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ABSTRACT

The topic of this thesis is the use of solar energy
with a Rankine cycle heat engine and vapor compression
air conditiomer to supply cooling for residential appli-
cation. In the study, a mathematical model of the Ran-
kine engine was formulated and a computer program wWas
written. This program enabled studies of the effects of
various engine designs and long term performance simula-
tions of solar cooling systems when used in conjunction
with the program TRNSYS.

A design study was undertaken to determine for a
given set of design restrictions an optimal set of engine
components. The engine components include, a boiler
feed pump, a boiler, a shut-off valve, an expander, & COn-
denser, and a working fluid. A control strategy for the
matching of engine output to the required load was deve-
loped based on the engine design. The various alternatives
for the methods of adding auxiliary energy Wwere discussed.
An electric motor generator and a variable speed boiler
feed pump were selected as the best method of maintain-
ing the desired constant expander speed while matching
engine output to the ioad.

The engine model was used to compare working fluids
and to study the effects of expander and boiler feed pump

efficiency on engine performance.

vii



A solar system consisting of a flat plate solar col-
lector and thermal storage tank, Rankine engine, vapor
compression air conditioner, cooling tower, and resi-
dential cooling load was modeled using components from
TRNSYS and other sources. Performance for this system
for a cooling season in Albuquerque, New Mexico was stu-
died for various system configurations. The effect of
engine size for three engines (1.49, 2.23 and 2.98 kw)
and collector area (10, 20, 30, 40, and 50 mz) was
investigated to determine the percent cooling load and
excess energy generated by solar means. The effect of
thermal storage tank size on percent cooling and energy
generated by solar involved varying tank size for one
collector area and engine size. The sizes considered
were 37.5, 75, and 150 kg of water per m® of collector
area. lﬂMIN’ an engine control parameter which limits
when the engine may operate by thermal comstraints, was
studied to determine its effect on total system perfor-

mance.
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1. INTRODUCTION

The use of solar energy from flat plate collectors
for space and water heating in residential and commercial
buildings is an increasingly popular concept. Certain
areas of the country may show less favorable economic
potential for such systems because they are unused during
the summer months. Use factors on collectors have been
increased by the use of absorption cycle air conditioners
to supply summer ccoling. Recently, several studies have
investigated the feasibility of a Rankine cycle engine,
using heat input from solar energy, connected to a con-
ventional vapor compression air conditioner in a system
as shown in Figure 1. The purpose cf this thesis 1is to
describe the component selection and the numerical model-
ing of such an engine and the resultant system performance
over a cooling season.

A Rankine cycle is depicted in Figure 2. It consists
of an adiabatic compression (or pumping procéss), a con-
stant pressure heat addition in a boiler, an adiabatic
expansion process which produces the work cutput, and a
constant pressure heat rejection in a condenser. A con-
stant enthalpy process is indicated at the boiler outlet,
which is the usual position for such control devices as
throttles and shut off valves. The Rankine engine is to

be operated using heat input from flat plate collectors,
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making it compatible with conventional solar systems
using water as the heat transfer medium.

A Rankine engine-air conditioner unit is presently
under development and test by Honeywell and the Barber-
Nichols Engineering Company (1,2). United Aircraft
Research Laboratories (3) is involved in the development
of a similar machine under a contract from the National
Science Foundation. OSargent and Teagan, at the Univer-
sity of Maryland and the Thermo-Electron Company, pro-
posed such a unit in 1973 (4). A study of solar Rankine
engines for small building application has been carried
out by Hittman Associates, inc. (5). The STEPS project
(6) investigated the use of a solar powered Rankine eng-

ine for large scale power generation using focusing col-

lectors.
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11. RANKINE ENGINE COMPONENT SELECTION AND MODELING
2.1 Introduction
The Rankine engine's performance is directly related
to the performance of each individual component. The
selection of components must therefore include a consid-
eration of the whole system and the conditions undeT which
it must operate. The design of a Rankine engine operated
with flat plate collectors becomes especially critical
because of the low thermal efficiencies involved.
The conditions on which the Rankine engine design is
to be based are:
1. The hot-side boiler fiuid on the Rankine engine
is water oTr 2 water-ethylene glycol mixture.
The Rankine engine 1s to be used in a solar SyS-
tem which employs a flat plate collector with a
working fluid of water oI an ethylene glycol mix-
ture and thermal storage using a tank of water.
This requirement 1imits the inlet temperature to
the engine boiler to 2 maximum of about 100°C,
2. The cold-side condenser f1luid on the engine is
to be water. The Rankine engine is connected to
a cooling tower to meet its heat rejection require-
ments. This limits this inlet fluid temperature

to a minimum of about 0°C.



3. The expander outlet shaft speed should be com-
patible with a conventional reciprocating com-
pressor in a vapor compression air conditioner
or heat pump.

4. Electrical énergy is used to operate the systen
controls and the engine boiler feed pump.

5. The Rankine engine is intended to be coupled to
small to medium capacity air conditioning units
to be used in homes or small commercial build-
ings. The cooling capacity of the units at the
A.R.I. 240 Standard is from 37,980 KJ/hour to
316,500 KJ/hour (3 to 25 tons).

Within these restraints, the following problems

remain to be resolved before a Rankine engine may be

designed and modeled:

1. Selection of a boiler and a condenser.

2. Selection of a boiler feed pump.

z  Selection of a system working fluid.

4. Selection of an expander.

5. Selection of an overall system control strategy
including:
a. The method of adding auxiliary energy to

the engine.

b. The method of matching expander output power

to the required air conditiomer input power.



c. The control of expander shaft speed.
These topilcs are interrelated, i.e., the choice
of system working fluid will affect whether the expander
should be a reciprocating unit or not. The order indi-
cated above is one of increasing component interdepen-
dence, boiler selectiomn being relatively independent of
other system components, while expander selection is
directly related to the choice of other components.

The selection procedure followed in this thesis will

follow this general outline.

2.2 Boiler and Condenser

The boiler and condenser are the components least
affected by other parts of the Rankine engine system and
most affected by external constraints, thus the boiler and
condenser are a starting point in the design of an engine.
The selection of the boiler and of the condenser are done
in a similar manner since they both use water as the heat
transfer fluid. A detailed explanation will be done only
for the boiler for simplicity.

The boiler can be considered to be two or three inter-
connected heat exchangers as shown in Figure 3. Using
this representation, some fundamental concepts concerning

the performance and economics of the boiler design may
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be considered.

Superheating the working fluid in the boiler 1s pre-
ferable for the expander in terms of simplicity of design
and operating performance. By superheating the inlet
vapor, the need for 1iquid traps in the expander may be
reduced. The expander will have less wear caused by
liquid in the flow stream on internal parts. Its per-
formance will be maintained at the design values for
longer operating periods.

Although a deviation fyrom the Carnot cycle (repre-
sented in Figure 4a), which offers the maximum thermal
efficiency for any thermodynamic cycle operating between
two temperatures TA and TR’ superheating may be desirable.
One such case is a fossil fueled steam power plant. The
inlet hot-side fiuid (air) has a very high temperature
(1650 to 2200°C). The low fluid specific heat and dens-
ity make it impractical to induce a small temperature
drop in the air stream. The high air mass flow rates
involved make operating costs (caused by the necessarily
high fan input power) excessive. In order to make the
best of this situation where pumping costs and not the
hot-side fluid inlet temperature is the restriction,
superheating 1is required to minimize the net temperature
difference between fluids in +he boiler. A small temperv-

ature drop betweeln hot-side and cold-side fluids reduces
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the irreversibility in the heat transfer process.

In the boiler for the solar Rankine engine the
conditions are different. The restriction for heat in-
put from a flat plate collector using water 1s not pump-
ing costs, but maximum hot-side fluid imlet temperature.
A large temperature drop for the hot-side fluid is unde-
sirable since it would force & reduction in the average
heat addition temperature of the cycle. This would
reduce the cycle thermal efficiency. As seen in Figure
4b, adding a superheat for system B with essentially the
same heat addition as the unsuperheated system A forces
system B to have a reduced temperature of heat addition.
System A has less srreversibilities because of the smal-
ler temperature drop between hot and cold fluids., It
has a higher cycle cfficiency than system B because it
has a higher average temperature of heat addition. The
boiler in the solar Rankine engine should not have a
superheat because of the limited maximum temperature of
the fluid heated by solar energy in a flat plate collec-
tor.

The foregoing analysis assumes the working fluid is
undergoing heat addition isothermally in mixed phase. A
system which operates in such a manner offers a reduction
in heat transfer surface (and cost) because of the high

heat transfer coefficients involved in a boiling process.
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Various trade-offs can be made in the design of a
boiler which affect cost and performance. From Figure
5, if the hot-side mass flow rate is increased, ATl
will decrease, and pumping costs will increase, for a
constant heat transfer rate and heat transfer area.
Alternatively, the amount of heat transfer surface may
be decreased, but the hot-side mass flow rate is increased
to maintain a constant heat transfer rate. This is a com-
mon trade-off; initial cost for heat transfer surface for
increased operating costs. Similarly, a decrease in AT,
results in a decrease in heat transfer rates. For a con-
stant heat transfer rate an increase in heat exchanger
area (and cost) would be required., Although the econo-
mics involved in such a decision is beyond the scope of
this thesis, the implications are of interest for real
systems.

The design of the condenser proceeds in a similar
fashion, except that the working fluid is the hot-side
fiuid and the cold-side fluid is water as seen in Figure
6. Subcooling is not used because it reduces the engine's
efficiency.

Modeling of the boiler and condenser uses the follow-
ing assumptions:

1. The analysis is quasi-steady state with thermal

capacitance effects ignored and each operating
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state is assumed to be the steady state splution.

5 The outlet state of the boiler working fluid is
at saturated vapoT. The outlet state of the con-
denser working fluid is at saturated liquid.

3. Pressure drops in the boiler and condenser areé
assumed to be negligible.

4. Heat transfer coefficients are assumed to be some
average value for each section of the boiler and
condenser. They are assumed to vary from design
vaiues only as a function of the £iuid mass flow
rates.

The boiler and condenser are essentially flooded type single
pass units as depicted in Figure 7.

Referring to Figure 5 the boiler is defined to be two
heat exchangers coupled together. The heat transfer area
in each exchanger may vary, but the total heat transfer

area is constant, 1.8.,

A, = A + AZ (2.2-1)

We define the capacity rates as follows:

CMIN = mcp for the minimum capacity rate fluid
Cyax = mcp for the maximum capacity rate fluid
CHOT = mcp for the hot-side fluid

C - ic for the cold-side fluid

COLD 7
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From Kays and London (7) for a counterflow heat exchanger

we may define the effectiveness (E) as

G
UA MIN
R MIN MAX (2.2-2)
l_(CMI§EXP[_CUA (1_CMIN)]
MAX MIN MAX

Where U is the overall heat transfer coefficient and
A is the effective heat transfer area. This relation may
be simplified for a liquid to mixed phase heat exchanger
by observing that for a fluid in mixed phase the specific
heat is infinite. The maximum capacity rate f£1luid is the
working fluid with Cy.y = = Introducing this into equa-
tion 2.2-2 the relation reduces to:
Uty
E, = 1-EXP( Cwu—) (2.2-3)
HOT
The solution of the counterflow boiler problem 1is
obtained iteratively imn the following manner. Given as
knowns: THS’TC1’ Pos AT, +he hot side mass flow rate and
specific heat {(fyqgp and € HHOT? respectively), the cold-
side mass flow rate and 1iquid specific heat (h-g1p and
cpCOLD)’ working fluid property data, U1 and U,, we may

define:
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Q, = tegrphes ~ Be2)
Tap = Tos
B, = Qy/ [Cyop Tz Tez)) (2.2-4)

Solving for A, in terms of UZ’ CHOT and P

~U.A
B, = 1-EXP( ﬁg_g
HOT
Zn(1-E,) = - Ush,
ChoT
A, = - (Cuop/Up) En(1-E,) (2.2-5)

Thus we may obtain the surface area of the heat exchanger

in section 1 as:

Now we can solve for the effectiveness of the ligquid
heat exchanger in section 1 using equation 2.2-2. CMINl
and CMAXl are determined from the fliuid capacity rates.
Writing several energy balances we solve for the hot-side

outlet temperature, THl

Caor (Tg1Tuz) = E1Curva (Tuz Ter?
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uz = "By Cyrnt/Cror (TuzTer)

Ty = Ta2 Er Cyrne/ Cror? Tz Ter) (2.2-6)

And  Qq = Cyap(Typ=Tyy)

From this we may calculate the boiler heat transfer

rTate as:
Q=U

The iterative nature of this solution is due to the fact
that PB is an unknown. As a check to determine if the
guess for the boiler pressure is correct, the boiler heat

transfer may also be calculated as:

Q = Ceorp(Tez ")
Qy = tegrpthashey)

Q, = Q * O

When the correct value of PB is chosen, the heat transfer
rates for both methods of calculations will agree.
For a parallel flow boiler as depicted in Figure 8,

the solution follows a similar procedure. Given as knowns

Typ» Tere Ppe Ars tpors Cpmore Meowps Upe Up» @nd property

data for the cold-side fluid, we obtain the effectiveness
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(El) of a parallel flow heat exchanger as defined by Kays

and London (7) as:

E, = (2.2-7)

CMINI and Cynyq @Y€ the minimum and maximum fluid capacity
rates for section 1 of the boiler. Once more we assume

that:

We now define by energy balances, Byt

Qz = CeornTez-Ter)
Tyy = Ty - Q/Cnor

By = Qy/ [Ggry1 Py~ Ten)) (z.2-8)
Solving for Al in terms of Ul’ CMINl’ Chiaxa ¢ and Eq

by rearranging equation 2.2-7,

-U A C
1-EXP [t (Lo D) ]
- MINI  “MAX1
! L. MM
C
MAX1
C -U A Copr
MIN1 171 MIN1
1-B; (1) = BXP [t (e )]

MAX1 MINL MAX1
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ULA C C

1™ MIN1 MINL

{ ) (1+ ) = £n[l-E, (1+ 1
CuInt  CMAXL 17 Cyaxa

c c
MINL, MINL
-( Y {en{Ll-E, (1+ 11}

Ay = 0y L Syaxa (2.2-9)

C
. _MINL

CMAxX1

We now obtain the effective area for section 2 of the

boiler as:

The effectiveness of section 2 of the boiler may be
obtained by using equation 7.2-7. Noting that, as before,
CMAX = » for a fluid in mixed phase equation 2.2-7 simpli-

fies to a familiar form:

Uyhg
B, = 1-EXP(g— (2.2-10)
HOT

Using the value for E,, we again write several energy
balances and solve for the hot-side outlet temperature, Tys:

- T E,C

Cuor Tz = Tuz) = B2 wot (Taz %)

T T

g3 = Typ - B2(Tgp 1

2

The heat transfer rate in section 2 of the boiler is simply:

T

Q, = Chor Tz Tus)
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From this we may calculate the heat addition rate in

the boiler as:

Q * O * Qg
This solution is also iterative because Py is a guess for
each calculation until the energy balances close as descri-
bed for the counterflow case.

In calculating the overall heat transfer coefficients
in the liquid to liquid and liquid to mixed phase sections
(Ul and UZ’ respectively), the effective heat exchanger
curface area seen by each flow stream in each section is
assumed to be equal. Given a value at design conditions
for U; and knowing the design mass fiow rates for both
streams, the values of Ul and U, may be calculated at off
design conditions. The thermal resistance of the tubing
in the heat exchangers 1s assumed to be negligible. For
the 1iquid to liquid heat exchanger we assume it is well

designed, thus at design conditions:

(hpAluor1 = (o cowpi (2.2-11)

And since: AHOTl = ACOLDl

by opor1 T hy oLt
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Defining the overall heat transfer coefficient for

section 1,

U, = 1/ W/ hyery * /Pcount)

Solving for hyopy OO0 design conditiomns,
Upy = 1/(2/hy pory)

hy wor1 = 2U;m1 (2.2-12)

For off-design operation, the value of the hot side
fluid heat transfer coefficient (hHOTI) may be assumed to

be constant throughout the boiler, so:

hporz = ProTi

Furthermore, the value of hHOTl will remain constant since
the water side mass flow rate is constant and property
value related changes are small.

The value of hCOLDl must be éalculated for off design
conditions since the working fluid mass flow rate will not
remain a constant. The flow path of the working fluid as
seen in Figure 7 1is essentially perpendicular to the water
for a single-pass flooded evaporator. Using a crossflow
forced convection relation for liquid flow perpendicular
to a number of cylinders from Holman (8) for constant pro-
perties and a high Reynolds number we obtain the general

relation:
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2

_ 0.5
h = Clhgorp) (2.2-13)

coLbl

Where C is some constant. Now solving for the off-design

value of hCOLDI’ given My rappe MeoLn? and hD COLDL"

. ™ cowt ¢ 5; - Peownt ¢ .,
Uty coLp) Moo’
) 0.52
heorpr = M coupr (Mcorp/™ coLD’ (2.2-14)

With this value we can solve for Ul at off design condi-
tions.

In the mixed-phase heat transfer section of the boiler
we assume the average boiling heat transfer coefficient
to remain relatively constant (9). Uaving previously

defined hHOTZ we can define the overall heat transfer coef-

ficlent as:

u, = 1/ (L/hygpy * Vhgorp2)

The value of hCOLDZ is actually dependent on the fluid

being boiled, the temperature gradients present, the tube
diameter, the number of tubes, and the tube material and
surface finish. The boiling mode for the temperature gra-
dients encountered in this unit should be nucleate. Data
for this type of mode 1is somewhat scattered and the avall-

able analytical methods somewhat questionable, so changing
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the value of hCOLDZ was not felt to be a worthwhile
alternative.

The modeling of the condenser in parallel and counter-
flow modes follows a similar analysis as the boiler, so
only the differences will be noted here.

The condenser model consists of a vapor to liquid
heat exchanger linked to a mixed-phase to liquid heat
exchanger as shown in Figure 6. The unit modeled is a
simple pass flooded type condenser as in Figure 7. The
working fluid is assumed to be in a laminar film mode of
condensation. Utilizing the Nusselt correlation for Jami-
nar f£ilm condensation on horizontal tubes from (&), values
of the heat transfer coefficient were calculated for vari-

ous working fluids. It was found that for the range of

temperatures expected to be encountered, the heat transfer

coefficient did not vary sufficiently to warrant any assump-
tion but that of a constant heat transfer coefficient for
the working fluid condensation.

The overall heat transfer coefficients Uq and U2 were
cbtained in a manner similar to that of the boiler. Given
Ul at design conditions, +he remaining design values were

%zﬂ calculated as before. For off-design operation McAdam's

(10) relation for gases flowing normal to unbaffled staggered
tubes in turbulent flow was used. Making the assumption

of constant properties for small changes in operating con-
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ditions we obtain the general relation:

6 (2.2-15)

B . G.
h = C(mHOT)

HOT1

Where C is a constant. Solving for the off-design value

of hyyp, given: My pops Bygrs @04 Dy hor1,

_Ppuori . PHOTL g ¢
(i pot (ot
By = B (/e o) 07 C
gor1 = Pp HOT1 ‘™HOT/"D HOT (2.2-16)

Finally solving for U1 with the assumption that the
cold-side heat transfer coefficient hCOLDl is constant

since the water mass flow Tate is to be held constant:

Uy = 1/ (1/hygepy * MPcorpt




28

2.3 Boiler Feed Pump

The boiler feed pump is the interface between the
low pressure level in the condenser and the high pres-
sure in the boiler. It must produce a large change in
pressure (preferably in a single stage), vet be sturdy
encugh to pump 1iquids which are boiling. It is desir-
able that the feed pump operate at 2 high efficiency
at a wide range of operating speeds. Variable pump
speed is a desirable option, since it is possible to con-
trol the operation of the Rankine engine at varying loads
by changing the working fluid mass flow rate with such
a pump. Low pump speed is an advantage in that the drive
moter may be connected directly to the unit removing
the need for a power wasting speed increaser. AS with
the rest of the system, the feed pump should be of con-
ventional design.

Centrifugal pumps are probably not desirable. It
is difficult to produce such a pump for the requirements
indicated cheaply. Large scale centrifugals used 1in
steam power plants are specially built to precise specifica-
tions, yet they are one of the weak links in generating
plant reliability. These pumps are especially vulnerable
to cavitation because of their close tolerance design
which is required to reduce f1luid slippage. The high rota-

tional speed of such a unit requires a speed increaser
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between the drive motor and the pump. Finally, centri-
fugal pumps suffer from poor operating performance at
off design speeds.

