.3%9e-3*Th-1.46e-6*Th*Th+5.97e-4*pvkPa) *Q_th*0.5
+7.83e-2*pvkPa+9.87e-4*pvkPa*pvkPa;

{There now follows an effort to describe a 6 cylinder 1:15.8 engine}

Pel6:=-9.6+(-9.69e-3+1.00e-3*Th-1.18e-6*Th*Th-2.18e-4*PvkPa) *Q th;

pl6:=-2.27+(-0.172+2.01le-3*Th-2.24e-6*Th*Th-1.75e-3*pvkPa) *Q th*0.5
+0.510*pvkPa+l.52e-3*pvkPa*pvkPa;

Pe:=0.7143* (Pel6-Pel3)+Pel3;

p:=0.7143*% (P16-P13) +P13;

eff:=100*Pe/Q_th;

{writeln(’'Resetting Pressure to ',p:6:2);

writeln(’Engine Power Output ’,Pe:6:2);

writeln(’Engine Efficiency ’,100*Pe/Q th:6:2);}

end;
end;

dddcdddelcddddededdddddddeddeddddelddcy

procedure reset flow_and estimate_errors;

{This procedure resets the mass-flow to a new value which will
hopefully make the next iteration come close to convergence. The
procedure also estimates the convergence by evaluating an error
expression.}

var newm : real;

begin
with engine do
newm:=enthalpy (oldp,Th, xh) *m/enthalpy (oldp, Ts, 1) ;
{writeln(’Resetting m to ',newm:6:5) ;)
total error:=100%* (abs ( (engine,Th-Ts) /Ts)+abs ( (newm-m) /m) +abs ( (oldp-p) /p) ) ;
writeln(’/Iteration ’,loopcount:2,’ Error is f,total error:6:3);
m:=newm;

end;
{@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@}
MAIN PROGRAM }
{@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@}
begin

read_in_data(thermo);{Initializes PROP}
rewrite (outfile);

{The input data is read in from the datafile.}
reset (datafile);
readln(datafile, dish.angle, dish.rad, dish.refl, dish.shade factor);
readln(datafile, fluxweightl, fluxweight2, fluxweight3);
with rec do
begin
readln (datafile, capture, t_ins cyl, t_ins_top);
readln(datafile, emiss, absb, shell _emiss, shell absb);
end;
readln(datafile, insolation, windvel);
for i:=1 to 3 do with steamline([i] do readln(datafile,ri,r,t ins);
for i:=1 to 3 do with waterline[i] do readln(datafile,ri,r,t ins);
readln(datafile,engine.pv, pressuredrop);
writeln(’Insolation is ’,insolation:6:0, 'W/m2’);
set_dish_and receiver_shape:
repeat
write(’Desired Engine Temperature : ');



readln (Ts) ;
{There is a some initialization of variables to be done.}
sum_line pdrop:=0;

p:=60;
engine.Tc:=saturation_temperature (engine.pv);
dt:=10;

for i:=1 to 3 do

begin

steamline[i] .Th:=Ts;
steamline(i] .Tc:=Ts;
steamline(i] .xh:=1;
steamline(i] .xc:=1;
waterline(i] .Th:=engine.Tc-dt;
waterline[i] .Tc:=engine.Tc-dt;
waterline[i] .xh:=0;
waterline[i] .xc:=0;
end;

rec.Tc:=engine.Tc-dt;

rec.Tph:=rec.Tc+50;

rec.Th:=Ts;

rec.xc:=0;

rec.xph:=0;

rec.xh:=1;

pls:=p-pressuredrop;

p2s:=p-pressuredrop;

m:=0.95*insolation*dish.refl*dish.refl area

/ (enthalpy (p,Ts,1) -enthalpy (p,engine.Tc{-10}-dt,0)) ;

m:=m/1000;

writeln(’Setting m to ', m:6:4);

loopcount:=0;