Reciprocating pumps with spring loaded valves are
superior in that they are low speed machines compatible
with direct coupling to the drive motor. Although the
design adiabatic efficiency may not be as high as for a
centrifugal unit, this type of pump offers improved off-
design speed operation over the centrifugal pump. Unfor-
tunately, the spring loaded valves are particularly vul-
nerable to damage caused by the pumped fluid cavitating.
The required net positive suction head (9) needed to pre-
vent cavitation (by pressurizing the pumped fluid before
entering the pump) may prove difficult to obtain in a
small home or business situation. A reciprocating pump
with valves would probably also be a poor selectiom.

A rotating positive displacement 1s felt to be
the type most suitable for this application. This unit
offers valveless construction with & minimum of moving
parts, high efficiency, and good operating characteris-
tics at off design speed operation. This type of pump
has proven to be satisfactory in long term operation(1l)
and is compatible with direct coupling to the drive motor.

Cavitation difficulties are minimal.
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The assumptions made in the modeling procedure are:

1. The pumping process involves a constant demsity
fluid.

3. The adiabatic efficiency (nc) and the volumetric

efficiency (nvc}, which is defined as:

volume flow actually displaced

T'l -
Ve pump displacement

are assumed to be constant. The value for Nve

is assumed to be 0.90 as suggested by Potter
(12).

7. 1Inlet and outlet pressurc drops caused by flow
obstructions are assumed to be negligible.

4. The unit net positive suction head is assumed to
be negligible.

Writing the energy balance for an adiabatic constant

density pumping process,

Mo = -VINLET (AP)/ e (2.3-1)

Where AP is the pressure Tise 1R the wunit and Vygypr *S
the working fluid inlet specific volume. The engine work-
ing fluid mass flow rate is proportional to the rotatiomal

speed of the pump. Potter gives it as:

sys = ve! VINLET (2.3-2)
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With R being the pump ryotational speed and D the pump
displacement per revolution. The pump input power is

calculated as:

Wenpgt © Bsys  “Wpuwmp (2.3-3)

Note that the thermodynamic sign convention is up-
held and the pump work is considered a negative quantity

sipce it is an input to the system.

2.4 System Working Fluid
The choice of system working fluid is one of the most
critical, in terms of Rankine engine performance, of all of

the system components. Following the method of Obert and

Caggioll (13) for determining the optimum fluid we first

establish the temperature 1imitations of the cycle.

1. The maximum cycle temperature, the boiler tem-
perature, is chosen to be 100°C (212°F), which
is consistent with the capabilities of mon-pres-
surized flat plate solar collectors.

2. The minimum cycle temperature, the condenser
temperature, is chosen to be 0°C (32°F) which

is consistent with using & cooling tower as the

heat rejection mechanism.
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Given these two main criteria we seek to find a superior

system working fluid.

Obert and Gaggioli give the following requirements

for a fluid to be used in a pover cycle.

1.

The critical point should be above the highest
temperature which the system will reach. This

is advantageous since:

5. Heat transfer rates are maximized in the
mixed phase which allows smaller hardware at a
lower cost.

b. A constant temperature heat addition reduces
the irreversibility involved in the process if
the change in temperature of the fluid giving
of f heat is small.

The vapoTr pressure in the boiler should be moder -
ate {in this case under 2500 k Pa).

a. A low boiler pressure allows manufacturing
costs to be reduced.

L. Lower beiler pressure results in greater
operating safety and reduced maintenance, a

plus for a home system where the operator would
probably do 1ittle of his own maintenance.

The vapor pressure in the condenser should be
above atmospherié at the lowest operating temper-

ature.
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a. Air leakage into the condenser raises the
mixture pressure and reduces the work output

of the expander (the pressure of the condenser

is the exhaust pressure of the expander).

b. A condenser pressure level higher than
atmospheric prevents non-condensibles from
entering the system. Non-condensibles are
undesirable since they reduce heat transfer

rates and increase the danger of cavitation

to the pump.

The specific volume of the fluid at the condenser
inlet temperature should be small. This will
minimize the size of the expander.

The saturated vapor entropy should be essentially
constant with pressure, 1.€., the saturated vapor
1ine on a T-S diagram should be nearly vertical.
A result of this is to reduce the amount of mois-
ture in the expander which:

a. Reduces the amount of erosion in the expander.
" b. Increases the expander efficiency.

The latent heat of vaporization should be large
in relation to the specific heat. In such a
£1uid the majority of the heat added in the
boiler will be in the boiling section. Then the

heat may be added across a small temperature
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drop to an isothermal source minimizing losses.

7. The fluid properties chould be conducive to high
heat transfer rates. This will minimize the
heat exchanger area.

8. The fluid should be cheap, readily available,
stable, nonflammable, nonexplosive, noncorrosive,
and nonpoisonous.

Additicnally, the pressure ratioc between boiler and
condenser pressure levels should be low. In a reciproca-
ting or other type of positive displacement expander, a
high pressure ratio, generally above 10 (9), will require
multistage expansion with the resultant increase in cost.
A high pressure ratio will also affect the design;at
1east making the design more complex for a single stage
unit and probably will require a second stage of expansion.

The theoretical work available from an isentropic
expansion is desired to be high. A large value of this
specific work from expansion will sllow a low system mass
flow rate in order to meet the desired power output.

Lower system mass flow rates tend to decrease pumping poweT
and result in smaller system components. This reduces
both operating and initial costs.

In Table 1 eight organic fluids which are possible

candidates for the system working fluid are compared.

Using this data plus the information from Figure 8, a
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Figure 9. A Comparison of hfg/(CpT)SAT LIQUID Versus

Temperature of Various Working Fluids
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superior operating £luid is to be chosen.

1. R-11. Thermodynamically, R-11 is the best

choice available for low temperature cperation of a
Rankine engine. As shown by Figure 9, the ratio of hfg
over CpT is very high so boiler irreversibilities are
minimized. The expander specific work is large, thus
the system mass flow rate will be small. On the neg-
ative side, the condenser pressure is below atmospheric
and the expander outlet specific volume is large. The
slope of the saturated vapor line 1s negative indicating
that moisture in the expander may be a problem.

2. R-12. This freon has a low pressure ratio and

small condenser inlet specific volume. It is one of the
more commercially available refrigerants today, SO costs
for a charge of freon are small. R-12 suffers from a
low critical temperature and high pressures in the boiler
so that system costs would rise. The slope on the T-5
diagram of the saturated vapoer line 1s negative so mois-
ture in the expander would be a problem. R-1Z is mot a
good choice for a fluid.

3, R-21. R-21 1s interesting because of its high

values of expander specific work and hfg/CpT. The pres-
sure in the boiler is moderate and the condenser pressure
is above atmospheric. The disadvantages are possible mois-

ture damage and high specific volumes at the expander out-
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iet.

4. R-22. A very common medium temperature refri—
gerant, R-22 has the lowest operating pressure ratio of
any fluid. The application of this fluid is not recom-
mended, however, since it has a very low critical temper-

ature and high boiler pressure levels.

5. R-113. Another fluid which appears to be

favorable thermodynamically, R-112 has a high value of

h /CPT so boller irreversibilities should be lessened.
Expander specific work is relatively high and no mois-
ture difficulties should be encountered. It suffers in
that condenser pressures are less than atmospheric, &
tendency which could decrease performance and increase
maintenance. The pressure ratio indicates that two stages
of expansion will probably be required for efficient sys-
tem operation. Expander exit specific volumes are high.
R-113 is probably suitable only for multi-stage expanders.

6. R-114. R-114 is 2 medium performance refriger-

ant with moderate pressure jevels in the boiler. Con-
denser pressure levels are above atmospheric and expander
exit specific volumes are moderate. Moisture problems

in the expander will likely not arise.

7. R-216. This £iuid is another one which is mod-

erately good thermodynamically. The slope of the satura-

ted vapor line on the T-§ diagram is positive, hence mois-
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ture should tend to not form in the expander. Boiler
pressure levels are low, but the condenser pressure
ievels are below ambient. The operating pressure ratio
is high enough that two stages of expansion are required.
This may make this refrigerant undesirable.

§. TR-C318. A probable lack of expander molsture
problems, a moderate boiler pressure level, and accept-
able operating pressure ratio are the only favorable
points that R-C318 has. It has a small hfg/CpT product
jndicating high jrreversibilities in the boiler. R-C318
is limited in high temperature applications because of
its low critical point. This refrigerant is not suitable
for a solar Rapkine engine working fluid.

Based on the criteria established the system working
£1uid to be used in the modeling process 1is R-114. While
not optimum from the performance standpoint, this refrig-
erant may be the best from a practical view with the idea
of constructing a unit which requires minimal maintenance
over a long operating 1ife. For an optimal fluid with
performance as the only criterion, R-11, R-21 or R-113
would be the choice, but they have some cost and operating
difficulties. The probability of moisture damage in the
expander was the deciding factor against R-11 and R-21.
Additionally, both R-11 and R-113 have condenser pressure

levels lower than atmospheric which would entail either
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4 much costlier design to vent non-condensibles or
periodic (weekly) maintenance. R-11 and R-113 would both
need twe stage expanders to operate efficiently in the
extreme operating conditions noted for the pressure ratios
of Table 1. R-114 is acceptable only because although

it is not optimal, it has no glaring weakness.

2.5 Expander

The assets desirable in the expander for a solar Ran-
kine engine are simplicity, high efficiency and compati-
bility with the load, in this case a conventional, low
speed reciprocating cOmpressor in a vapor compression
unit. Various types of expanders have been developed
during the past few years in the rated power output
range which is of interest (from 2500 to 80,000 KJ per
hour). Few, however, have passed into the production
phase, hence performance data is scarce. The main types
of expanders are turbine, rotary, and reciprocating.
Each has its own merits for application in a solar Ran-
kine engine.

The turbine obtains mechanical energy by the conver-
sion of thermal emergy into kinetic energy and then shaft
work. Two basic types of turbines exist: impulse and

reaction (15).
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The impulse turbine expands the inlet vapor through
4 nozzle and directs the vapor stream onto blades attached
to a shaft. The shaft revolves as a reaction to the force
of the vapor stream. FPressure drop across the blades is
minimal. Vapor inlet to the turbine is via a set of
nozzles which are attached to a stationary ring. When
these nozzles occupy the entire ring area the turbine is
termed a full periphial admission turbine. Impulse tur-
bines do not require full admission, so they operate at a
higher part 10ad efficiency. This is accomplished by
throttling only Some of the nozzles, while leaving others
unthrottled. Impulse rurbines are capable of higher
enthalpy drops per stage than Teaction turbines. The
reaction turbine causes t+he shaft to rotate by a pressure
drop across each moving stage of blading. It uses a
stationary set of blades between the rotating stages as
nozzles to direct the flow streai. There is little pres-
sure drop across these stationery blades in 2 reaction
turbine. Reaction turbines cannet use partial admission
hut have higher design efficiencies than do impulse tur-
bines. Often a combination of both types is employed to
obtain the advantages of both. The reaction turbine,
because it has a lower enthalpy drop per stage than the
impulse turbine, must have more stages than an impulse

turbine.
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The turbines used in small Rankine engines and using
fluoronated hydrocarbons as the working fluid generally
operate at a high design rotational speed. Reduction
gearing on the output shaft is required to couple it to
low speed generators and reciprocating equipment. High
speed operation generally entails special treatment of
bearings and seals to minimize frictional losses and
wear which adds to the complexity of the system.

A reciprocating expander obtains mechanical energy
by expanding a vapor in a non-flow process against a
piston in a cylinder. Vapor is admitted at the correct
time during the stroke by a valve. The expansion pro-
cess continues until an exhaust valve 1s opened at the
desired time during the stroke.

The basic types of reciprocating expanders are:

reverse-flow and uniflow. The reverse-flow type locates
both its intake and exhaust valves on the same end of the

cylinder. The fiuid flow is forced to reverse its direc-

tion in this type of expander. The uniflow type locates
the intake valves at one end of the cylinder and the
exhaust valves at the other. The flow stream is in one

direction. The efficiency of this type is somewhat higher

owing to less irreversibilities caused by heat transfer
from the hot inlet fluid to a cold cylinder wall and vice

versa.
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Reciprocating expanders have their output controlled
by either throttling of the inlet stream or variable cut-
off governing-Throttling changes the work output by chang-
ing the inlet pressure for a fixed inlet valve open time
for each stroke. Variable cut-off governing changes the
time that the inlet valve is open for each stroke with an
essentially constant inlet pressure. In this way it varies

the mass flow rate through the system and the expander out-

put.

Rotary expanders'come in a wide variety of designs,
but all follow essentially the same concept. A rotor which
is connected to a shaft is installied within a larger dia-
meter cylinder or stator. The stator is separated into
high and low pressure cections via oscillating flappers,

sliding vanes, OY the construction of the rotor. The

pressure differences force t+he rotor to move which causes
a shaft to rotate. The rotation of the roter is also
used to promote the intake and exhaust of the working fluid.

A reciprocating expander with throttle governing

was chosen to be modeled. The turbine is possibly a
superior device, but it includes the difficulties of
adding a speed reducer (a substantial source for power

losses) and probably pressure lubrication for the bearings

to deal with the high rotational speeds encountered. A

rotary expander is an interesting idea (one which 1s
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currently under study at the Battelle Labs {(16), but
insufficient data is available to model such a unit.

Modeling the reciprocating expander involves the
basic assumption that it performs similar to the way that
a reciprocating compressor functions (9,17,18), but power
is received from the fluid rather than delivered to it.

We define the volumetric efficiency of a reciproca-
ting expander:

ey = volume flow entering the expander
vA ~ displacement rate of the expander

Relating this to the expander rotational speed R,

1h v
R = §YS " INLET (2.5-1)

D My A

Where Mgy is the system mass flow rate, D is the expander
displacement per stroke, and ViyjgT is the working fluid
inlet specific volume.

The expansion 1is assumed to OCCUY adiabatically between
the shut-off valve outlet state to a state which is on the
condenser pressure level. Thus for a given inlet state and
the outlet pressure known for an isentropic expansion we
may determine the isentropic outlet state. Then the isen-

tropic work is defined as:

Mg 1seny = M1 7 Po (2.5-3)
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Where hI is the inlet state specific enthalpy and ho' is

the outlet specific enthalpy for an isentropic expansion.

The actual work is determined via an adiabatic efficiency

(nE), assumed to be constant, as:
W aer = Mg 1SEN "B (2.5-3)

The actual outlet state may now be defined:
(2.5-4)

h, = by - Hp acr

The outlet state has the same pressure as the condenser.

The power output of the expander 1is:

Woyr = g act Msys (2.5-5)

The value of the volumetric efficiency as a function

of operating pressure ratio was taken from the Trane

essors

Company representative data for reciprocating compr

(19). Chlumsky (17) defines a theoretical clearance volu-

metric efficiency:

Y
1.0 - n(-EEL o)

ve VDISCHARGE

(2.5-6)

Modifying this relation to take into account the reversal

in the direction of flow:

Vv
n (UDISCHARGE (2.5-7)

n = 1.0 -
ve VINLET
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Where m is the ratio of clearance volume in the cylinder
to minimum cylinder volume. Chiumsky further suggests
that for reciprocating compressors circulating a fluorona-
ted hydrocarbon refrigerant and where m is between 0.04

to 0.05 the actual volumetric efficiency may be obtained

from the clearance yolumetric efficiency by the relation:
nwa = Mve 0.06 (2.5-8)

Where both efficiencies are expressed as a fraction. Com-
paring the volumetric efficiency obtained by equations
2.5-7 and 2.5-8 and a curve fit taken of the Trane Company

data which is of the form:

_ 2 2

nyy = 1.0893-0.12725 Pp * 1.6036 x 1072 Py” -

1.1709 x 107> PRS . 3.3379 x 1077 PR4 . 3.0405 x
7 5

1077 », (2.5-9)

We find that there is good agreement for most refriger-
ants and pressure ratios between the two methods. Equa-
tion 2.5-9 was used to obtain the expander volumetric effi-
ciency as a function of Pp, the ratio of inlet over outlet

expander pressures, in the model.
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2.6 Shut-0Off Valve

A shut-off valve, positioned at the inlet to the
expander, is used to stop the Rankine engine in case of
expander overspeed or other system failure. The pre-
sence of such a device would also account for some presS-
sure drop between the boiler outlet and the expander thus
improving the model.

We employ the assumptions of fully developed flow
with complete turbulence and an incompressible flow to ob-
tain a rough value of pressure drop at off-design condi-
tions. For such assumptions we find that the orifice
coefficient ¢ is relatively constant for wide ranges of
Reynolds number. At design conditions as denoted by the

subscript D:

."_\.PD = (— -5 (2.6"1)

Where APD is the design pressure drop, oy is the inlet

fiuid density, and Vy is the fluid inlet velocity.
Employing the continuity equation and sdving for V,
V = m/pA (2.6-2)

Where A is some constant CTO3S sectional area. Substituting:

_APD gy 2

1

g
C \Pp

AP = 2

(2.6-3)
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The shut off valve is going to be unmodulated so the val-
ves of part of equation 2.6-3 are relatively constant and

can be consolidated as:

AP o
_C _ D¥D _  APp _
k - -—"Kgc 2. - -“‘—"Z'mD - “’i_h'z (2'6 4)

Solving for the off-design pressure drop AP we obtain:
P o= ap (D) dy? (2.6-5)
D ¢ mD :

Expressing equation 2.6-5 in terms of the inlet specific

volume:

_ Y i) -

P = APy (G—) (I-ﬁ—-—) (2.6-6)
D D

This expression was used to predict the off-design drop

of the shut-off valve.

2.7 System Control Strategy

At this point, the Rankine engine is configured to
meet a static load at the design conditions. In reality,
the engine will be forced to continually match its output
which is determined by the solar system performance and
ambient conditions to the required load input powerT.
A control strategy 1s required to accomplish this. The
options for control of the expander (20) include opera-

tion at a constant oOT variable expandeTr speed with a
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throttled or unthrottled expander (possibly matching
loads with an additional electric generator). Auxiliary
energy may be added as heat to the boiler or work to the
expander output shaft.

Constant speed expander operation with no throttling
was chosen as the best control option for the expander.
The amount of controls required 1is increased for this
option over that of a variable speed expander, but it
ocffers certain advantages:

1. Operation at constant speed is consistent with
current operating practice for reciprocating
COompressors.

2. Data is lacking to make an accurate estimate
of off-design speed expander and compressor
performance.

3. (Constant speed operation is consistent with
the use of an electric motor as an auxiliary
power source.

4. Constant expander speed may be used to control
the operaticn of the Rankine engine.

No throttling is consistent with minimizing the losses in
the unit.

An electric motor-generator is used as a motor to
supply auxiliary energy as mechanical energy to the air

conditioner, or as a generator to use the excess work of
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the expander and thus match engine output to required load.
Heat addition in the boiler, while using 2 cheaper energy
source (natural gas OT 0il), offers some marked disadvan-
tages:
1. The fuel fired auxiliary must be modulated in
order to match engine output to load.

2. Low engine efficiency (about 10%) means relatively

high fuel consumption.

7 Heat addition to the water stream entering the
boiler would raise the solar system temperatures
and reduce its efficiency.

4. Heat addition to the working fluid at the exit

of the boiler may cause 1ocal hot spots in the

fluid stream and degradation of the fluid.

Under a high heat input chlorinated hydrocarbons

decompose to phosgene gas, a highly toxic sub-
stance. DuPont (21) suggests a maximum use
temperature for R-114 of 377°C, but it is as
1ow as 249°C for other refrigerants. Prolonged
exposure to temperatures exceeding these limits
results in decomposition of the fluid.

Despite the low part-load motor efficiency, electric motor

auxiliary is suited to constant speed expander and compres-

sor operation.
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The generator option allows the engine to generate
power when its output is greater than the input required
by the air conditioner. In this manner, the‘generator
matches the engine output to the required load while gen-
erating power rather than throttling the engine and wast-
ing the energy. The value of this power is uncertain, but
it is conceivable it could be used in supplying the house-
hold electrical demand.

The Rankine engine package, consisting of engine compo-
nents, auxiliary, and controls is depicted in Figure 10.
This engine would be placed in the solar energy system
shown in Figure 1. The expander speed is held constant
by varying the system mass flow rate by changing the
speed of the boiler feed pump, as determined by the
controller. A thermal cut-off in the controller shuts
down the engine and the pump if the boiler and condenser
waterside inlet temperatures fall out of the desired
operating range. The controller also determihes if the
engine, the boiler-tank loop pump, and the condenser-cool-
ing tower loop pump should operate, based on load power

requirements.