{This is the beginning of the main calculation iteration loop.}

repeat
{writeln(’ Ak KA A KA KKK AKKAKR AR A KA A ARk k ko k ko kkk ek kkkdkhkdkkkhkxx/ ) »
writeln (' STARTING LOOP');

writeln (' Ik hkk kK Ak KRk hhhhhhhhkkhkkhkdhhkhhkhkhkhkkkhkkkkkhkkhkkkx/) . }

p:=ptpressuredrop+sum line pdrop;
{writeln(’'Pressure is ’,p:6:4);}

{The calculation of system conditions is done cyclically, starting
with the water as it leaves the engine room, proceeding to the
receiver, and then returning.}

{First water line section}
with waterline[l] do
begin
Th:=engine.Tc{-10}-dt;
xh:=0;
calc_line losses(Th,xh,1,r,r+t_ins,Tc,xc,q);
pdrop:=pressure_drop(p,Th,xh,ri,1);
p:=p-pdrop;
end;
{writeln(’Pressure is ’,p:6:4);}
plf:=p;
ps:=pls;
pfi=p;

{First rotary joint}

rotary joint (steamline[2].Tc, steamline(2].xc, waterline[l].Tc,
waterline(l] .xc, steamline(3].Th, steamline([3].xh,
waterline([2] .Th, waterline[2].xh,
rotary jt_exch q[ll]l,rotary jt_abs g[l]);

{Second water line section}
with waterline(2] do
begin



calc_line losses(Th, xh, 1, r, r+t ins, Tc, xc, Q);
pdrop:=pressure_drop(p,Th,xh,ri,1);
p:=p-pdrop;
end;
{writeln(’Pressure is ’,p:6:4);}
p2f:=p;
psS:=p2s;
pf:=p:

{Second rotary joint}

rotary joint (steamline(l].Tc, steamline[l)].xc, waterline([2].Tc,
waterline[2] .xc, steamline[2].Th, steamline(2].xh,
waterline[3].Th, waterline[3].xh,
rotary_ jt_exch g(2],rotary jt_abs g(2]):

{Third water line sections}
with waterline[3] do
begin
calc_line losses(Th, xh, 1, r, r+t_ins, Tc, xc, q);
pdrop:=pressure drop(p,Th,xh,ri,1);
p:=p-pdrop;
rec.Tc:=Tc;
rec.xc:=xc;
end;
{writeln(’Pressure is ’',p:6:4);}

{The processes in the receiver are now calculated.}
p:=p-pressuredrop/2;

prec:=p;

calc_receiver_ losses;

p:=p-pressuredrop/2;

{writeln(’Pressure is ’,p:6:4);}

{First steam line section}
with steamline[1l] do
begin
Th:=rec.Th;
xh:=rec.xh;
calc_line losses(Th, xh, 1, r, r+t_ins, Tc, xc, q);
pdrop:=pressure drop(p,Th,xh,ri,1);
p:=p-pdrop;
end;
{writeln(’Pressure is ’,p:6:4);}
p2s:=p;
ps:=p;
pf:=p2f;

{Second rotary joint, again}

rotary_ joint (steamline([l].Tc, steamline(l].xc, waterline([2].Tc,
waterline[2] .xc, steamline[2].Th, steamline[2].xh,
waterline[3].Th, waterline[3].xh,
rotary jt _exch q[l],rotary jt_abs_q[ll):

{Second steam line section}
with steamline[2] do
begin
calc_line losses(Th, xh, 1, r, r+t_ins, Tc, xc, q);
pdrop:=pressure drop(p,Th,xh,ri,1);
p:=p-pdrop:
end;
{writeln(’/Pressure is ‘,p:6:4);}
pls:=p;
ps:=p:
pf:=plf;

{First rotary joint, again}



rotary joint (steamline[2].Tc, steamline(2].xc, waterline(l].Tc,
waterline(l] .xc, steamline[3].Th, steamline[3].xh,
waterline[2].Th, waterline[2].xh,
rotary jt_exch g[2],rotary jt_abs_gl2]);

{Third steam line section}
with steamline[3] do
begin
calc_line losses(Th, xh, 1, r, r+t_ins, Tc, xc, q);
pdrop:=pressure_drop (p,Th,xh,ri,1);
p:=p-pdrop;
engine.Th:=Tc;
engine.xh:=xc;
end;

{Having calculated a new set of steam conditions, the engine
performance is calculated.}

{writeln(’'Pressure is ’,p:6:4);}

{writeln(’Engine steam temperature is ’,engine.Th:6:2);}
oldp:=p:

calc_engine_performance;

{The values of some gross system parameters are now calculated.)