- oBeyoed outsug Supuey oul 0T 28 Td

. RE{s 1 Y340l
o 5NI1T003 9NIT00D
e E oL
YISNIANOD Jund
§aNIT TOLNOD WALSAS — | ga34 ¥3nos
sINIT MOT4 aind e F T —\/ vV~ hA\ SNV L
ol
AUVITIXNY
WO LYHINID-HOLOW 3 e
LINA yLo313 J.__; ﬂ :
9NINGILIGNODYIV % _ _ 4371108
oL ] b b
H3aNVdX3: . "
v e 4 — . [
[ J X
= I 0, S T M _
JATVA 440 -LNHST R NERRL IR ) NNV L
INIONT INDINVY : WoY4




54
I1I. SOLAR SYSTEM COMPONENTS
3.1 Introduction

In order to be of value, the Rankine engine model
should be operated over a variety of conditions which
approximate those encountered by a real system. The
performance of a soiar Rankine engine 1is dependent on
the solar system performance; thus without modeling an
entire system, the characterization of the engine at
design conditions can only be used to predict trends of
operation. Wwith this in mind, the Rankine engine was Coil~
bined with the systems progranm TRNSYS (22,23). TRNSYS
is a transient simulation progranm which contains many of
the components (collector, water storage tanks, pumps,
heat exchangers) that are commonly used in the simulation
of solar heating and cooling systems in modular form.
A house heating 1oad model developed in modeling Colorado
gtate University Solar House I by R. L. Oonk et al. (24)
was included to provide a verified load model. Finally,
2 modified form of the vapor compression air conditioner
and heat pump model developed for the GE Phase 0 Report
to the National Science Foundation (20) was incorporated
into the simulation. The following sections discuss thé
models of each major component used in the solar cooling

system simulation.
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3.2 Solar Collector

The solar collector model used in TRNSYS is a model
of a flat-plate solar collector with forced circulation.
The Hottel, Whillier, Bliss model is used since its results
agree excellently with more elaborate models. This model
expresses the rate of energy collection, éu as

Qu = AFR[HTTQHUL(Ti"Ta)]

A = the collector area
F

IS

R =@ collector efficiency factor, see reference Z5

for further details

sl
[}

T the rate of total radiation per unit area inci-

dent on the tilted collector surface

3
i

the transmittance of the glass cover(s)

j*]
L3

the absorbtance of the collector plate for

solar radiation

=
i

L the collector overall energy loss coefficient

per unit collector area

3
]

i the inlet fluid temperature

il

T

a the ambient temperature

The weather information used to drive the simulations

is actual recorded data.
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z.3 Thermal Storage Tank

The thermal storage tank is modeled as 2 fluid-filled
sensible energy storage tank as described in Duffie and
Beckman (25). The tank may be assumed to be fully-mixed
and no stratification is to be considered. The heat

rejection rate includes losses to the environment.

2.4 House Load

The house heating and cooling load used is one deve-
loped by Oonk (24) in the design studies foT the CSU
Solar I House project. This model was compared to the
actual house performance for verification purposes and
was found to give good representations of house perform-
ance.

The model consists of components which include an
exterior wall, a roof, and a combined jnterior room and
basement. These components are then used to '"build' a
house of the desired configuration. Exterior walls are
modeled as having multiple nodes each with thermal capa-
citance. BEach node 1s connected in thermal network with
the appropriate value of thermal resistance for the given
construction between nodes. The user decides on the type
of construction and then assigns pertinent design informa-

tion for each wall (eg. wall area, percent glass ares,
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percent shading of the glass, orientation of the wall,
absorbtance for solar radiation, wall construction, and
the latitude of the house). The roof component requires
the design information of: roof comstruction, the roof
pitch, the house latitude, solar sbsorbtance, area, orien-
tation, and optionally for pitched roofs, the collector
area. The room and basement component requires design
information of house volume, infiltration rate, internal
generation, house perimeter, basement area and depth, and
ground water temperature. Given this data plus amhient
temperature, jncident solar, wind speed, and room temperar

ture setting the heating or cooling load may be calculated.

3.5 Air Conditioner

The model of a vapor compression air conditioner used
in the simulation is the model develcped by the General
Electric Space Division for the NSF Phase 0 Report on
Solar Heating and Cooling of Buildings (20). It is based
upon GE data for air-to-air heat pumps in both the heating
and cooling mode. The COP of the cooler was assumed inde-
pendent of size, when used with sir-to-air heat pump Sys-
tems with design capacities between 8.79 kw (2.5 tomns)
and 35 kw (10 tons). A description of the computer pro-

gram used and a listing of the program js included in
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Appendix B.

3.6 Cooling Tower

In establishing the design criteria for the Rankine
engine, the assumption was made that the condenser would
use a liquid as the heat rejection fluid. This requires
that the heat eventually be rejected to a cooling tower
since the use of ground water or municipal water sources
for this purpose is prohibited in most locations. A
comparison may be drawn with the performance of an absorp-
tion air condition, which also uses a cooliﬁg tower for
heat rejection purposes if a cooling tower is also used
for the Rankine engine. The cooling tower is modeled as
a constant approach device (eg. the return water tempera-

ture is the ambient wet bulb temperature plus a constant).
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3.7 Rankine Engine

The Rankine engine model uses user-supplied input
parameters to size an engine on a specified design point.
Given the input parameters, refrigerant property data,
and the sized engine, the simulation of the engine may
be accomplished in a variety of manners.

The user may choose to execute the engine model in a
design study in which individual operating states are con-
sidered. In this case the control option IMAP is set
equal to 1 and the model is configured as in Figure 1la.
(A detailed explanation of each subroutine 1is contained
in Appendix A). Such a configuration would only be used
for a study which involves a small number of calls to
the model, generally less than 100. TFor long term simula-
tions the model can produce a "black box" model by first
generating performance information for all operating
states within a desired range. This information is stored
as a performance map for this machine as sized by the user.
The performance map is then used to provide a black box
model of the engine's operation by interpclating for the
desired operating state in the map rather than solving
the required equations which model the engine for cach
state. Computational accuracy is unaffected by the use
of the black box model, but computational time is substan-

tially reduced. Figure 11b depicts the engine model as
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configured for such a simulation for IMAP=2. A sample
performance map for an engine using R-114 as a working
fiuid is illustrated in Figures 12, 13 and 14. With
the design assumptions in the selection of engine compon-
ents discussed in Chapter 2, the engine was designed with
the following design condition parameters:
1. Bxpander work output = 2.23 kw (3 HP)
7. Boiler waterside inlet temperature = i01.8°C.
3. Boiler liquid-to-liquid section mean overall
heat transfer coefficient = 0.454 kw /m2°C
4. Boiler inlet to outlet waterside temperature
drop = 5.56°C
5. Boiler outlet temperature difference, waterside
minus working fluid outlet = 2.78°C
6. Condenser waterside inlet temperature = 26.7°C
7. Condenser liquid-to-vapor section mean overall
heat transfer coefficient = 0.397 kw/m2°C
8. Condenser inlet to outlet waterside temperature
rise = 5.56°C
9. Condenser outlet temperature difference, working
fluid minus waterside outlet = 2.78°C
10. Expander shaft speed = 3600 RPM
11. ©Expander adigbatic efficiency = 80%
172. Boiler feed pump shaft speed = 1800 RPM

13, Boiler feed pump adiabatic efficiency = 70%
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tngine Thermal Efficiency As A Function of

the Waterside Inlet Temperatures.
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Figure 13. WO[H‘IWOUT DESIGN for the Expander As A Function

of the Waterside Inlet Temperatures
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Figure 14. wPUI‘v{P/WPUW pesIoy FoF the Feed Pump As A Function

of the Waterside Inlet Temperatures.
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14. Shut-off valve pressure drop = 34.5 kPa
A parallel flow boiler and condenser configuration was
selected for this unit.

The performance map produced for this engine con-
sists of three separate functions of boiler waterside
inlet and condenser waterside inlet temperature: engine
thermal efficiency as depicted in Figure 12, the ratio of
expander output power to design expander output power as
shown in Figure 13, and the ratioc of pump input power to
design pump input power as given in Figure 14, Given the
input temperatures to the boiler and condenser, subroutine
BLUBOX interpolates in the performance map using a
Lagrangian function and determines the engine performance
£or that cperating state as follows:

Given TBOIL IN and TCOND IN? the functions; ngy
(T

T and WPR

sorr 1n¢ Tcon 180 » "EXR (Tporr 1N Teonp 1IN
(TBOIL IN, TCOND IN), the waterside boiler mass flow rate
(mBOIL)’ the waterside condenser mass flow rate (mCOND),

the design expander power (Wexp p) and the design pump

input power (WPUMP D)

WEXP = WEXPR WEXP D

(3.7-1)

Wpymp = "ER Wpump D (3.7-2)

. Wowe + W
0, = EXP PUMP (3.7-3)
Ny
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ThoIL OUT - 'BOIL IN ~ Qp/ (Mo, ) oty (3.7-4)

Qg = - * Ofpxp * Woump) (3.7-5)

Teonn out = Tconp 1~ Qr/ (7p)conp (3.7-6)
The performance at any operating state within the user
specified limits can be easily defined in this manner.

When the same engine is to be used in a variety of
simulations the model can write and save the performance
on mass storage (IMAP=4 as shown in Figure 11d) or read
from mass storage without resizing the unit (IMAP=3 as
in Figure 1lc). The Rankine engine model also incorporates
a plotter which prints out the performance map on 2a stan-

dard line printer as an aid to the design of the engine.
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IV. SYSTEM PERFORMANCE
4.1 Introduction

Numerous studies (1,2,3,4,5,11,20) have proposed oT
attempted to evaluate the performance of a Rankine cycle
engine connected to a vapor compression air conditioner
in order to supply cooling by solar energy. At this time,
available design operation data is sketchy and data for
the operation of such a system under actual operating
conditions is mot ayailable. Two different types of numeri-
cal experiments will be discussed in the following para-
graphs., The first set of results discuss design options
for the Rankine engine. The second set of results dis-

cuss options in the system, exciluding the Rankine engine.

4.2 Working Fluid Comparison

Based on the design assumptions in Chapter 2, a
Rankine engine was designed using the parameters described
in Section 3.7. The design shut-off valve pressure drop

was assigned to be equal to 0.0367 X (PpoILER PCONDENSER)

Assigning a constant pressure drop for all working fluids
would have penalized those £1yids which have a small dif-
ference between boiler and condenser pressures and helped
those with large differences. For R-114 the value of this

pressure drop is 34.5 kPa.
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A parallel flow boiler and condenser configuration
was selected for computational simplicity. There is
essentially no performance difference between the paral-
1el flow and counter-flow modes for this design. This can
be explained by examining the boiling process where most
of the heat is transferred isothermally. Referring to
Kays and London (7), it can be shown that for a heat
exchanger with one fluid having an infinite thermal capaci-
tance rate (a fluid which is evaporating or condensing and
is isothermal), the concept of parallel flow or counterflow
is meaningless. Additionally, the water experiences only
a small temperature drop so that the liquid-to-liquid
sections in the boiler see essentially the same tempera-
ture difference for either flow configuration.

Using refrigerant property data from the DuPont Com-
pany (26,27} for R-C318, R-11, R-114, R-113, and R-12
and the Rankine engine as specified previously, a compari-
son was made to determine thermal efficiency for varying
boiler and condenser waterside outlet temperatures. Exam-
ining Figure 15, which is for condenser waterside inlet
temperatures of 40°C, 30°C and 20°C, we note that R-11
has the best thermal efficiency while R-C318 has the worst.
As predicted, an engime using R-114 has an intermediate
performance, better than R-12 but poorer than R-11 and

R-1153.



70

BOILER WATERSIDE INLET TEMPERATURE [°C]

Figure 15. Engine Thermal Efficiency Versus Boiler Waterside

Inlet Temperature For Various Working Fluids

14 i I T l
KEY
—R-
— —R-113
12}~ ~——R =114
—-—R-12
—--—R-C3I8
2
o
©
»
=Tl
n o
1i
)—
[&]
=
w
O
[F
L.
J
—
= 25 e
= XD CONDENSER WATERSIDE INLET
& o2 TEMPERATURE = 40°C ]
I
'...
0 L ! q |
50 60 70 . 80 90

100




71

A Rankine engine which is designed for the optimum
performance over the range of operating conditions encount-
ered by a solar system will use either R-11 or R-113.

Under the temperature eXtremes indicated in Figure 15

these fluids are superior to the others tried in the model.
However, as pointed out previously, thermal performance
may not be the deciding factor on such a system. In
general, the model used will include R-114 as the working
£iuid since it is felt this refrigerant offers the best

compromise on the choice of working fluid.

4.3% Expander Performance

In investigating the performance of the Rankine engine
components, the effect of expander efficiency on Rankine
engine design point thermal efficiency was considered.
The engine used was a 1.85 kw (2.5 HP) expander design
output unit using R-114 as the working fluid. The design
boiler feed pump efficiency was 80% and the shut-off valve
pressure drop was 0.10 x (PBOILER_PCONDENSBR) or 93.8 kPa
for this case. All of the remaining parameters for the
engine were the same as used in the working fluid compari-
son.

Figure 16 shows that cycle thermal efficiency is a

strong function of expander adiabatic efficiency. Current
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expanders are in the 60 to 80% adiabatic efficiency range.
The improvement of expander efficiency from 70 to 85%
would result (for the machine designed here)} in a 1.9%
increase in cycle efficiency (from 8.3 to 10.2%). This
represents a substantial (23%) increase in engine thermal
efficiency.

Figure 16 also shows the required Rankine engine
feed pump input power Versus expander adiabatic efficiency.
Feed pump power increases with decreasing expander efficiency.
The system mass flow rate must increase as expander effi-
ciency decreases in order to meet the desired power out-
put. Increased mass flow rate in the system increases
the power input required and results in increased operat-

ing costs.

4.4 Boiler Feed Pump Performance
The effect of boiler feed pump efficiency on Rankine

engine thermal efficiency parallels the study on the

effect of expander efficlency. The engine was the same
as the one used in the expander tests with a design
expander output of 1.85 kw (2.5 HP) and a working fluid
of R-114. The design expander adiabatic efficiency is
80% and the shut-off valve design pressure drop was 93.8

kPa. All the remaining parameters wWere the same as pre-
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viously used.

It is shown in Figure 17 that cycle thermal efficiency
is weakly dependent on pump efficiency. Varying the pump
efficiency from 50 to 100% increased the Rankine engine
efficiency by 0.38%.

As expected, input pump power is strongly affected
by pump adiabatic efficiency. For power inputs of this
low level, fractional horsepower motors with the resulting
poor efficiencies will be necessary. Variable speed coup-
ling was used which results in even more losses. For-
tunately, the values of power involved are small and the
net power lost is small. The performance of the boiler
feed pump is not critical to the performance of the

Rankine engine.

4.5 Solar System Performance

The Rankine engine model was added to a solar system
using water as the heat transfer and thermal storage medium.
This system was made up of components from the simulation
program TRNSYS (22,23). The system was set up as shown
in Figure 1. The design parameters COMNon to all of the
systems modeled are listed in Table 2.

With this system, simulations were run OVer a cooling

season (April through September} with meteorological data
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Table 2. Solar Cooling System Design Parameters

1. Collector (essentially a 2 cover selective surface

design).

a. Geometry efficiency factor (ﬁ) = 0.95

b. Plate absorptance for solar radiation (o) = 0.9

c. Numbers of covers = 2

d. Plate emittance for infrared radiation (ep) =
0.10

e. Back edge loss coefficient (Ube) = 1.5 kJ/hr
m2 °C

£. Tilt from horizontal=40’
Transmittance of the 2 covers (r) = 0.82

h. Front losses calculated as a function of condi-

tions as discussed in reference Z5.

2. (Collector loop to tank loop heat exchanger effective-
ness to set to 0.70

3. Pump flow rates on both loops are set to be 50 kg/hr
for each m2 of collector area. Pumps are turned on
when collector fluid temperature rise is greater than
6°C

4, Tank

a. Volume is set to be 75 kg for each m2 of collector

area except as specified.

b. Height is Im
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Zo

Overall loss coefficient is 1.5 kJ/hr m™°C

Rankine engine, with design parameters similar to

those described in previously except:

a.

Expander design output is 1.49, 2.23 or 2.98 kw
as specified (2 HP, 3 HP, and 4 HP, respectively)
Working fluid is R-114

Boiler feed pump efficiency is 70%.

Expander efficiency 1is 80%.

Shut-off valve design pressure drop is 34.5 KPa‘
The controller is set to not run the Rankine
engine unless a work load is required and ATy =
(boiler waterside inlet-condenser waterside inlet)
is greater than 45°C unless otherwise specified.
The mass flow rate in the Rankine engine water
pumps is the amount required to meet the design
waterside temperature drop in the boiler and rise

in the collector.

Cooling tower with a constant approach to ambient

wet-bulb temperature of 5.56°C.

Vapor compression air conditioner

a.

Cooling capacity at the American Refrigeration
Institute 240 design standards = 10.6 kw (3 tons).
Design coefficient of performance excluding fan

power input = 4.0
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c. Fan power input at design = 0.85 kw (1.20 HP).
House Load
a. Design heating requirements are for a house with
an approximate overall loss coefficient UA =
0.33 kw/°C
b. Internal generation is set to 0.67 kw
c. TEnvironmental losses from the tank afe considered

as extra internal generation
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for Albuquerque, New Mexico. The data used included
incident solar radiation on a horizontal surface for the
past hour, average wind speed, relative humidity, and
ambient wet and dry bulb temperature. Albuquerque was
chosen because of the relatively high heating and cool-
ing loads encountered. With the cooling requirements of
that location, the introduction of a solar cooling unit
would presumably make the use of solar energy more feas-
ible for year round application. The tabulated results
with the energy quantities involved for all of the simu-
1ations are included in Tables 3a and b. The following
discussion is a summary of the major results of those sim-
ulations.

As expected, the percent cooling by solar increases
with increasing collector area, as shown in Figure 18.

An unexpected result is that for small collector
areas, the smallest Rankine engine-air conditioner unit
supplies the highestrpercent of the cooling load by solar.
The situation is this; for small collector areas any
Rankine engine has heat addition requirements which are
larger than the amount which can be supplied by solar.
The largest Rankine engine pulls the system temperature
down to the lowest possible operating temperature allowed
by the controller and then maintains that condition. The

collector efficiency is high as a result of the low tank
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temperatures, but the large engine thermal efficiency

is much lower. The result is that the overall operating
efficiency of the large engine system 1is less than that
of the small engine system. The small engine system
allows the tank temperature to float above the control-
ler minimum.

The smallest Rankine engine uses less of its output
on generating electricity as shown in Figure 19 and has
its output more evenly matched to the power requirements
of the air conditioner a greater percentage of the time.

As the collector area is increased the solar system
is able to supply more of the energy requirements of the
engine. The solar system temperatures remain higher, and
while collector efficiency £3lls, the Rankine engine
efficiency increases. with a collector area of 30 mz,
the 1.49 kw (2 HP) engine supplies less of the percent
cooling load by solar than does the larger 2.23 kw (3 HP)
engine. Note that the largest engine, the 2.98 kw (4 HP)
machine, is still 1imited in its performance by an under-
sized collector. The performance of the 2.98 kw (4 HP)
unit approaches that of the 2.23 kw (3 HP) unit as collec-
tor area approaches 40 mz.

The control strategy only aliows the Rankine engine
to run when the air conditioner operates. Figure 19

indicates how much the engine output was not matched to
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the load requirements. The air conditioner design com-
pressor input power was 2. .64 kw (3.43 HP); the 1.49 kw

and 2.23 kw machines were undersized while the 2.98 kw
machine was oversized at design conditions. From the
results of this simulation it 1s apparent that the Ran-
kine engine design output should be less than the load
design power requirements if an auxiliary energy source 1is
Lused. Like all solar systems it is inefficient to design
the system to meet a very high percentage of the load with
solar energy, since the uncertainty of the solar input
will make this a difficult if not impossible goal to
achieve. With small collectors the smallest Rankine
engine provided the best performance. In larger collec-
tor areas the difference in performance is so small that
the smallest engine remains the preferred choice since 1its
initial and operating costs will be less.

Another parameter which was investigated was the effect
of thermal storage tank size on system cooling performance.
From the previous discussion on Rankine engine operation
in a solar system with a well designed collector and well
insulated tank, it was desirable to operate the solar sys-
tem at high temperatures. A small tank will be heated up
quicker than a large tank and the resulting higher average
temperatures supplied to the Rankine engine may more than

compensate for the reduced collector efficiency. The small
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tank may also increase the amount of energy dumped by
the collector relief value.

Table 5 gives the percent solar for a 30 mz
collector with a 2.23 kw (3 HP) engine and 3 different
storage tank sizes. The percent cooling load supplied
by solar is highest for the design of 37.5 kg of storage
per m2 of collector area and is the least for the design
of 150 kg of stcrage peT m2 of collector area.

1t is interesting to note that a definite minimum
exists in energy generated for different tank volumes.
The increase in energy generated as shown in Table 4 at
the lowest tank volume is due to the Rankine engine
operating at & higher output when it can run. This is
possible with the small tank's higher operating tempera-

tures. The increase in energy generated at the highest

tank velume is due to the increased amount of storage in

that system. Greater thermal storage means that the tank

temperatures are lower and less energy is dumped by the

collector relief valve. This increase in collection effi-

ciency plus the increase in thermal storage allows the

engine to operate more than in a system with a smaller tank.
A control parameter which was investigated in 1its

relation to total solar system performance was igMIN’ the

minimum temperature difference between the boiler water-

side and condenser waterside inlet temperatures allowed
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Table 4. Performance of the Rankine Engine For Varying

Values of Tank Size¥*

TANK SIZE

37.5 kg/m? 75 kg/m® 150 kg/m”

% COOLING BY SOLAR =

WOUT -WGEN x 100%

RSl 81.30 79.13 74.33
EXCESS ENERGY
GENERATED kJx10 ° 1.824 1.713 1.895

% Storage Medium is Water p = 1000 kg/m3

Collector area = 30 m2

2.23 kw Rankine Engine
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for Rankine engine operation. Holding all other system
parameters constant it is expected that the curve of
ATMIN versus percent cooling by solar would have a maxi-
mum at some intermediate value. At low values of ATMIN
the Rankine engine operating efficiency is low because

a low ATMIN allows the engine to operate a large amount
of the time and reduce the solar system temperature.

The solar collector operates at a higher efficiency

but this improvement is insufficient to overcome the
degradation in engine performance. The percent cooling
by solar for a low value of aTyry would be low. A high
value of KIMIN will allow the Rankine engine to run at
high efficiencies, but also forces the tank to operate
at higher temperatures. Consequently the collector will
operate at low efficiencies and in addition energy may
be dumped by the collector relief value.

The results of several simulations over the cooling
season for Albuquerque are shown in Table 5. With a
ATMIN equal to 25°C, the percent cooling load supplied by
solar is due to inefficient operation of the Rankine eng-
ine. A AEMIN equal to 65°C causes the collector perfor-
mance to fall sufficiently to reduce the percent of cool-
ing load provided by solar. At intermediate values of
AEMIN (eg. 45-50°C) this particular system-load configur-

ation shows an optimum. A different system would have an
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Table 5. Performance of the Rankine Engine for Varying

*
Values of ATMIN

0

% COOLING BY SOLAR =

WOUT-WGEN o
—WCOMD — x 100%

EXCESS ENERGY

GENERATED kJx10°

® 4T = T
MIN BOILER WATERSIDE INLET

Collector Area = 30 m2

3

Tank size = 2.25 m~ (water)

2.23 kw Rankine Engine

ATMIN
35°( 45°C 65°C
77 .42 79.13 70.31
1.779 1.713 2.541

) TCONDENSER WATERSIDE INLET

2250 kg
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optimum which was shifted (eg. a poorer collector design
would shift the optimum to a lower value of ATMIN)' The
value of ATMIN required for optimum system performance
is also a function of engine size and tank size. It is
possible that if each system in Figure 18 had its own
optimum value of ATMIN’ the largest system may have had
the best performance.

TN could bea function of time because the size of
the 1oad (which has a general seasonal change) affects
the way in which the cooling system operates. For opti-
mal performance, the value of ATMIN may vary in a seasomnal
manner. The optimal value for.ATMIN will be difficult
to obtain because it will be different for each year.

Table 5 shows the amcunt of excess energy generated
as a function of ﬂTMIN’ Systems with a small ATy . TUR
with low tank temperatures. The collector performance of
such systems is high, but engine performance is low. The
Rankine engine generates more electricity because the low
ATMIN control requirement is more easily fulfilled, and
the engine runs a greater portion of the possible time.
Systems with a high ATy TUn with high tank temperatures.
The collector performance of such systems is low, but the
Rankine engine performance is high. The Rankine engine
generates more electricity because it operates at a higher

efficiency during the reduced periods it may run. Operat-
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ing perieds are reduced because of the reduced time
when the solar system can exceed the high ATMIN require-

ments.
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V. CONCLUSIONS AND RECOMMENDATIONS

The Rankine engine cooling system is a feasible
alternative to the absorbtion cycle in supplying cooling
for residential use. The Rankine engine cooling system
which uses an auxiliary energy SOurce should be under-
sized relative to the design load power requirements.
Design loads for cooling (and heating) are peak loads;
sizing the engines of the type of system studied here to
meet these loads results in less than optimum thermal
performance when integrated over the cooling season.

There is an optimum tank size which maximizes the
performance of the solar Rankine cooling system. This
size is smaller than that recommended for heating sys-
tems (25). Finally, the engine may be controlled using
some value of ATMIN to optimize the system performance.

Although this system has been evaluated as uneconom-
ical at this time by Hittman Associates, Inc. (5) for the
National Science Foundation, it is believed that rising
energy costs in the future could change this evaluation
to a more favorable one. The Hittman analysis was much
simpler in concept, using the performance of one design
day at four different locations and a sinosoidal solar
input to base 1its results omn. It is possible that a
more detailed analysis such as the one presented in this

thesis may improve the understanding of the operation of
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a solar Rankine cooling system and change the results of
the analysis.

The engine model still has several weaknesses. The
expander, as presently modeled, is a single stage unit
effectively limiting its useful operation to a ratio of
inlet to outlet pressures of about 10. In extreme opera-
ting conditions or for some working fluids this may be
exceeded. A second stage of expansion should be added
to the engine model. It also may be of interest to add
a turbine type expander as an option.

The condenser model may not be satisfactory for simu-
lations of units in areas where evaporative cooling towers
may be banned becausé of prevalent water shortages. A
crossflow air condenser should be added as an option to
the model to deal with such situations.

It is believed the engine model may be of more use
to larger scale solar systems such as in commercial build-
ings. Simulation of solar cooling systems with the Ran-
kine engine in large scale buildings may be of consider-
able interest.

Finally, a study should be made of the effects of
the control parameter,ATMIN on the performance of cool-
ing systems with varying engine, collector, and tank sizes.
The investigation into a seasonal variation of ATMIN for
optimal performance should also prove of considerable

interest.
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Appendix A. The Rankine Engine Model and A Program

Listing

This section briefly describes the general purpose
of each subroutine or function and how that routine
interfaces with the remainder of the engine model. A
listing of the Rankine engine model is included. An
information flow diagram which indicates the configura-

tion of the model subroutines is included as Figure 11.
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Subroutine TYPEZ3

This routine is the interface with TRNSYS or any
main program and also serves as the control sectien for
the remainder of the model. TYPEZ3Z determines whether
the engine may run for the input variables on each step
based on input control information and operation condi-
tion limits. Based on input information it decides if the
users inputs are in the unit system KJ, Hour, m, °C or
BTU, Hour, foot, °F. The dimensional system used exclu-
sively in the model internally is the latter, and conver-
sion to this system is accomplished by the routines
INCON and OUTCON. Input variables and parameters (the
arrays AXIN(I) and APAR(I), respectively) are unmodified,
the arrays XIN(I) and PAR(I) convey the modified input
to the remainder of the model. The parameter IMAP deter-
mines how the simulation should be executed as described
in Section 3.7 . Subroutine SIZER designs a Rankine engine
on design conditions. Subroutine RANKIN produces perfor-
mance data for each operating state. Subroutine BLXBOX
produces the performance map when desired and subroutine
BLUBOX uses the performance map to produce the black box

model used in prolonged simulations.
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SUBROUTINE TYPEZBtTIUE.nXIN.DUT.DEP.DTDT.APkR,!wFO)
tYPEZ3 15 THE CONTROL RoutTINE FOR THE RANK INE ENGINE
MODEL. THIS 1S THE IHTERFACE BETwg gl THE EHGINE MoDEL 1HG
ROUTINES AND TRNSYS QR MAjnle ‘ ) .
THE ARRAYS AXTM AND aPRR ruNTAIN TRNSYS YARIABLES WHICH
REMATIN UKRMODIFIEDe XIN Al PAR CONTAIN VALUES wrlcCH ARE
MODIFIED TO KAVE THE UNITs BYU. FT, WOUf, DEGREE Fe THIS
DIMENSTONAL SYSTEM 15 USEWL EXCLUSIVELY wITHIN THE
EHGINE WMODELING ROUTINES.
DIMENSIOHM xln(103.ouTt15).PARtHQ;,apﬁﬁizoé,lNFO(B!
pIMENSTON ax M Lo) APAR 40}
DATA I1CT/1/13KIP/AL/
[RUN=AXIH{4) 7 ) . )
C TRUN TS AN EXTERHAL COMTRoL FUNCTION,
1F(1RUH) 1D0,100,%
100 CoRTINUL
pe 10l J=l,12
QUT(J)=0:0
101 CONTILUE
GUT {3 =AXTHLI!
cuUTiyr=aXixiz)
oUT 7 YeaXTHid)
GO TD t2
9  CONT1NUE
I TH1S 15 & CHECK TO CETERMINE IF THE {NPUT vARIABLES AKRE
c WITHIN THE USge SUPPLIED LIMITS &% DEFINED BY PARRMETERS 27«30
I?(hi]”(ll,GT.APAR{E?],QR»AXEN{i)-LT¢APAQ(28\) g0 TG 1AG
IF(AX[N(Z\‘G1;APnR(Z?);nR-hXIN(2)¢LT.APAR{30)} o To o100
Ge TO (19,153,107
14 CONY I NUE
TMAP DETERMINES HOW THE S1HULATloa suluLDh BE EXYECUTED s 1+Es
IF K BLACKBOX sHOULD BE CRERTED 1IMAPEZEY Y, gR IF THE BLACKEBGX
SHEULD BE READ FROM FADS ¢TORAGE w1A A LOGICAL GNIT LiMAP=3)
oR WROTE gNTQ MaS5S STORAGL AND SAVED V1A A LoGICAL MNIT L1MAP= &)
CHAP=APARI 25
[S] IRDICATES 7O THE SURRaUTINES InCoY aAkD QuTCoN 1F THE 1.PUTS
ARE IN KJ, ¥, WDUR, DEGRLFS € (1s1=PpSITIVED, OR BTU, HRy FT,
C DEGRFES F {ISI=HNEGATIVE .
151=APARIZH) :
"“.Hn_ﬁpﬁﬂlﬁﬁ‘?AﬁSlAﬁARLZQDL
15 COMNTINUE
CALL [N[ON(AKIN,xlu.AFAR,PnﬂlICT.ISI)
60 T0 (505,4,511HAR
£ CONTINUE
GO TO t142]1,1CT
¢ SI1ZER MAY BE_CALLED ONLY. oNCE_TH A STMULATION« .
1 CONTINUE
ChLL S1ZCR(PAR,DPRR}
1€1=2
2 EONTINUE
GO TO (3sd 4,411 IMAF
ks CONTINUE

A Mnmn OO0

e Nanalsl

Ia ]
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CALL RANKIR{XTH,0UT,PAR DFAR}
0 To B

CONT INUE

G0 T0 163714 ]1BK1P

CONT INUE

RLKONX MaY BE aMLY CALLED abCE TN A SEMULATION.

cAaLL ALKBOX(PARLFARY

1€T=2 ’

1eK1p=2

COMT INUE

FBEOIL=XINI1}

TCON=X1L12)

WOUT=XIiN(3) .

call BLUBOXlYGOEL.TCON.HOUT»UUT:DPﬁﬁnpﬂRF
COMTINUE

pFrishy 12,134,103

CONTIHUL
CALL OUTCON(QUT)

TCORTIHUE

RETURM
END

97
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Subroutine INCON

Subroutine INCON converts the input variables and
parameters from the users dimensional system of KJ,
Hour, m, °C or BTU, Hour, foot, °F to the intermal sys-
tem of units (BTU, Hour, foot, °F). The users inputs
are contained in the arrays AXIN(I) and APAR(I) which
contain variables and parameters. The values of these
arrays are modified according to the value of the
variable ISI and transferred to the arrays XIN(I) and
PAR(I). The values of the parameters are only modified

on the first call to INCON.
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SUBRQUTIHE INCON{AX!N|X|NgAPAR.9ﬂH.lCT.ISll
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TH1S ROUTINE HoDIF{ES THE INPUT vaRIABLES &ND PARAMETERS
FROM AXIH AMD aPAK AND TNSERTS THpd 1IN THE ARFAYS X100 ARD
ALLOWED InPUT DIMENSIONS aRES K, Hy HOUR, GEG € (151=%ir
RTU, FT, HOUR, PEG F {151==)s INTPRNAL ULy SYSTE# 15 BTY,
HOUR, DEG Fe

DIHEMSIQN X]N([D;,AX[H(luj,APAR[HU).PARIQG}

IFLISEY 44343

COHTIHUE

G0 TO 1692),3CT

XIN(1)=AXIN<11*1-S+32-
XIN(2)=AXINEZ2 el u+32e
YIN13)=AXIN{3)/1.055
XIN(YI=AXINTH)

GO TO {1s2),1CT
CONTINUE
PAR{L}=APAR(]) /1055
PAR(21=APAR(Z)#140+3 2
FAR(IV=APARI31/4.1867
PAR{HU)=APAR(4) /7204425
PARLIS ) =APAR(GI¢1+8

TPAR{AYVSAPAR(AI#] B

PAR(TI=AFPARLYY
PARLB!=RPAP(31tI-B+32e
PAR(GI=APAR(S) /4 18467

PAR([U)=APaﬁ(]UJ/20.Hﬂ2g

PARIT)IY=APAR(T 1] .8B
FAR({12)=hPARLER) 6] +B
PAR(I3)=APARE) DY
PAR{I4}=hPAR{14) /1055
PAR(]SI=APAR{ 1G]
FAR(1&)V=APAR(LA)
PAR(17IsAPARTLT)
FAR(LBI=APARILA) -
PAR{IGI=APAR(19) /74,1867
PARLZOV=APARYL 20D

PAR(Z1)I=APAR(Z1)

PARIZ2Z1=APAR(22)
PAR{Z3}=APAR(23)
PARIZH4I=APAR(Z4)
PAR(Z5)=APAR[25)
PAR{26)=hPAR26)
PAR(Z71=APAR{27T )% ],

PAR[3]1Y=APAR[3])
PAR{32}=APAR(32)
60 TO 2
CONTINUE

DO S 1=1.4

CNINETIEAYINGTY

CONTINUE

Be3z,
PAR(281=APAR(281% | B432,

PAR(291=APAR(29) ]+ 8+32,
TPAR{0VT=APAR(30) % 184327,

FAR
oR
Fs
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& CONTINUE
DO 7 Jel3d2
PARCJI=AP AR Y)
7 CanT P HuE
2 CONTIHUE
RETURN
EWD
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Subroutine OUTCON

Subroutine OUTCON converts the output values con-
tained in the array OUT(I) from the internal dimensional
system of BTU, Hour, ft, °F only if the user is in the

system KJ, Hour, m, °C.
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SUBRQUTIRE OUTCOMIQUTY

FTHIS ROUTINE CoMVERTS THE VALUES oF THE ARRAY OUY

THE UNITS USED TMTERNALLY oF BTYU, FT, HoQUR, DEG F
DIMENSIOMAL SYSTEM. 1T 1S oNLY CaLLEDR 1F THE YSER
KJd, M, HOUR, DLG Ce

DIMENSTION QUTILS)

QUTIEY=0UT(1)*1.055

AUT(2)=0UTL2)2) 055

QUTL3IS(OUT{3i-32¢ )/ 1 a6

OUTEH)IS[OUT(S)=32¢) /148

AUT(L}=0UT (5141055

oUT{6I=0UT(618] 055

QUTt7)1=0UT 7)1 055

QUTLRISDUT (R #D. 45309

QUT(91=0UT (51 ¥Ne45367

RETURL

END
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FROM
TO THE USERS

15

JN THE SYSTEM
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Subroutine SIZER

This routine sizes and designs the Rankine engine
based on the user supplied design condition parameters.
This information on the designed engine is used in the
engine simulation. The arrays T, H, S, and V contain
the state of each of the points in the engine. T(1)
corresponds to the inlet temperature to the feed pump.
T(2) is the inlet temperature to the boiler. T(3) is
a point on the saturated liquid locus at the boiler work-
ing fluid pressure, while T(4) is the boiler working
fiuid outlet temperature. T(5) 1is the shut-off valve
outlet temperature and expander inlet temperature. T(6)
is the expander outlet temperature. T(7) is the éatura—
ted vapor temperature of the condenser working fluid at
the pressure in the condenser.

Print control information (IPRT) is transferred in
the labeled common block SNAP to subroutines RANKIN,
BOILER, and CNDNSR.
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SUBRQUTIMNE SI7TER{PAR,OUT)
THE ARRAY PAR CARRIES THE USER SUPPLIED tHPUY PARAMETERS 1 TrE
CORARECT DIMENSINNAL SYSTEx, OUT I5 v QUTPUT ARFAY CONTAIRING
RANKINE ENGINE PARAMETERS wHICH ARp CALCULATED 1K STZLFK:

DIMENSTION. PAR(HO),0UTI{20)

DIMENSION T{a), B{81:508),VI8)
YHE COMMON BLDCK SNAP BRILGS: THt VALUE OF [PRT wHICH |5 A
PRINT OPTION FpR THE RANKINE SIMULATIOHM,

CNMMON /SyAP/ TPRY

REAL MDSMBOLLHCON

WOOUT=PAR{ )

TEOL=PARL2)

CPROIL=PAR( D)

ULL=sPAR(H)

DELTR=PARI&}

DELTOB=PAR{ &)

IRHY=PARL 7}

TCON=PARIL B

CRCON=PARL)

ULV=PAR(10)

DELTC=PAR(1)

DELTOC=PARIEZ)

[CHY=PARILI)

REVE=FPARI1R)

ENE=P&R{16)

REVC=PAR(LT)

ENC=PAR{ 1B}

CPSL=PAR(ILS)

PLOSSEPAR(20)

IPRY=PARL 24}

CBEGIN S1ZING PROCEDURE For THE BOTLER:

THO=THDIL=-DELTS

T(4}=THO=DELTOB

G=1l.0
TITYPE=1S

ChRLL FREOK(T(H) FMAX Hlay 5040, 0 Vsl 1TYPE)
BEGIN S1Z1I8G PROCEDURE + QR CONDENSERS
TYEO=TCONFDELTC

TL1}=TCO+DELTOC

Q=O-D
TITYPE - _ |
CALL FREOR{T(1),PMINHEI) S a Vi) TYPED
L A8=0s0
[TYPE=25 ]
CALL FREON(TI3),PHAX HI3),5(3),0,¥{3)ITYPE)

BEGIN THE SIZING PROCEDURE FOR _THE PUMP=-COMPRESSOR

T TRV (1 E (PHAYX-PHIN)#14y, A {7TB, 16%ENC]

H{Z1=Hi ) =WC
FINAL STZING #OR THE THRoTTLE
TR ERPMANSPLOSS (PHAX=PM TN
DPD=PMAX-PT
HiG zH4)
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1TYPF=23 ;

CAaLL FREON(T[B}.PT.H(El‘Sﬁﬁl.Q.vtS]-lTYPE)
SeS5=5{5)

JTYPE=24

CALL FREDN{Tas,PMiN,HaS.ses,Q.vbS.ITYPEl
WES=HIB)=HA&S

WEDSWES#ERE

Hlb1=H{G) =WED

ITYPE=Z3

caLl FREON(Tlsl.Pﬁxn;H:hl,s:am.o.V(&:.1TYPE?
DETERMINATION OF SYSTEM DESIGHM MASS FLOW RATE
MOS=wWDOUT /WED

‘¢ DETERMINATION aof THE DESIGN PUMpP powER

WPD=HDSeWC

FINAL SIZING FOR THE EXpalDER
ANVA=FRPIPT,pHIN)
VOLE=HDSEY (G) el iasANVA) /(REVERGD ]
FINAL 517186 FOR THE BOILER FLED PUMP.

o .
< FUfE VOLUMETRIC EFFICIENCY 15 ASSUmMED 10 BE 98%.