{writeln(’Pressure is ’',p:6:4);}

sum _line pdrop:=0;

sum_steamline_ losses:=0;

sum waterline losses:=0;

for i:=1 to 3 do

begin
sum line pdrop:=sum line pdrop+steamline([i].pdroptwaterline(i] .pdrop;
sum _steamline losses:=sum_steamline_ losseststeamline([i].qg;
sum _waterline losses:=sum waterline losses+waterline([i].qg;
end;

sum _rotary jt_exch g:=rotary jt_exch g[l]+rotary jt exch g[2];

sum_rotary_ jt abs_g:=rotary_jt_abs_gl[l]l+rotary jt_abs_qg[2];

top_p:=pt+pressuredrop+sum line pdrop;

pump_power:=95.7e-3*top_p*m;

reset_flow_and estimate errors;

loopcount : =loopcount+1;

until (total_error<0.05) or (loopcount>20);

{End of iterative loop. The iteration terminates when the

calculation converges, or when the number iteration exceeds 20.}

{On leaving the loop, the system performance is calculated and
reported. }
writeln(’Total Line Pressure Drop is : ‘,sum line pdrop:6:2);
writeln ('Total Steam Line Losses are : ’',sum steamline losses:6:2);
writeln ('Total Water Line Losses are : ’',sum waterline losses:6:2);
writeln(’Total heat transferred in Joints : ’,sum rotary_jt_exch g:6:2);
writeln(’Total heat lost in Joints : ’,sum rotary jt abs g:6:2);
writeln (‘Pump Power is ’,pump power:6:3);
st_syst_eff:=100000* (m*exergy (p,Ts, 1) -pump_pcwer)
/(0.95*insolation*dish.refl*dish.refl area);

syst_eff:=100000* (0.95*engine.pe-pump power/0.9)

/ (insolation*pi*sqr(dish.rad));
with engine do syst_eff2:=100000%*

(Q_th-m*enthalpy(top p,waterline([1].Th,0))/rec.fluxheat;

syst_effx:=100000*m* (exergy (p, Ts,1) —exergy (top_p,waterline(l].Th,0))

/(0.95*rec. fluxheat) ;
T from h and p(enthalpy(top p,waterline([l1].Th,0)+rec.fluxheat/(m*1000),

top p,Tmax,xmax) ;

syst_effx2:=100* (exergy (p,Ts,1) -exergy (top_p,waterline(1l].Th,0))

/ (exergy (top_p, Tmax, xmax) -exergy (top_p,waterline[l].Th,0));

syst_effx3:=100000*m* (exergy (top_p, Tmax, xmax) -exergy (top_p,waterline(l].Th,0))

/ (0.95*rec. fluxheat) ;
writeln(’System Efficiency is ’,syst_eff:6:2);



with rec do
begin
th eff:=m* (enthalpy (prec, Th,xh)-enthalpy (prec, Tc,xc) ) *100000/fluxheat;
writeln(’Receiver Efficiency is ',th_eff:6:2);
end;
writeln (outfile,engine.Th:6:2,’ ’,syst_effx2:6:2,’ ',
syst eff:6:2,’ ’,syst_eff2:6:2," ’,syst_effx:6:2,’ ’',syst _effx3:6:2
' ', (ptsum line pdrop+pressuredrop)/10:6:3," *,p/10:6:3," ',
engine.Pe*0.95:6:2,’ ’,engine.Pe*0.95-pump power/0.9:6:3,’ ',
engine.Q th:6:2," ’,rec.fluxheat/1000:6:2,’ *,m:6:5," ',
engine.eff:6:2);
write(’Again? (y/n) *);
readln(ch);
wntil ch in [("n’,"'N'1;
end.
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