M

L
102

el
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104

TCHAX1=CCLS

ENVCP=0.9C
VOLC=MDSEV (1) / (ENYCPOREVC*60x)
visAlL STZING FOR SQILER
GA=MDSeHIYg)=H{2))
MBDIL=QA/{CPROTIL®10x]
CCLS=MDSeCPSY,
CROIL=MBOIL=CPBOIL

THIS DETERMINES THE MAXIHUM CaPhe1TY RATE FLUID Iw THE

1GUID TO LIQUIR SECTION oF THE AOILER.
IFLCCLS.6T.Co0lly GO To 03
CHIN|=CCLS
CHAXT=CBOIL
GO To jOM
CEIWLI=CBOIL

CRI=CHINLACHAX])

C _TH[S_PgTERﬂ:NES“THE_@ES}GE MEAT TRANSFER COLFICIENTS TN
¢ THE BOJLER:

CUTEELL/ (1Y /HAEY1.73000)

00 TTONT TNUE

HEB=ULL #2550
HyB=HRE

QI=4H3)=H(2)}*MDS
_Tr2y=iM3d-ql/CCls
H(3))eMDS

Ga={H14)
QAB=Qi+QR2
6O TO (200,210} IBHX .

¢ S1ZIHG FAR THE PARALLCL FlLoW BoILER

E]=Gl/ICMIN«{TBOIL=-T12))) ., T .
Al“(*CM!NI/ULL]*ALOGlI.—El*il.+CRlll)/(io+CRlJ
THZ=TBOIL=Q1/CBOIL

FZz=02/(CBO1Le{THZ=TI3) )
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AZ=-| (CBOTL/UTB)eAlLOG(L,~E2))
G0 Top 220
210 CONTINUE ' :
¢ TH1S 1S THE STZING FOR THE COUNTERFLOW BGILER
E2=Q2/(CROIL={TBOIL=T(31}}
A7=- L CROILZUTEISALDG(LsaE 2]
TH2=TBOIL=-Q2/CB01L .
El=QI/LCHINLe[TH2Z-TI2) ) A
Bl=1CHIN] /UL /L 1e~CREeaLOGEICRTI ETI=Le)/tF 1100
220 CONTIHUE
ATB=pl+82
C THE Final SI1714G FOR THE COMDENSER.
QR=MDS (H(1)-H{6)}
MEON==GR/ (CPCOR®10, )
C THIS DETERMINES THE DESIGH HEAT TRANSFER COEFFICIENTS IN TuE
C THE CONDEKSER,
HRECsULY®2eD
Hn{=HRC .
UTC=]'/1lv/HHC4'lo/BUD!) )
C THIS DETERMIMNES THE wORKINLG FLUID SUPERHEAT SPECIFIC HEAT
c I THE CONDEHNSERS
1TYPERZS
Q=1+0 _
ChllL FREGN[TI7] PHIN HI712507) 06V I7 a1 TYPED
IFIT{8)=T{7Y=001) 108,308,107
107 CPCVC=(HIS =K /1T -TL7))
109 CCY{S=MDSeCPCVC
CCON=MCOMe CPCON
THIS DETERMIHES THE MAXIMyuM CAPCITY RATE FLuiD 1IN THE
CONDENSER VAPOR TG LIQUID SECTION,
’ IF{CCVCSGTLCCONY GO TO 105
CCMItEl=CCves
CCMaAX | =CCaN
TG0 TO 106
(0L COMINI=CCOY
cCMAXxi=CCOVeS
T CCRIECEMINL/CCHAX]
QCl=4irAt T =k 4) ) eMnS
QU2=(H{1)=H{7))sMD]
GO TG (230,240, 1CHX
230 CONTINUE
¢ SIZING FOR THE PARALLEL FLow CONDENSER
CTTTTTECE Q0 /I CCHINL e (T IO ~TCONY ] . .
ACI=(thCH!N[/ULV]*ALOG(1.“EC1¢{1.+CCR1)])/‘1.+5CR5)
TCZ=TCON-QCI/CCQW
TEEZE-QC2/(CCoNsIT{TI=TC2 )
AC2== [ {CCON/UTC) sALOGE] ,=EC2Y)
GO T 130
240 CONTIHUE
¢ SIZING FOR THE COUNTERFLOW CONDENSER
EC2e8mAC2/ (CCONS(T(TinTCONY)

Y M
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AC2=={CCON/UTC)eAl Gl enEC2!
JC2=TCON=GL2/CCON
ECI=nRCE/{CCMIN]e{TIE =TCEZ) Y ,
AC1=(CCM[N1/ULV}/(lu-CCH}?‘ALOGt(CCRI*ECI-I-i/thl—lo)}
Go YO 130
c IN THE FDLLOWING SECTION THE CONDFuSER 15 BELING pESIGNED
c WwITH YHE QUTLET STATE GF THE FXPARDER 14, 2~PHASE.
(0B CPCVC=0,0
EC]I=0.0
ACE=0.0
GCE=(0.0
CCON=MOQH¥ CPCON
TL2=TCON
GC2=tHI1Y~H{&})+HDS
EC2mmQC2/(CCOHs(TEI=TC L)
T ACZE={LCCON/UTC Y ®ALOGEL~EC2))
130 ATC=ACI+ACE
QrRC=GCI+0C2 ) )
GO TO L140,140,140,840,150),1PRY
140 CONTINUE
WRITE(~+500) oL )
500 FORMATULX,? THIS IS THE RAMKIME cYCLF gNGINE A5 5122 ',/
WRITEL=,501)
50] FORMAT{LIX,¢ THE UNITS ArE CEGREpS Fe BTU PER LBM, AND Fsta 49
WRITE(-,401)
601 FORMATLIX,* T 0 P AT THy COMPRESSOR INLET )
_WF"ITE"|"]T(11'H(l_iiPMl‘J
WRITE(=,602) .
407 FORMAT(1X' T W P AT THg BOILER IWLET °)
WRITE{=,=)1TI2} H{2)PHAx
WRITE(=,603)
403 FORMAT(1¥%,* T H P AT THg SHUT OfF VALVE THLET 74
WRITEd = = )T 04 HLH) yFHAY
WHITEL~,603])
6031 FORMATIIX,? T t P AT THE EXPANDER INLET )
WRITE(=y=1T{5) H{51,»PT
WRITE{=, 6041
408 FORMATULIX,f T H P AT THg CONRDENSOR LKLET ‘]
WRITEL-,=)3T{p) st (6] PHIN
CWREITE(-,BDZ)
coz FORMATEIX f,1%,? PUMF DESIGN ")
WRITE(=,5031 MDS o o o oo
503 FORMATLIX,# THE DESIGN 1ASS FLOW RATE 7,F9.3,¢ LBM PER Houa ‘)
WRITE(=,584] VOLC _ ) ,
504 FORMAT{|X,# THE EFFECTIvE DISPLACEWENT ¢,F10«8," FEET##37 )
—T T UWRITE(=, 5080 ENC o \
5OE FORMAT(1X,* THE ADIABATIC EFFICIENCY ¢ ,Fos3}
WRITE(=,506) REVC ) ]
504 FORMATLIX f THE DESIGN SpEED L F9e3s’ RPMF)
WRITE(=,507) WPD }
5G7 FORMATI{X,’ THE DESIGN woRK t L F9e3," BTU PER HOuR *)
WRITE(=,508) -
508 FORMATUIX,/s1%,7 BOILER DESIGN ¢}
WRITE(=,509) TBOIL,THO
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“TEGg FORMATI|Y,/ THE HOT WATFRSIDE TNLEY 4.79,3," ANp DUTLET 7yFae3,
|t TEMPERATURE DEGREES F *)
WRITEL=,510} MBOIL
§10 FORMAT(1X,? THE HOT wATERSIDE MasS FLow RATL # .7 1De8,” LEHN PER
JHOUR ) .
WRITEL=,5111 A&TB
1] FORMAT{1Y,* THE HEAT THANSFER Awgh *,FlU0s4," FELT «e 2’}
WRITE{~,212) ULL ) ) ‘ )
61 FORMATEL(X,* THE DESIGN L1AUIRwT=L1QUID HEAT TRANSFER COFFFICIET
1‘,,F1;J-¢|.’ BITY PER HUUR FEET#=%27)
WRITE(=,533} UTHB
513 FORMATUIX ! THE pDES16GHN L1SUID-Tp-2«PHASE MEAT TRAWSFLE CorpFI1CIE A
TPe,F1l0ad4,’ BTY PER HOUR FEETs*Z *}
WRITE (=514} GAB
1y FORMAT(]X,* THE DESIOGN HEAT TRANSFER RATL *+F12.4y* 8TY PER hOUR
31t
WHITEEm,515)
515 FORMAT{IX,/1X,¢ THE SHUT OFF VALVE DESlon *)
WRITE{~=,51¢&1 DPD . .
516 FORMAT{IX,* THE DUSIOGH rRESSURE OROP *,Fl0.4,° PSTA t)
WRITE(- 2171 }
517 FORMATIIY ,/,1X," Tut CxpanBER nEpSlaN "
WRITEI=,518) VOLE ] X
gip FORMAT(]X,” THE CFFECTIVE DISPLACEMENT *,F10.8,¢ FEET=*3 ‘1
WRITEL=,519) FHE
519 FORBAT({X,* THE ADTABATIC EFFICIENCY f F&sd)
WRITE (=, 5207 ArVA )
520 FORMAT{]X ./ TYHE DESIGN vDLUMETRIC EFFLCIENCY *yFar3)
wR1TE{=,521) REVE
521 FORMATILX,! THE DESIGN SPEED ', F9e3y’ RFM I
WRITE(=,5221 «nQUT
527 FORMAT(L1X,* THE DESIGN .ORK tLFg,3," BTu PER HOUR "}
WRITE (=523} .
523 FORMAT(IX,/,1%,* THE CONDENSER DESLIGHN )
WRITE{=,524) TCON,TCO . .
524 FORMATLLX + THE coLD WATERSIDE INLET f,F903y " AND QUTLET *  F%:23,
1* TEMPERATURE DEGREES F ')
WR1TEI=,525) MCON
c25 FORMAT(IX," THE COLD WAYERSIDE mASS FLOW RATE *,FlOuH4." LBM PER
tHOUR )
WRITE{*=:526) ATC
526 FORMAT(1X,r THE HEAT TRAWSFER AREA *,F10,4," FEET#s2 ‘)
WRITE(=,5271 ULV .
527 FORMAT(]X,? THE DESIGN L10U1D-To-VAPOR HEAT TRANSFER COEFFiCIENT‘
C 1,f10¢H,t BTU-PER MOUR FEEl®®2 ‘)
WRITE|=,528) UTC
£28 FORMAT(1X,* THf DESIGN L1QUIDaTo=2-PHASE HEAT TRANSFER COEFFIENT
1,FlD:sb4,* BTU PER HOUR FEET#s2 “y
WRITEL=~,52%) QRC
£29 FORMATL1%,? THE DES1GN HeAT TRANSFER RATE F4F12.40° BTU PER
1HOUR '}
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150 CONTINUE
QUT L I=PHAY
pUT{2)=ATHB

ToUT L3} =HDS
QUT (4 }=HWB
OUT (%] =HRB )
GUTItE)I=MBOTY,
QUT [ 71=PHIH
OUT(BI=ATC
gUT(91=HWC
QUT [ 10])=HRC
LOUT L1y =HCON
pUT{12)=V0OLE
oUT 1A =VOLC
QUT (L4 =WPD
RETURN
END
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Subroutine RANKIN

Subroutine RANKIN solves the thermodynamic and heat
transfer equations used to fix each operating state for
the Rankine engine. This routine bases each state on
the user supplied input parameters and the design engine
parameters defined by subroutine SIZER and contained in
the array DPAR(I)}. The equations are solved by successive
approximation using a three-dimensional Newton's method.
Newton's method is obtained numerically in subroutine
RTEND. Subroutines BOILER and CNDNSR contain the boiler
and condenser models, respectively. The boiler feed pump
model is contained in COMP. No specific subroutine
describes the expander, but the expander volumetric effi-
ciency correlation is referenced in function FRP. Refrig-
erant property data is obtained by calling subroutine
FREON. The labeled common block SNAP carries the print
control variable IPRT to and from subroutines SIZER,
BOILER, and CNDNSR.

Subroutine RANKIN is referenced by TYPEZ3 for simula-
tions when only a few operating states need be evaluated.
For longer simulations RANKIN is used by subroutine

BLKBOX in the production of a performance map.



111

SUBROUTINE RAMKIN{XIN,OUuT PAR,DPAR)
THIS ROUTIME CALCULATES TrE PERFORMAMCE oF THE EALKIND ErSIHE
GIVEN THE BOTLER INLET wATERSIDE TEMPERATURE X1N{|}y THL CONDELNSLR
INLET «ATERSIDE TEMPERATUZE X1t(2), allh THE LOD2L POWES
REQUIREMENTS, XIN{3)e¢ XIN CONTAINS [nuPUTS, oUT COLTATHS OUTPUTS A%
CALCULATED 'INTERHALLY, PAr CONTAINS USER INPUT PARAMETERS, DpaRr
CONTRING CALCULATED PARAMpYERS bFrgn CITER, ATy irm,uSany COnTALL
PROPERTY VYALUES FOR EACH GF THE 7 STATE POTRTS IH THE RARKINE
ENGIME, BPAR CONTAIKS BOILER PARAMETERS, CPAR CONTAINS CUNDENWSER
PARAMETERS, AMR CHPAR CORTAINS FgEo PUNP PARAMETE <SG
DIMENSION X1n(10},0UTLLls ), PARLHO)
DIMERSION AT{FI AR IT)I v AT AV T
DIMENSTON BPhR(lU},CPAH([Dl,DPﬂR{ZQ).CHPAR[lG}
C IPRT 15 A PRINYT CONTROL Var lABLE .,
COMMON /SHAP/ TPRY
REAL MDgHCOonN, MBOIL, DS
DATA 1(T/1/
GO To {1s2)41CX
C INITIALIZE PARARHETERS ONCE ONLY
H CONTJHRUE
WDOUT=PARL L)
CPBOIL=PARL3)
DELTR=PaRLE)
DELTOB=RPAR{ &)
IBHYX=PARLT)
CPCOH=PAR(9)
DELTCEPARLLL)
DELTOC=PAR|12)
TCHYESPARLL A
WERIC=PAR{ )
REVE=PAR{ 159
EHE=SPAR (L1 4]
REVCD=PARI17)
FHC=PAR[18)
CPSL=PARI IS
PLOSS=PAR(20]
TERR=PAR(2]}
CRD=ERR*De 01
ERVSPAR{22)
ERFeERVEDL00)
105CL=PAR[23)
T=PARLZHY .
=PAR[ 25} :
ERR 1S THE ERROR oF ¢CLOSURg LIWIT FOR GELHB IN THp BolLER aNp DELHC
IN THE CONDENSERs ERV 15 yHE CLOSURE LIMIT FOR DELR In THE

LN sl RakakaRaRaRal

TTEXPANDER e
PHAX=DPAR(])

ATB=DPARIZ)
rDSD=DPAR( 3}
HWB=DPAR(4)
_HWRB=DPARIS)
FHIN=DPARLIT}
ATC=DPARIE)
HWC=DPARLS)

[aals]
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HRC=DPAR(LID)
VOLE=DPAR{12)
VOLC=0PARL13) :
WPDsODPARTI4) Lk

TH1S 15 THE CALCULATION OF THE DESIGN SHUT-OFF VALVE PRESSURE H

c oRDP AND THE SuuT«nFF Valeg DESIGH INLEY STATE,

DPD=PLOSSe {PHAR-PHIN] ;
Quia0 o
ITYPE=25
CALL FREOK{TH,PHAX HE S0 GaVELITYPE)
[CT=2
REVC=REVCD
2  CONTINUE
c yH1S TEST s FoR STABILITY OF THE gOLUTIar METHOD.
CIF(ENTHeLEWDe02) REVC=UBeREVCD
TBOIL=XINGY)
TCOHaXIt{2)
WOUT=XIKU3)
MBOLL=DPARL &)
MCONSOPAR(L1)

po & J=ia.7
AT{J1=00

AHE ) =00
AS{J1=0,0
AV(J)=0.0
I3 CONTINUE
G0 T0 (3¢49,4,48),1%AP ]
THE INPUT VALUE OF wouT IS 1GNORED UNLESS IMAP=L.
FOR IMAP=2,3,d4 wgoUT 15 St EGUAL 10 wDOUT.
4 CONTINUE
WOUT=aDOUT
3 CONTINUE
C THIS TEST ARBITRARILY TURwS OFF 1KE MACHINE 1F THg 1NPUT
WATFR STREAM TEMPERATURES DIFFER 8Y 30 DeG F OR LESS
1F({TBOIL=TCoN)+LF 30,0, &0 YO 108

o

(R

M

¢ THIS IN1ITIALIZES THE INFUTsS TO THg BO{LER wHicH ARE CONSTANT

BRARLZI=MBOL
BPAR{4)1=CFRBQ1L
(BPARIG)=CPSL
BPAR{&SHWA
BPAR{71=HREG -
__BPARLBI=ATHE |
BRPAR{7)=MDSD -
¢ THIS INITIALIZES THE INPUTS Te THg CONDENSER wH1CH ARE coONSTANT
CPAR{3y=MCON

CPAR(4)=CPCON ) .
CPAR(5)=HRC '

CPARL &} =HKC

CPAR(71=ATC

CPARLS)=HDSD

AXWz0,0

PB=0,0

DELHOB=0:0

PC=0.0
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DELHOC=0:0
REVCO’O!U
DELRO=040 e e T T e
€IS INITIALIZES THE CQUNTERS
NCT=1
JCTEL e e T T .
TiveT=1
15Y5=0
[sPD=0
JCNTB=]
ICNTR=L
TCNTC=1 .
JCRSH 15 THE MaX MUK HUMBER of TImES THE EXPANDER MAY
ATTEMPT TO OVERSPEED OF UNDERSFPEED FOR EACH OPERATING STATE:
1CRSH=105CL/H )
TH1s 15 THE FIRST GUESSs For THE BolLER OUTLET TEMPp FOR THE
WORKING FLUID
AT(H)=?BD[L—DELTB-DELT03
Q"-lpU
1TYPE=1S
cali FREON(ATlH),PMAX,AH(H).AS[q).G,AV(H),}TYFE]
THIs 15 THE FirsT GUESS FOR THE CCUNDENSER QUTLET TEMP FOR THf
c WORKING FLUIDS
AT:1:=TCON+DFLTC+DrLT0c_
[TYPE=1G
q=0.0 '
ChLL FREUN(ATtli,PH[N.AHCI).AS(1)|G|AV13}.1TYPE)
21  CONTINUE
C TH15 THITIALTIES THE [NPUTS -INTO THE BEGILER FEED pUMP.
1CoMP=]
CMPARLL)=PHAX
CMPARIZ)V=PMIN
CHPARLI3)=REVC
cHMPART4)=VOLC
CMPAR|S)=ENC
7CH?AR(6I=CPSL e )
CaLL CoﬂpthOMP.CHPAH.nM(1:.AH[za.nT(zm.ﬁas.ch;AwCT;
c THIS IMITIALIZES THE INpyT INTO THE BOILER
BPARLLISPMAX
TBEAR({31=MDS
caLi BOILER[]BHX,BPAR.AT(ZJ.AH(;),n1(41.AHqH).TQOIL,TBDILO.GAB.DE
1HBY .

aXal

fa el

(e

'E”FWEééf“FéR“Eiﬁéﬁaf”Bﬂ’?ﬁé"abTLEé QUTLET STATE ENTHALPY,
IF{ABS{DELHKB]LE+ERR) Go TO a0

o STEPEZe oW TR | e e

: '*_”'chLL"RTfuncpwax,Pa.DELHa.DELHoa.DERIVB.NCT;STEP,ERDJ
Q=10
1TYPE=25 e

”tﬁLE”FREON:A¥(43.PMAX.AH(H!.AStqr.Q.AV(HL.iTTPEr
IFlATIql-GE-TBDiLl GO T 23

C E‘r&ﬂt!‘l*‘-&b“_ﬁtt?_;‘tt_&i‘ﬁ‘ﬂﬁpﬁ_*_'”%f;a,‘!'&Iﬁ‘ili‘ﬂi&fi‘l‘!“ﬁiﬁw

¢ UYFINSTABILITY 1S LEVELOPED WHEN USING A COUNTERFLOW BOILER

C CHANGE THE NUMBER OF ARGUMENTS IN YTHE coMPUTED GO 70 T0 READ:

C

&0 TO l21,21,2;,2},21.21.Zl.zl.21:21;21121.2!|3G}1NCT

it R T A e i




-
L.
c
c

<

C

<

o

23 CONTINUE

_"MEEMdVE"THé'FOLLORYﬁﬁ"CAhD IF INSTABILITY DEVELOPS WHEN USING A
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oat&blsntteiliﬁiuegtt«dthﬁ»ag#tﬂﬁﬁn&ﬁ*»lltylsﬁu*satutbeihtI!q
GO TO (21,21,21,301,NCT

’”?HE'GUESSVfoé'fHE'édTEERWLWRKINE “LUID TeMPERATURE wAS T0O H1GHS
PMAX=PMAX=6, b
m#!“‘&ﬁii"lv'ﬁnn;!‘l.l‘¢¥lt’fllh‘3.lﬂﬁ.‘t‘o!’tna'#*‘&t!l‘ll‘(nn‘i .

COUNTERFLOW BOILER «
o NCT=2 _ e , o
ERERECEERDEN #;‘«!;0w1¢t»ls'faIgnll-l¢¢-
JCHTR=1CNTR+1
GO TO (21,21,23125}1CNTB

t#ita&pl.ya‘¢l¢‘¢l'uo

T25 T CONTINUE

WRITE(=+24) TCHTB, PHAKPR
24 FORMAT{LX,’ FAILURE T0 CLOSE ON PMAX ¢, 14,2F10.4)

"30° CONTINUE

NCT=1
1CNTR=] _ -
THE SHUT OFF VALVE 15 & ConsTANT FrRTHALPY DEVICE s
AHUS Y =AHY) .
41  CONTINUE
1CoMP=2
CHMPARG L) =PMAX
CHPAR{Z)=FMIN
CMPARGIT=REVC . ;
CALL COHFtICDHP.CHPAR,AN(I).nHlZE.AT{E],MDS:ANC.AWCTI
DETERMINATION OF THE SHUT oF F VALVE PRESSURE PRCOP.
0PD=DPD:|AV(QI/VD}atMDS/HDSD?!tZ
PT=PMAX=-0PD
1TYPE=23 _ _ )
CALL FREOMlATtS}.PT.nHt51.AS:S},Q.AV(S).lrvPal
ENVASFRPUIPT PMIN] :
NBEVET=HDSﬁAV€5)/(VDLL'E@VA*&O.)
DELR=REVET=REVE
TEST FOR CLOSURE OH THE ExXPANDER SHAFT SPEED.
CJF{ABS(DELRILLECERV) 60 TC 50
STEP=H.
calt RTFND(QEVC,REVCO.DELR,BELRO.DERIVV.JCT|STEP.ERF1
_HE FOLLOWING TEST 1S AN ARBITRARY UNE FOR THE MInIHUM
ALLOWABLE EXPANDER SPEED.
JFIREVC LT.1D004) GO TO 42
G0 TO (81,41,4145004dCT .

T2 T CONTINUE

REVC=0s15REVCD
JCT=2 e N

TCNTR=ICNTRY}
GO TO (41,41,491,461,1CNTR
46 CONTINVE . e

—W'TEPD=ISPD+1
WRITE(=,47) 1CNTRyREVC,REVCD = }
47 FORMAT(X,' FﬁlLURLMTOWCLDSE_DN,FEED.fUHPWSPEED,’ilH-ZFJUmﬁ)

O  CONTINUE
JCT=1
1CNTR=1
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:
5
§
i
v

gl CoNTINUE
1TYPE=24 ‘ )
,”WQEEL,RBFQHJTb?rPMIN.Hbs:AS(SloG;VésnTlipEl
AHIbl=AH|5)-[AHl51-H653-ENE .
C THIS IS THE CALCULATION OF THE PoweER OQUTPUT of - THg EXPANDER
WACT={AH{S) =aH (&)} eMDS

[

¢ TTHIS IS THE DETERMINATION of THE amMOUNT OF AUXTLIARY NEEDED
¢ TO'MEET THE LOAD 1F WOUT<.ACT OR THE AMOUNT OF ENgRGY ta BE
€ GENLRAYED TF woUT>WACT. . _ .
T T AW s WOUT=WACT
[TYPE=23

CALL.EFEQNLEI{P);fﬁ)“-Aﬁlbtlﬁité’v@!ﬁylél117755!
TUUCPAR{TI=PHN
CPAR(2)=HDS
B C‘LL_EM?NSB}LﬁHx,CPAR.ATlélgAH[b)aAT(l).AHlli.?CON.TCONG,QRCvDEL}
)
C YEST FOR CLOSURE ON THE CoRDENSER OUTLETY STATE ENTHALPY.
1F(ABS{DELHC)+LTsERR} Gp TO 55
STEP=2s )
CALL RTFND{PﬁlN,PC,DELHc,DELHGC.DERIVC,IVCT'STEP.ERDJ
Q=140
ITYPE=ZS
CALL FREOH{AT(T) ,FMIN, Aa(T14ASI71,GeAVIT11TYPE)
IFIAT({71sLE.TCON] GO TO 52
t&(lﬁ#‘“l-ll‘llﬁl-‘&.i.lil““jv““l'I'Dt‘Itt“&t#“C#ttﬂdﬁBDll‘
IF INSTABILITY 15 CEVELOPED WHEN USING A COUNTERFLOW CONDENSER
CHANGE THE NUMBER OF ARGUMERNTS In THE COMPUTED 0 TO 10 READ;
GO TO l51.51.51.51.52,51.51.51;51.51.51.51.51.55).IVCT
an.&ﬁtU-»ﬁltsb(mnntgten#n&g.‘t'uti.ggtnise;.o‘t"ﬁilu;i¢ﬁﬁ_¢!t!
60 TQ 151451 ,511585)1VCY
52  CONTINUE
THE GUESS FOR THE CONDENSER WORKING FLUID TEMPERATURE WAS 700 LOW.
;s;_iﬁt-lln(&ﬁttttcuatt0nulitmm$OOﬁt‘ss-ﬁitiqtelttiiiustv‘tiﬁapugqg
REMOVE THE FOLLOWING CARD 1IF INSTABILITY DEVELOPS wHEN USIHG A
COUNTERFLOW CONDENSER
IvCT=2 .
C'};:}Tiaa&{3-itn&}l{@anliziQ;;ta;ia.;g«giut~n.;;taata;€at:-¢&.t
S PHMIN=PMIN®5,
TCNTE=TCNICHL

[aNaNalaEal

aXalialal

60 To (51,581,561 ,531,1CNTC
53 CONTINUE )
WRITE(=3SH1TCNTC, PMINPC

TEq FORMAT(1X,7 FATLURE 10 CLOSE oK PMIN 7, f4.2F1044)
55 CONTINUE

1VCT=]

1CNTC=] o : T
G0 TO 1%6,57,574+57,57},1FRT
56 CONTINUE

c THESE ARE FOR BEBUGGING OuLY«
WRITE(~,=) PMAX,PB,DELHa ,DELHOS DERIVB
 WRITE{=,=) MDS e -
WEITE(=,=7 PMiIN,P¢,DELHc ,DELHOC ,DERIVC
WRITE[=,%] TROILO,TCOND,PT
WRITE{=,=) REVC,REVCTG,DELR,DELROLDERIVY

RS



TTH7 CONTINUE
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IFLABSDELHB) «GT+ERR}) Gg TC 70
IF{ABSIDELHC) «GTLERR] Gp TO 78

T {FUABSt{OFLR).LEs ERV} Go YO 100

CONTINVE i _ _
THIS TEST DEYERMINES 1F THE CPERATING STATE 15 SucH THAT THE

" TEXPANDER CANNOT MAINTAIN cONSTANT SPEED OPERATION AT THE

[aallal

CTISYS 1S A CAOUNTER WHICH DeTERMINE

HaRalal

DESIRED OPERATING SPEED.
1F(1SPD,GELICRSH) GO Ta 108

THE CURRENT OPFRATING STATE WHICH wAvE BEEN HMADE. UP TO 10sCp
 NUMBER_OF TRYS ARE ALLOWEG. _
18YS=]5Y5+)
IFI1SYSeLEAIQSCLI G2 TO 21
L_HRITEL=-,60) e e
TTFORMATILY,* FAILURE TO CLOSE OGN SYSTEM STATES. *)
WRITEt=:61)
FORMAT(1%,* [5YS DELHS CELHOB DpiMH(C OE; HOC DELR DELRO )
WRITE(*;=} ISYS.DELHBnDGLHOB-DELHC.DELHDC.DELH.DELRO

100 CONTINUE

falakal

CRVMX [S AN ARBTITRARY MAX1mUM SPEED THAT THE BOILeER FEED PUMP
CAN ATTAINs CRVMN [S AN ARBITRRARY Alnlnym SPEED THAT THE
BCILER FEED PUMP CAN ATTAINS

CRVYMK=14,256REVCD

CRVMN=ZDW2P5%REVLD

1F (REYC+GT«CRVMX.OR+REvCeLTaCRYHNY GO TOQ 108
WFR1C 1S THE INPUT MINIMUu EXPANDER POWER ouUTPUT

S THE NUMBER OF TRYS AT FINDING

ALLOWED BEFORE THE MACHINE woULD STOR DUE TO IHTERNAL FRICTION.

IFIWACT«GTvWFRICY GO 7D 118

108 CONTINUE

T{TD CORTINUE

109 CONTINUE

THE MACHINE Has BEENM SHUT pfF FOR THIS SET QF THPUTS
QAB=G.0
QECZSQU
MBOIL=0.0
MCON=EDW0
TEQILOSTBOL
TCONO=TCOHN
AWCT=DW0
WACT=040

TENTH=0.0
AXW=WOUTY
G0 T0 109

ENTH= {WACT+AWCT I/ QAB

6o T0 (118,115,016, 106, 1161 1FRT

115 CONTINUE

VO FORMAT (2%, T4, 2%, ¢ ITERATIONS WERE REQUIRED *)

WRITE{=4101)1SYS_

116 CONTINUE
THE ﬂﬁEﬁl“E_FﬁNMR!NmFPEmTﬁEEENLEPUTS.ENQMIT_H55mFQUN9 A SOLUTION.

TouT( T =qAB
QUT(2}1=5QRC
_oUT{3)1=TBOILG
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LR

121

500

501

%000

410
611
512
6121

613

502

503

505

506

TTTEGT

126

117

OUT(4)=TCOND
DUT(5}=AWCT
ouTie)=WACT
U T EAX
ouT(81=NROIL
0UTI9}—MCON
TRUTUI0)=WACT/WDOUT
QUTL 1 sAWCT /WPD
QUT(12)=ENTH I
&0 75 (120,120,120,125:125141PRT
CONTINUE

WRITE (==} DELHB,DELHOE, RERIVE,PMAX CELHC, DELHOC‘DER[VC:PHIN

TWRITE(=,) DELR,DELRG, DLRIVV
WREITEL=,=)10UTtI1 2121412}
CONTINUE

GO TC (121,\2!.l2b,12b.1261,IPRT
CONTINUE

WRITE(=,500}F TBOIL.TBOILO

1, 1X,tDEGREES F*)
WRITE{=,501) TCON, TCOND

FORMATLIXG? HOT WATERSIRE INLET 7 F9:3.7 ANC OUTLET *2F9.3,

FORMAT(1X,* COLD NATERSIDE INLET *LFG.3, ¢ AND OUTLET "aF9e3.

1,i%,*DEGREES F ')

wRITEt-|5000} .

FORMAT(1%,? THE UNITS ARE BEGREFS Fs BTU PER LBM, £ND PSTA
WRITE{=46101}

FORMATILX, T H P AT THE COMPREJSOP [LLET ")
WRLITE (== ATUL) JAHTT Y ypHIN

WRITEL=y&11) )
FORMAT(1X,” T H P AT THp BOILER INLET ")

WRITE (=3~ AT{Z)2HIZ2),F PMAX

WRITE{ = blzl

FORMAT(L%,* T H P AT THg SHUT OFF VALVE IRLET *)
WRITE{=, 'lAT[H!.AP(ﬂl.P‘AX

WRITEL=, 61211

FORMATI{|X,¢ T H P AT THE EXPANDER INLET *!
WRITE(=y=1} hT(S).AHtEl,PT

wRITE(-,b13g

FORMATLILEX,* * H P AT THE CONDENSER INMLET *1
WRITE(=,=} ATT61, AHIEY yomIN

WR!TE(-|5GZI MDS

FORMAT(1X,* SYSTEM MASS FLOW RATE P, F9.3,! LBy PER HOUR '3

WRITE(=} 503) REVC _ .

FORMAT(ax pUMP SPEED *  FFe3:° RPH *)

WRITE(= %04! BWCT e T
§ FORHATILX, PUMP WORK *#,F943,° mTV PER HOUR *)
WRITE (=, 5051 ENVA

FOR”&I!** Eﬁ?%”?éﬂwfﬁkﬁﬂﬁlﬁLEWFﬁFlgiﬁNCY”Lpféiql
TTHRITE( ", SDbl REVE . :
FORMATI1X,* EXPANDER SPFED *aF9.3:° GPM )
WRITE(=,5071 WACT

FORMAT (X, 7 EXPANDER WQRK 1 F9,3," BTU PER HOUR 7
CONTINUE '
RETURN
“END

)
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Subroutines BOILER and CNDNSR

These routines model the boiler and condenser used
in the Rankine engine as described in Section 2.2 for
parallel and counterflow configurations, Subroutines
BOTLER and CNDNSR use the effectiveness correlation
described by Kays and London (7). Each routine obtains
working fluid property data from subroutine FREON. In
subroutine BOILER, the hot-side fluid is denoted by the
subscript H while the working fluid (the cold-side fluid)
is denoted by the subscript C. Subroutine CNDNSR denotes
the working fluid (the hot-side fluid) with the subscript
H while the cold-side fluid is denoted by the subscript C.

These routines are referenced only by RANKIN. The
common block SNAP transfers the value of the print con-
trol variable IPRT into BOILER and CNDNSR.

The boiling and condensing heat transfer coefficients
are assumed tc be constants with the value 300 BTU/Hour

£t °F,
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SUBROUTINE BO!LER(1CTLI,PAR.TCL:HCI,TCG.HCQ'THI,?Ho,QA;D{LﬂOl

¢ THTS ROUTINE SIMULATES A PARALLEL OR COUNTERFLOW BOILER USING

C THE EFFECTYIVENESS RELATIONS DEVELNPED BY KAYS AND LOMNOQNe
C THE ARRAY PAR CONTAINS THg INPUT pARAMETERS AND VARIABLES.

T UBIMENSION PARCLOD )
C IPRT 15 A PRINT CONTROL VaRIABLE,
COMMON /SNAP/ 1PRT

TTREAL MDOTH,MDOTC,,MDCO
PMAX=PARI L)
MDQOTH=PARY{2)

T MDOYTC=PAR(3}
CPH=PAR(4)
 CPC=PAR(S]

" THWBsPAR{ &)
HCDePAR(7)
AT=PARIB)

“MDCO=PARTF}
CHE=MDOTH®CPH
€C1E=MDOTCHCPC
Q=10
ITYPE=25
catl FREDN(TC3,FHAX|HC3,5C3,Q.V3.[TYPE} )
C TH15 SECTION DETERMINES THE MAX1MUM AND MINIMUM CaPACITY FLUTD

C IN THE LIQUID T8 LIGUID SECTION oF THE BOILERe®

IFICCLeLESCH) GO TO 3
CHMIN]I=CH
CMAX12CCH
GO t0 &

3 CMINL=CC!
CHAXL=CH

b CRI=CMINL/CMAX]
G=0+0
ITYPE=2%
CALL FREON{TC2,PMAX,HCZ2,5C2,8,v2.ITYPE} B
C THIS SECTION CETERMINES Twg HEAT TRANSFER COEFFICIENTS,

HF=HCD® (MODTC/MDCD ) #5052

CULL=1a/ (e /HF# 1o /HWB)
U2Pxle/ [ lasHwivie/300¢)
GO TO (19,200),1CTL!

200 CONTINUE .

€ THIS 15 THE COUNTERFLOW SECTION OF THe BOILER
§Z=MDOTC®{HCI~HC2])
 EZEQ2/ULHeTHI=TCNY)
1FlE2+GTste0) GO TO 21
THZ=THT«Q2/CH
A 2=e|CH/U2PeALOGIlemERy ) —
IFTAZ.LEYAT) G0 TO 22 '
21 CONTINUE
. ha=aT - .
EZz]emEXP(m=U2PeA2/CH) ’ o
TCO=TC3
THOGTHI=E28 [THI=TC2)
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QA=Q2 _
DELHO={HCI=HC1)=QA/MDOY
THCO=HCI-DELHO
Gl=0¢
_ E1=0.
Al=0.
GO 10 45
22 CONTINUE
T TR sAT=A2 )
E1=11-’EXPtl-ULL-h1/CM1u1lV(l-wCRl)il/llo*CRl*EXF‘I-ULL*AIICHlNll'
L bide=CRINID .
T THO=THZ=E e {CHINT/CH IS (THZ=TC])
Ql=CH®{TH2=THO)
1€0=TC3
QA=Q1+Q2Z
DELHO=R{HC 3=HC! 1 =Q8/MDOTC
HCOSHC3-CELHO
"Teo To 4s
19 CONTINUE
¢ TH1S 15 THE PARALLEL FLOVW SECTION qF THE BOILER
© 7 IFtHC1.GEWHE2) GO TO 7
QI=CCLle(TC2=-TCT)
TH2=THI=Q1/CH
E1=Qi/1CHINL=(THITCI})
EPEE]s(le+CR1)
I1FIEPsGEel D) GO TO 1§ o
hl=(-CM1“l/ULL)‘ALDG(lauElﬁilc+CPll’/ll-*CRll
HCl®HC2=01/MDOTC
1IF{AL«LE«AT) GO TG 1D
I} Al=AT : _ .
Elm(]s=EXP(mULL*{AL/CNINITelLascRIIII/LLo*CRI)
TCO=TCI+E e {CMIH{/CCL) e THL=TC)
THO=THI=Els{CMINL/CH)e(THI=TCL)
GA=CCLl#(TCo=-TC1)
HCOsHC I +5A/MDOTC
DELHO=HCI=HCO
RETURN '
7 Al=0+0
£1=0+0
QAlele0
HC2=HCT
TYc2=TCL
TH2=TH]
10 A2=AT=AL . S
E T E78 ] omEXPlwUZPeAZ/CHI
TCe=TC2
THO=TH2-E2e(TH2=TC2)
T Q2ECH#(THZ=THD}
HCO=HC2Z+Q2/MDOTC
© QA=Ql+Q2
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DELHOEHC3=HCD
45 CONTINUE _
6D T0 150,51,51381,811 IRRT R -
50 CONTINUE g , A
WRITE (= =1 PHAX,DELHO HCOIHCZ HE3 i TC2 TC3HCT Tel THITHZ,7r0
WRITE [=,615) e _ .
TS FORMAT([X,? GA AT @i 62 El €2 a1 az FOR THE BOILER *1
WRITE(=,=1Q8,AT,G1,32,EL,E2,AL,42
S  CONTINUE
T URETURN
END




P
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SUBROUTINE CHONSR{ICTLZ,PAR,THI HHT THO,HHaTCT,TC0,QRIDELHO)
TH]S RCUTIME SIMULATES A& PARALLEL. OR COUNTERFLOW COHDENSER USING
THE EFFECTIVENESS RELATI0iS DEVELDPED BY KAYS AND LONDON. '
"¢ THE ARRAY PAR CONTAINS THg [NPUT paRAMETERS AND VaRTABLES.

DIMENSION PAR{LID) ]
C IPRT IS A PRINT CONTROL VaRITABLE. .
’ T COMMON /SNAP/ IPRTY
REAL MDOTH  MDOTEC ,MDHD
PMINzPAR(LY
“MDOTH=PAR(2)

MDOTC=PAR( D)

CPC=PAR(Y)
"HHD=PAR{E)

HWC=PAR (&)

AT=PARL7)
"MOHD=PAR( 8}

CCSMDOTCRCPC

G=]e0
"{TYPE=2Z5

CaLL FREON[THZ,PMIN,HH2 sHZ,Q,v2,I17YFE}

Q=U.G
TITYPE=2S

CALL FREON{THI,PMIN,HH3 gH3,Q,v3,1TYPE)

C THIS SECTION DEYERMINES Trg HEAT TRANSFER COQefFFICIENTS.
HF =HHD® (MDQTH/MDHD 1 #3006
ULY=ls/ {Le/HWC*1a/HF)
UZP=Ye/{1s/HWC+]4/300e}
IF{THI«GT+THZ) GO t0 &
GO TO (31421),1CTL2
CONTINUE

Halal

5 .
C tHIS DETERMINES THE wORKIne FLUID sPECIFIC HEAT IN SUPERKEAT,
CPRIZ{HHI=HHZ)/{THI~TH2} :
CHI=MOOTH®CPH] i
< FHIS SECTION DETERMINES THE MAXIMuUM aND MINIMUM CARACLTY FLUID
C IN THE LIGUID TO VaPOR SECTION OF THE CONDENSER.

1IFICHL«LEsCC) GO TO 3
CHINL=CC
CMAX1=2CHL

GG TO M

5 CRINT=CRL
CHMAX1=CC

% CRI=CMINL/CMAXL _ i e b

TG0 YOO 119,2000,1¢TL2 -

200 CONTINUE
c JHIS 1S THE_CUUNTﬁﬁFLQEHQEQI[QNKQE_IEEﬁEQNQ£E§€Bmm,,

T Gy eMDO0THe {HHZ2=HHT)

: QZ=MOOTHSE (HHI=HHZ)

.  EzmeQ2/{CCe(TH2-TCLND
IF{E2+GTe10)] 6O TC 2}
225={CC/UZP 1 eALOG]{ ] «D=E2)}
IF{AZeLE-AT) GO TQ_22

TTTTEE TTCONTINUE j ‘

c THE INPUT STATE OF THE WORKING FLU1D 15 IN THE MIXED PHASE.

A2sAT
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TTEZe ] JO=EXP{y2PeA2/CC) :
TCO=TCI+E2% | THZ=TC1)
QR=ECC(TC[~TCO)

TTTfHO=THS ”
DELHO={MH3=HHI ) =GR/MDOTH i
HHO®HH3=DELHQ e e e - i
T gi=0.0
A1=0e0
£1500
T 76D To 45
22 CONTINVE
Al=aT=h2 e
TARGREXPU{(=ULYeAL/CHINTI Y« bo=CR1I}
E12(}e=ARG}/{1le=CRI%ARG)
TC2Z=TCI=02/CC ] N )
TCG=TC2+ELo (CHING/ZCCIotTHI-TCZ)
GR=CC#{TCl=TCO)
THO=TH3 ) )
DELHO® {HH3~HHT ) =QR/MDOTH
HHO=HH3=DELKO
GO YO 4%
19 CONTINUE
¢ THIS 15 THE PARALLEL FLOW SECTION gF THE CONDENSER
QleEMDOTHI {HHZ=HHT)
TC2=TCl=R1/CC
Ele~GQl/(CHINLs (THI=-TCI})
EP=ELlR{]e*CRL) :
[F{EP+GEs1,0) GO TO L1
AL={=CMINL JULVI®ALOG{lomple{lascRIII/ELevCR]ID
O IFLALSLTeAT) Gg Tg 10
11 al=av
E1=(1amEXP[{=ULV*AL/CHINLI®(TescRLIDII/ 1T e+CRE)
THOeTHI=Els lCMIN]/CHL) ¢ (THL=TCT}
TCO=TCI+ElelgMINI/CChrTHI=TCL)
AR=CCx(TCT=TCO)
HAQ=HH ] «AR/MpOTH
DELHO=HHI=HHO
GO TO 4%
31 CONT[NUE " . e e e [ - - . _.l_ e - ) -
"¢ TTTHE INPUT STATE OF THE WOXKING FLUID IS IN THE MIXED PHASE .
20 A1=00
_E1=00
g1 E0.0
HH2=HH1
_ . Te2=T7C1
TH2=THI
10 A2=ATwA}
E2%1cwEXP{mU2PuAZ/CCI
TREGESTCI+EZe [THZ=TL2)
THO=TH2
Q2mCCeTC2-7CO) . .

<
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HHOZKH2+Q2/MO0TH
RR=Q1+Q2
DELHO®SHH3=HHO -
RS CONTINUE. T e
GD TO (50,5)1,51,455:51),1PRT
50 CONTINUE

WRITET= =1 PHIN, DELHO sHup s HH 2 393 THZ o THIsHHE T TCT TC2y7cC ' i
 OWRITEL=,617)
617 FORMAT(iX,* QR AT Gl Q2 EI E2 A] A2z FOR THE CONDENSER 1}
T TWRTITEL =, JRR AT, G1,325E1,E2,A1 4482
51 CONTINUE
RETURN
i




125

Subroutine RTFND
This subroutine uses Newton's method to solve for
the roots of the equations in an iterative manner.

It is referenced only by subroutine RANKIN.

Function FRP

Function FRP is a curve fit for volumetric efficiency
for a reciprocating compressor as a function of pressure
ratio. It is used to vary the expander volumetric effi-
ciency as a function of the ratio of inlet to cutlet pres-

sures. The data is from the Trane Company.
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TEUBROUTINE RTFND{X X2:DFLX, DELxu,DERIV " 1COUNT,STEP,ERR)
C TH1S SUBROUTINE USES 7O NEWTYONS METHOD 70 FIND THE REAL ZERGS,
9 SYEP 1S THE FIRSY GUESS For THE 1TERATION PROCEDURE s
Tl TO U192, 24202,2421242421252,242,2:2,242,2 21, 1C0UNT
1 Xo=X
_ X=X+STEP . - .
S gL T R . e B}
DERIV=10¢
o ICOUNT=ICOuNr+1 L
TG0 TO 3
2 1F{ABS{DELXO=DELX}eLEERR) GO To #
IF(ABSIX=X01,LT«0+01%ERR) GO TO 4
T PERIVE=(DELXDELXO) /{X=X0)
e X
_ DELXD=DELX
X=X=OFELX/DERIV
[COUNT=]1COUNT+|
3 CONTINUE
" RETURN
END

e R S A

FUNCTION FRP(PMAX,PMIN)
¢ TH1S FUNCTION DETERMINES vOLUMETRIC gFFICIENCY AS A FUNCTION
C gF EXPANDER PRESSURE RATIa, IT 1S BASED ON TRANE Qs DATA FOR
t RECIPROCATING COMPRESSCRS,

PREPMAX/PFMIN

ARG1=1:08F3=,12725%PR+1,a036E~ OZ*PR"Zvl;L7D9E-03*PR*'3

TTARGZ=3+3379F=05%PREsU=3, . g40BE=g78PR2%E

FRP=ARG}+ARG2

. 1FlFRPoLT.ﬂnUSU) FRP“oE}SG
RETURN
END
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Subroutine COMP

Subroutine COMP models a variable speed valveless,
positive displacement pump. It assumes constant volu-
metric and adiabatic efficiencies and treats the compres-
sion as that of a constant density fluid. Volumetric
efficiency is set equal to 90%. Subroutine FREON 1is
referenced only when ICOMP=2 and new values of the
variables HOUT and TOUT are required. This routine is

referenced only by subroutine RANKIN.
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__ SUBROUTINE COMP{1COMP ypaR HIN HQUT A TOUT (MDS, AWC, AWETE
“IF1S ROUTINE SIMULATES A wOILER FEED PUMP OPERATING AT CONSTANT
VOLUMETRIC EFFICIENCY AMD ablABATIC EFFICLENCY FOR A CONSTANT
_DENSIIYVCQﬁPResﬁ[ON._tHE_qu}ABLE 1CoMP_15_Tp REDUCE COMPUTATION

TUBEY HGT CALLING FREON UNLESS NEEDED.

DIMENSION PARILOD)

REAL MDS B

T PHAX=PARID)
PMIN=PARL2)
REVC=PARL )

T YOLC=PARLH4Y
ENC=PAR{S}
CPSL=PAR( &}

© Q=040
1TYPE=25 )
CALL FREON{T[H,FMIN,HIN,SIN,Q,VIN,ITYPEI
ANC=-V1N¥(PMAX-PH{N]‘IQq./(778.lé‘ENCl

C PUMP VOLUMETRIC EFFICIENCY 15 ASSuHED T0 BE 0%,

] MDS=REVC¥VOLC®60.8s 30/ VIN
GO TC t10,1001,1CCHP
19 CONTINUE
AWCT=AWC®MDS
HOUT=HIN=AWC
Q=0.0
1TYPE=2S ) B .
CALL FREON({TI,PMAX ,H3,53,%, V3, ITYPE!
TOUT=T3=1{H3=H0UTI/CP5L
100 CONTINUE
RETURN
END

' 1
e aNakal
s G AL Y08 e £ A T S A
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Subroutines FREON, CHECK2 and FP

Subroutine FREON supplies working fluid properties
te the Rankine engine simulation. This is accomplished
using a cubic interpolation scheme (function FP) which
determines the desired properties by interpolating tabu-
lated data. Any working fluid may be used providing the
input data is in the correct format. Subroutine CHECKZ
is used to ensure the interpolation uses the correct set
of data points.

Given the independent properties temperature and/or
pressure and any one other property (enthalpy, entropy,
gquality in mixed phase only, and specific volume), sub-
routine FREON will fix the state and return the values
of the properties which were undefined. The value of

ITYPE specifies the independent variables.



130

SUBROUTINE FREON({TX (PX,HXSX,Q,uX, ITYPE)
C THIS ROUTINE INTERPOLATES 1O FIND FREON PROPERTIES -«

_LOGICAL FLAG - [ — L -
DIMENSIQON FM{SUI,TM;SO);HFIEBI.HGtsol.sF(Eol,SG(SD}.vF!sul.JGtan)
DIMENSION PIEO) ,T(H4s50) HI4e50) 5049501 v(4,50)

- DIMENSION Xi4,450)
DATA FLAG/WFALSEN/
700 IF{FLAG) GD TO &
READ ,NyN2
0G77 J=iaN
READ(=y=! P(J)
DoBs I1=1:4 _
TREAD (= =1 LT d) okl
Ba CONTINUE
77 CGNTINUE
D03 1=14.M2
READ (=4 =) TM(!$.P“(1)'HF(IJuHG(ll9SF(I)'SGl114VF|1}-VG|i)
3 CanNTINUE
) FLAG=e TRUE &
4 [PI=1TYPE/ D
_ ip2=1TYPE-IP)st0
TTTIFU1R24LTHIPLY GO TO 3N
G0 ToQ 3tz
311 _1HT=(P2
N 1P2=1Pl
IPI=1NT
312 1F({IP1+GT«2) GO TO 999 B
CIFTIP2+ERe2e AND«IP1sERQqe) GO TO 50]

I A AT L

¢ €0 TO SUPERHLAT TaF
MTYPE=1D%*1P2 L o
c HFYPE 15 RECONSTRUCTED jTYPE wHeRE 1P1 15 alwaYs LESS THaN 172
60 TO (109,1101,1F]1 :
109 1c=0 , o _ :
6 ST Tewaswes  TEMPERATURE US ONE TNDLPENDENT vARIABLE IN z=PHASE

D012 T=lyN2
__DIFF=TX-TM{l) e
[FiDIFF.LT:0.0) GO TC 150
112 CONTINUE
WRITEL6,162) LTIX,LTYRE . . .
V43 FORMAT(1X,/SPECIFIED TENPERATURF IS 0UT of THE RANGE oF THE
i PROPERTY TABLES',3X'T = ’.‘U(.Fsoq.sx.'lTYPE = ¢, 4%,19)

190 JTYPESMTYPE=-|2 i
. CALL CHECK2(1,N2,11+82,131%1
1ps  1C=1cC+1
Go TO (101,102,104,106),1¢C
106 60 TO (201,202,103,204),93YPE . ... -
””161‘”&F¥=FP17X,7M(llp,TM(rz;,rnllza,rnxlqa.HF:11).HF;12;.HF|13},HF11uH
HGX=FPIT¥.TH([1),TH([2],TH!IJ).THt:H);HGI1lJ|HGil2).HGLIBI-HG{IH)i
PX=FP(TX.Tﬂ}ILL,TM{lgijrngQ?.Tnc;HIJPMQLJJaPMtrzi.Pvtlag,pwélqi
e Ere ige J _ | .
102 SGx=FPi?X.rM411;.TM|IZ),TH(lai.TMtIHJ.SG:III,SGgIZi.SGiIJ}.Sthu:
SFX=FP(TX,TH(IL),THEEZ) L THEE3) (THUTAD,SFLTED(SF(12),SFEI3N, SFITD)
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TH{4,14)) ‘
HXEFP{PXsPLE11,P{I2) P 1131 yPLIS) (HTE(HT2,HT3 HTH)
GO,TO 559 R e = - - i —— JURE e — I - .
BT TSTIRFPIXX Xl 100, X012y 111X i3, T ex 41150, 11502y 103,803,110,
EStHyI1 )} i i
_5T2=FP@XX.XI1.121.xtzgjzl.xt3,12}0x14,12).Stl.121,Stz.IZ).S(s'IZ).
1St4,121) ' _ .
srs:rplxx,xl1.13),x(2rt3).x(3.t3|.x(4.13|.St1.13).5:2.131.5{3.13:,
IStH4131} . ‘ e . . L
STU=FPIXX Xt 1o T%) N t2y T oX 03 Tad e X8y TA1 ST, T41:5124088),503,148),
1St4,141)
__SKfFPl?X’P(lil.P(IZI»Pllab.Pthn;STi.STZ.STS.STqa )
GO TO 509 ) ) o
520 YTERFP XXX U110 X 02yl paX 3,0 oo Xt liho Vi, TeraVizalltyvi3,tit,
L lviMalin _ -
VTZeFPUXX g X UL, 120, %02, 021 e%t351215x0 48,1200V 114121VE2012)0VE3412)
Ived, 121 i i
"__!I}‘FPﬁxxnxgk!{31JX(211311K13,131sxtH,ISJ.Vll’IJJ.V[Z;IJ),V‘3,13H
Ivid,131) ) -
VTHSFPIXX X 11,180 o X0240u) s X351 araxtd, 04, vil,Tud V2 tat,Vidslsl,
C_LvtheTan) . e . B} . - .
VXSFPUPX P PEI2) Plra)sPITa) Vi1, WT2,VT3,VT4}
G0 TQ 509 _
513 7TIA=FP¢XX:X(1.!&3.X‘Z;[]ipX(J,[y).xtH,[l],T(1‘[13,1(2,15),Tt3.]1),
1Ti8,110) ) )
TT2eFPIXK Xt 1 12, %0212 % 030123kt 121y 8141217020020, 7030128,
174,120y S ) A )
TT3eFPIXY %A e 13 ) o X (230X 13a 13 ax i, 130T 0LaI30T020 31T 030130,
1T(4,130) ) )
““119=FP(XX-XIl.Iﬂ}.XlanHl-X¢3a1q)pX(“.!q}-TiiulqlaYlZ»lql.TiB,IHL
IT74,14)0 i :
Tx=FP‘Px|F(Il}tP(I2lrP(IBI9P(!‘4)'TT1:TT2!TTJ|TT‘-§]
GO0 10 509

599 PRINT 998 T

998 FORMAT(]|X,*®se*veperelLLyGAL ITYPE SPECIFICAT]ONseesscasssnpe’)
-2

ap4d RETURN

514 RETURN

_END
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SUBROUTINE CHECK2{1:NZ,11,12:13,1%)
_ IF(IsEReN2) 6D TO 3 . s
1F(1.GT«2) GO 1O 2
11=1 '
122
13=3
T4=4
RETURN
2T l4=1el
1aeg
o e=l-n
1i=1-2
RETURN
3 1482
T p3sN2-)
128N2=2
[t=NZ=3
RETURN
END

FUNCTION FP{Aa,Al,AZ,A3,44,B1,82,83,B4)
Fp-_-a.l-(AwAz).{A-A;;}a(A-Ml/((Al-AZ)-(Ax—AN*tAl-MJl
1+az-:A-A1)-(A-Azi‘lA»AHI/ttAZ-All-sﬁz-A3!“(A2-A4)*
1¢B3¢;A-Allaln-AZ;otA—AR|/((AJ-A{lttﬂl-AZH'(AB-AH)l

| +Bhe{A=Afle(gmAZ)etAnAd )/ LiAdaR o (AB=A2) o (AU=AZY]
RETURN

END

FUNCTION F{Y,Y1,¥2,X] o
FEYs(Xmio)ot{Xe2q} /20y oXelXm2 }+y28Xa(Xmlo)/2s

RETURN ! O
END
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Subroutines BLKBOX, PLOTT, and SSSORY

Subroutine BLKBOX is used to create a set of per-
formance maps which contain the operating performance of
the Rankine engine over a user specified operating range.
These maps are functions only of hot-side boiler and cold-
side condenser inlet temperature. The map is obtained by
calling subroutine BLKBOX over an internally generated
N x N range of these inlet temperatures (N is supplied by
the user) within the user's operating iimits. The common
block ANUM contains WEXP (the ratio of expander power to
design expander power), WPUMP (the ratio of pump input
power to the design input power, and ENTH (engine thermal
efficiency) which comprise the performance maps. The
common block COORD contains the information needed to
reread these arrays. Both common blocks transfer informa-
tion to subroutine BLUBOX. This performance map may be
written onto or read from mass storage as described in
Section 3.8. Subroutine PLOTT is a printer plotting routine
from the Fngineering Computing Lab which is used to output
the performance map for design purposes. PLOTT calls

SSSORT internally.
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SUBROUTINE BLKBOX{PAR,;DPAR) _ o
PAR CONTAINS USER SUPPLIEg INFUT PARAMETERS, DPAR CONTAINS [NPUT
PARAMETERS AS CALCULATED gy SIZER.

THE MAXIMUM NUMBER OF POIwTS WHich MaY B uSgD 1M 4 BLACKBOX

I§ low 20, IF MORE PnINTS ARE DESIRED THE ARRAYS x,YEHT,XC,
YEXP, AND YPMP SHOULD BE mEDIMENSIONeD, AND THE ARRAYS IN PLTTER
SHQULD BE CHANGED AS INDICATED THERE,

IF MORE THAN d4QsyQ POINTS ARE REGUIRED, THE COMMON BLOLK ARRAYS
ENTH,WEXP ,WPUMP SHQULD BE REDIMENSIONED AS wELL.
DIMENSION XIN(10),00T(15),DPAR(2D},PARIY0), X140}, YENT 401}

T BIMENSION XCU40L),YEXP (4011 ,YPHP{E0])

C THE COMMON BLOCKS aNUM ANp COORD TRANSFER THE PERFORMANRCE

c MAP ANGD INFORMATION MEEDED TO INTERPOLATE IN 1T Yo BLUBCX.

TTUTTTEGHMON  JANURY ENTRIH0,40) yHEXP G0, 400 ,wPUMP 40,401

COMMON /COORD/ OLTH,DLTC,THIH,THIC,N
IMAP=PARI 25 ) o )

¢ IMAPST WHEN THE RAMKINE CYCLE IS5 QPERATED DIRECTLY, TEe WITHOUT A

€ BLACKBOX.: IMAP=z WHEN THE ENGINE §5 T0 COPERATED wITH 4
C BLACKBOX, BUT [T 1S5 MOT Tp BE SAVED. IMap=3 wHEN THE BLACKBOX I35
<
o

e s RaRalaRa el

|
R a——

READ FROM MASS STORAGE. IMiP=% WHEN TWE RANKINE CYCLE 1S5 TO 8¢
OPERATED WITH A BLACKBOX WnHICH IS aL%p TO BE SAVED ON MASS STORAGE,
NEPAR({24)

T YMAXH=PAR {27}
TMINH=PAR{ 2R}
TMAXC=PAR(29)

CTMINC=FAR(30)
ISAVE=PAR( 31
IPLOT=PAR(32)

DLYHS ( TMAXH=THINH] /el
DLTCH{ TMAXCoTHMINC) /(w3
 THIH=THMAXH+DLTH
THIC=TMAXC+DLTC
GO TO {10,2,100,2),144p
2 CONTINUE . e
T Do 720 J=1lN
XIN(1)=THIH={J=1}#CLTH
be 20 Iel4N_
lLel
IF{JeNEcZ»({J/2)) GO TO 7
LaN=Le!
7 CONTINUE
XIN(2}=THIC=(L=1}eDLTC
¢ THIS T£ST ARBITRARILY SHUTs OFF THE RANKINE ENGINE 1F THE
¢ _WATERSIDE INLET TEMPERATURES ODIFFER BY 30 DEG F.
IFL{XIN{I)eXIN{Z)}eLEc3p,) GO To 31
 XIN{3)EPAR(L)
CALL RANKIN(XIN,QUT,PAR BPAR)
GO 70 30
31 CONTINUE
oUT{12)=0.0
OUT{1C120.0
QUT{t1)=0en

%
é
]
|
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T TYMAX=0420

110

TTTXMAX =50

AMIN250,.
XMAX=250
YMINEGeO S
CALL PLOTTCX,YENT NX XM{NyXMAX (YMIN YMAX,S)

XMIN=Gs

*"AX=ZNU

CCALL PLOIT;xc,YEXP.N;.xmzn,XHAx,YH[N,Ymax,sa
CALL PLOTT(XC.YPHP,NX,Xm}N.XMAx,TMlN.YMAX.SF
CONT [NUE

135
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SUBROUTINE PLOTT (X, YN, XMIN Xmax, YMIN,YMAX KD
C THIS IS & PLOTTING ROUT]“F_FRON ECLs IF MORE POINTS THAN
F7 430 ARE DESIRED TO BE PLOTTED CHANGE THE DIMENSION OF THE
C ARRAYS IX AND 1Y. _
DIMENSION X(1), Y(1i, JTuSED{103y, 1Xts4olry IYHHGIT, AXT11)
DATA IOQUT /67

DATA 111111 /1H1/, 1BLANK Z1H 7, TMINUS /1W=/, 1ISTAR YRy i
< FOR MORE THAN 400 POINTS THIS TEST MUST BE CHANGEDS ;
"yl TF (N «GTe O «ANDe N olLg, 4001 Go 7O 405 :

403 WRITE ([00UT,8) N
WRITE (IOOUT CELER . o ;
TCRO4TFGRMAT [ 27H [MPROPER NUMBER OF FoINTS.
60 To 1Gn)
405 IF((SimK)sKk=a0 410,400,y _ . ;
Tylp Kx=s ' o B
WRITE (100UT,412) K )
412 FORMAT{}2K 1MPROPER Ka s1IH K INPUT AS 15}
TTTTTTTED YO WD?
411 KXsK
402 NXSN
TTIRFLG=E
;.:xmxm AMAX 431,432,843
432 IXFLGS]
T TWRITE (100UT,435)
435 FORMATI10H xwrw« MAX )
43] IFLYMTIMN-YHAX)H33,434:4430
B3y wRITE (160UT,438)
436 FORMATULIOR YaIn=yYMAX)
IXFLG= o
§33 TF{IxFLeY 937,437, 1001 )
1001 WRITE (100UT,5) XMIM, XemaX, YHMIN, YHAX
GO TO (0D _ B o N
437 AX{1y=XMIN o v
AX(2Z)=XMAX
AXL3)=YMIN
CAK(HSYMAX
DO 265 1=
IF (AX(1)] 262,261,262
261 IUSED(I)=0 ;
G0 YO 265 :
262 XASABS(AX(T}) o ;

IF110000.C1-XAtexaA=100,1 12681261 ,281
264 [USED(]1=] :
245 CONTINUVE . _ ;
lXFLG=IUSED(l)+1U%ED|2)
IYFLG=JUSED{3}1+]USEDIH)
XINC=(XMAX=XMIN}/100s
T Y INCE{YHAX=YMIN) /50,
Je0
H = D — —— g— e ———————— = e et Y
D6 Z8b I=),NX A )
XMXA B (X1P] = XMINV/ZX[NC *= 1e§ . .
1F {XMXA oGT, 11040 sOR, XMXA ,LTe =10,0) 60 To 283
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MXA = XMXA _
IF (MXA eGT, 10! +0Re Mya |LTu¥l| c0 Tp 283
282 XMYA = (Y(1) = YRIN}/YINC * O« . .
T T MY R V6T, 6040 «ORs XMYA 4LTe =i0.01 GO TO 283
MYA = XMYA ) 7
IF_(MYA LY. 5] «ANDy Mya_sGTs =}) GO 7O 281
283 IF{J)284,2a4,285
284 WRITE (100UT,8} N
8 FORMAT{2S5HINUMBER OF INpuT FOINTS = 1471
WRITE (IDOLT, 91 XMIN, XMAX, YMIN, YMAX
9 FORMAT[8H XMIN = IPELQa3/8H XMax = LPELD.3/
§_ BH YMIN = JPE10.3/ BH YRAX = 1PE10.3/)
"WRITE {(100UT,13 XINC, YINC )
I FORMAT(/17H [NCREMENT [, X = {PELQ»3/
. | 17H INCREMEMNT IN Y = 1pEl1D.3/)
TTUUTWMRITE (100UT, 287
287 FORMAT(2!H VALUES QUTSInE RANGE //
C1ZHH POINT k.Y /aH _NOey .
J=1
286 WRITE (100UT,288}1 I, Xtry, Yii:
288 FORMAT(1X413,3%,2(1PE12,3)1}
TTUTGL To 286
28] M3M+|]
IXiMy = MXa
TYYen) o= MYa
284 CONTINUE
NX=MH )
TP ULIFINXY98,98, 44
58 WRITE (100UT,97} _
97 FORMAT(/234 NO VALUES [.SIDE RanGE ./}
© G0 YO tol
4y TF{J «GTe C) WRITE (IoooT21) nNX R
2] _FORMAT(/26H 10y OF POINTS IM RanGE = 13/1) ..
CALL S5SS50RT {(=NX, 1T, 1xt}
1ZRO=101
C1FLG=D o
IFUXHINSXMAR)60Y 602,607
604 TZRO=(=XMIN/XINC)+1e
IFLG=1 -
02 DO 88 1=1,10l
88 IUSED(I] = ERLAMNK
IXinX+1)=1
TIY (N ] ) ==
1=1
MAXX=0
NEY S
LC®8Q
XA=ABS{YINC/2e)
TTTWRITE (100UT,103)
103 FORMATIIHL 13X, 10010KI+ssbeveve LKLL))
11y IF(IFLGILI4,514:16]

1
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It
117
1L

161 1USED(T1ZRO) = [11
1
1155113

1
1h4 [FENX=T)113,117
17 LFLLEC=iYly 199
199 1=1+1
G0 TO 114
W5 IXSEIRGLY e e N
TUSED[TXS}) = TISTAR
I=1+1 '
G0 _TO0 B8 o
VO FORMATCINF1043, X tHe oAl Bla L]
. 102 FORMAT{13%,14+,50A1,5141]
: 159 FORﬁATll¥'EIOsA-ZE11HtJ5qAJ-51A1J
113 aLc=80-LC
YVAL=YMAXeALCRY IND
C NME(LC/RXPeRX _
TF(LC=NH1120, 121,120 , )
120 WRITE (looyT,102) JIUSER¢IXS)y IXS = 1,100
» GO_To 125 '
121 TFUTIYFLGIIST, 151,152

1St WRITE (100UT,101) YVAL, (EUSED(I1XS1s 1¥S = 151011
IR 1 B e 125 . . L
152 WRITE t[GouT.159) YvAL, (IUSED(Ix%S), IxS = 11010

125 JFIMAXX)INE] 4452,45]

451 DO 453 1XS=1,101,2

453 [USEDLIXS) = IBLANK
MAXX=0

452 0O _H456 (YS=d,1
IXS=1X(1Y5)

454 [USEDLIIXS) = [BLANK

457 J=i

454 LC=LC~|
IFLLCILISTp111,201

2q1_IFpABS(YVAL-YlNC;-XA)203,203,111,

2063 DO 204 IX3=1,104,2

204 JUSED(IXS) = IMInUS

MAXX=] . B
g3 T 114
160 WRITE (100 UT.]U&]
106 FORMAT(/14%x,10L10H1**+*s, *++¢}JLH1/5x|11(qK JLHI
TRy EARIN

DO 130 M=2,6
130 AX{HJ‘A{(H-kltzn sxINC
TTDO 131 MET L1
131 AX(M}= (AX(Meb ) $AX(M=5)] 25
IF{1XFLGLI1534153, L
TyET WRITE (1GOUT, 1051 (AX{M), M = {, 11} . |
105 FORMAT(/ 8X,61F1043,10%1/1BX;5(F103,10xX))

6O Yo 1a0 S
"T43 WRITE (10OUT,104) {AX{My, M = |,11]
104 FORMATI/ZIDX,61E1Qe3:10X)/20X,5(E£10.3,10%1)

_10p WRITE (1Q0LT,99% .
99 FORMAT [IH )
RETURN
END




C

T UBROUTINE SSSORTINX,NALIX}

THIS RQUTINE
AL

}
_LABSINKD
{J sLEe 1)

¢ ==X
"N

—IF
K=1
IJd=id+1}/2

NTENA{TJ)
MT = IXALII)

FFINALLL «GE,

NA{TJY=NALT)
IX{i12) =
_UNALLYENT
IXt1y = MY
RT=NALTJSY
L MT = XUy
20 L=J
TFINALJY oLEe
CNACLJEENALD
TX{1d)y =
NA(LJ)=ENT
Iy = oMT
NT=NA(TJ])
MT = 1%{1dy
IFINALTLY «GE,
NA{LJi=NA(T)
IX{1Jdy =
_ NALT}=NT
[X11) = MT
NT=NA{TJ)
MY = IXMTJy
"GO To 4O
30 NA(L)=NALK)

TNACK)=NTT
1X{K} = MTT

[ I Tl " S
IFINATL] sLTe NT) GG TO 40

NTT=NA(L]
MIT = 1XIL)

xtn

IR AINE

Ixert

TRETURN

NT) GC

NT)

N1

ExfLy = IXIK)

1S CALLED BY SUBROUTINE PLOTT.
MENSTON NA(1)IX{1lsfutlédelLilél

G0 TO a0

0 70 4C

50 K=K+l
IFINA(K} «GT,
[FL L=1
fLimMy=]
o duimMysL.
=K
MEMS]
G0 TQ_80 _

ceLEs

NT 3
IF(K olLEe L} G0 To 30
J=K

G0 To s0

| GO ro 60

139 '

60 IL M=K
IJiHI=d
Jeb
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MM+

G0 TO 80 %
70 MeM=] t

[FtM +EQs Oy RETURN

E=IL (M)

o NEINAMY O
80 IF{J=1 «GE, |1} GO TO {p
1=1=1l

R Bl U T

IF{Ll «£Qe¢ J) GO TO 70

NY=NATT+]]
L IF{NAITY «GEe NT} GO TO 93__ .
MT = IX11+§)
K=1
10D NALK+L)=NA(K)
IX{K+1) = 1X(K)
K=Kml
~_IFiK «EQe 01 GO TO HIND
ITF{NT «GTe HAIK)}) 60 To 100

P10 NA(K+])=NT

LXK E) =
G0 TO 90
EMND

.90

"T

§
{
i
¢
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Subroutine BLUBOX and Function F

Subroutine BLUBOX uses the performance map generated
by subroutine BLKBOX to obtain a black box model to be
used in long term simulations. It is referenced by sub-
routine TYPE23 and has inputs from subroutine BLKBOX via
the labeled common blocks ANUM and COORD. The operation
of this routine is discussed in Section 3.7. Function F

is used to interpolate in the performance map.
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N aNsdaRarsl
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RN ARRAY OF 1NPUT PARAMETFRS AS DEFINED BY SIZER, OUT IS THE

TTCAMMON /COGRD/ DLTH,OLTC,THIH,THIC N

1o

20

25

1472

SUBROUTINE BLUBOX{TBOIL,TCON,WouT, qUT,DPAR,PAR) e
THIS SUBROUTINE USES THE BLACKBDI REPRESENTATION {PERFORMANCE
MAP] PRODUCED BY BLKBOX To SIMULATE THE RANKINE ENGINE. 1T
INTERPGLATES [N THE BLACKz0X TO OBTAIN THE VALUES OF THERMaL
TEFFICIENCY AND FHE RAT10S oF PUMP AND EXPANDER POWER TO THEIR
DESIGN VALUES

PAR 15 AM ARRAY oF USER SuPPLIED INPUT PaRAMETERS, DPAR IS

ARRAY OF OQUTPUT VARIABLES,

 DIMENSION OUT{15),0PAR(20),PAR(40),ENTHI313,31,eNTHIL3) WEXPII(3.3
1)+ WEXP3(3) JWPMP3313,3},.PHP3IL3) .

1F MORE THAN apsy4p POINTS ARE DESIRED IN THE BLACKBOX THE cOwmON

8LOCK ARRAYS ENTH,WEXF, AuD WPUMP SHOULD BE REDIMENSTOMED,

THE CoMMON BLOCKS AnUM ANp COORD CARRY THE PERFORUANCE HAP

AND INFORMATIGH NEEGED TQ INTERPOr4TE IN IT FRGM: BLKRODX.

COMMON #ANUM/ ENTH{S0,40) WEXP (45,401 ,wPURP L40,40])

REAL MBOIL,MCON
 TIEB(THIC-TCONI/DLTC

TYZS(THIK=-TBOIL) /DLTH

ITI=IFIX{TE 1

IFETi=1T1+0e5) 15,10410

CONTINUE

ITl=171+!

_CONTINUE o
IT2=1FIX{T21+!
IF{T2=-172+0.5} 25,20,20
CONTIHUE

Tv2=1t12-1
CONTINUE

_ XE=Tle2wITy .
X2=T2+2-1T2
DG 30 L=1,3
DO 30 K=1,3

TiKR=ITi+K=2Z
IL=1T2+L"2
ENTH33IK,L)=gNTHIIK 1L

30

40

_ DO 130 L=1,3

QONTINUE

DG 40 K=1,3 .

ENTHI{K)=F (ENTH331K, 1), ENTHIB(K,2) (ENTH3I(Ky31,%x2)
CONTINUE

ENT=F (ENTHI( 1), ENTR312) ,ENTHIEI) X 1)

DO 130 K=1,3
IKe]Ti#Kk=2
IL=1T2+L=2

WEXPIF(KsL)=wEXP(IK 1L}

130 CONTINUE

PG 140 Kk=1,3 s
T WEXPA{R)3F(WEXP33(Ky1), . EXP33(K,2) WEXPII(K131,X2)

140 CONTINUE

WEXPR=F{WEXPI(F} ,WEXP3{2) WEXPI (3} . X1}

[
it
|
i
|
i
!
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i
1
i




_23p CONTINUE

PaRa)

"300 CONTINUE
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Do 230 L=1,3

DO 230 K=1,3
__IKEITIek=2 .
ILE1TZ2+L~2
WPHMPA3IK LY =WwPUMPLIK Il

DO 240 K=1,3 :
WPHPI{K ) =F (WPMPIALK, 1) ,nPMP33(K,2) WPHP3II{K43},x2)
240 CONTINUE
TTTWPMPR= FinHPJ(l}.N?MP3l2i|WPHP3(33.x13
NEGATIVE THERMaL EFFICIENATES CAUSED BY a pCOR FIT OF THE
 DATA ARE NOT A{LOWED.
TFUENTALE«0:0) GO TQ 20p
WDQUT=PAR{ |}
WPD=DPARLIY)
MBOIL=DPAR(S)
CPBOIL=PAR(])
_MCON=DPRAROLLY
CPCON=PAR(9)
WACT=WEXPReWDOUT
WAUX=WOUT=-waACT
TR P =WPHNPRYWPD
QA= (WACT+WR ]} /ENT
QRE(WACT+WP ) =GA )
TTYBO1LO=TROIL=-QA/ (RBOTLecPBOIL)
TCONOG=TCON=QR/ (MCON®CRCON]
DUTLLI=QA
DUTI2]1=GQR
OUT(31=TBOILO
. oUTt4)=TCONO . o
T BUTiG)=wWP
OUT{&1=WACT
L BUTUTIEWAUN
OUT{8)=MROIL
QUT(9)=MCON
__OUT{10)}=WEXPR R
OUTL L1 }sWPHPR
QUTL1Z)=ENT
- RETURN

QUT(1}=0+D
OUT(2)=0e0_
QUTI3)1=1801L
ouUT(4)=TCON
_DUTI61=00_

oUT(61=C40
QUT(71=WaUT
QUTiB) =00

oUTL?I=0.0
CUT(101=0.0
QUTIL11=C0eD

ouT(121=0+0
RETURN
_END

:
H
1
¢
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Program MAINIL

This is‘the main program used to generate performance
maps and do design studies with the Rankine engine model.
Although the model is capable of producing performance
maps during a TRNSYS execution, it is much simpler to

do this function in a program which is distinct of TRNSYS.
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o DIMENSTION XIN(1D),0UTt15) PAR(4n), INFO(B)
€ THIS ROUTINE 15 USED _ONLY WHEN USING THE RANKINE ENGINE

4 FOR A DESIGN STUDY OR FOR PRODUCING A PERFORMANCE HMAP,
C IT SHOULD NOGT RE INCLUDED IN A TRNSYS SIMULATION.
€ READ THE INPyT PARAMETERS aAn0 WRITE THEIR VALUES aND NAMES,
READ{=¢=) IPAR(J) 451,32,
WRITE(-.ZUI .
20 FORMAT(1X,+ wDoUY TBOIL cPBOlL ull DELYB Oplvo8 [BrX TCoM ¢PCON
[ULV DELTC DELTOC ICHX WeRIC REVE ENE REVC gNC CpSL PLOSS ERK ERy
210501 IPRY ¢
WRITE{=,2]) ‘ L S
2T T FORMATOIX, Y [MAP N TMAXW THINM THAXC THMINC ISaVE I[PLOT °)
WRITE(=,=)1PAR(J)sd=1,32)
[4 READ THE NUMBER OF STATES 710 BE CO\SIDLRED In THIS SIMULATION,.
T TTREAD I =y=) N
B0 2. IT=l,nN
€ READ THE IMPUT VARIABLES anD WRITE THEIR NAMES AND VALUES.
READ(=, -?(XIN[L),L=1.“I
WRITE(~, -
3 FGRMATI]K TBOIL - TCON WOUT [rUN *}
WRITE{~ 'I(XI”(K).K=1|41
TiME=I
_T=
0TPT=0 R
CALL TYPE23[TIME,XIN,QUT,T,DTOT,PAR,INFO)
€ WRITE THE OUTPUT VARTABLE VALUES anND NAMES,
WRITE (=, . -
i FORMAT([X Q4 QF  THour TCCut wC  wACT WwWaUx HMBQIL  Mcon  #)
,,wﬁITEt-.-J€0uT(J).J=1f91 - . e
ENTH=O0UT(12) :
WRITE(=,4)ENTH .
4 FORMAT{1X,* THE THERMAL EFFICIENCY = ¢ Fl2.6)
WRITEL=,7)0UT{t0),0UT{]1) . .
7 FORMATUIX,” wACT/¥WDoUT s *,Fi2,s," WC/WPUMP DESIGN = *Fi2,6)
B WR[TE‘-jB)
B FORMAT!1X,//)
2 COMTINUE
stToP
END
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Appendix B. Air Conditioner - Heat Pump Model and

Program Listing

The Air conditioner-heat pump model is a modified
version of the curve fit of performance data offered in
reference 20. The unit models air-to-air type heat
pumps with capacities between 8.79 kw (2.5 tons) and 35.2
kw {10 tons). The model assumes that the system COP is
not a function of unit size for the given range. The model
also modulates its capacity to match heat pump output
to cooling load if the required amount of cooling is less
than the amount the unit can supply at those conditions.
If the unit could not supply the load while operating
in the cooling modé at some time a warning is printed. In
heating mode if the unit cannot meet the desired load, addi-
tional energy is added in the form of electric auxiliary.
This increased energy is outputed in the term WAUX.

The call to this unit is in the standard TRNSYS

input format (23).
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SUBROUTINE TYPE20(TIME,xIN,QUT . T,DTDT,PAR, INFO) o
THIS IS A ROUTINE WHICH MODELS A HEAY PUMP IN THE COQLING NopE

QR_THE HEATING MODE VIA A CURVE FIT OF GE WEATHERTRON DATA. =
TTTIY 15 HODIF1ED FROM THE Gg PHASE o NSF REPORTw

XIN IS AN INPUT YARIABLE ARRAY, PaR 15 AN INPUT PARAMETER LRRAY,
QUT IS AN DUYPUT ARRAYs I1nPUTS MUsST BE IN_THE UNITS KJ, M, HOUR,

TTEND BEG €, FHE INTERMAL CuURVE FITS ARE FOR THE UNJTS 6TU, FT,

HOUR ¢ AND DEG F.

DIMENSION XIN{I1D),0UT(Lg)4PARLIG)
T TODBEXIN(])eieB+32,
RH=XIN(2)/100
_QLOADSXIN{31/1.055
TTRODE=XINY4 ]

If IMODE=1 THE HEATPUMP 1S IN THE HEAYIMNG HMOLE

IRUN=XIHIG}
QCAPYD=PAR[ | ) /1055
COPD=PARIZ) .
“TIDB=PAR(3)a].8+32,
TIWB=PAR[U4) %] 4B+37,
WFANTPAR(SY /] 4055
‘wAux-wFAN
TRUN 1S5 &N EXTERNAL CONTROLLERS
IF{IRUN} 50,50,;5 _
CONTINUE
GO TO [142),1MQDE
CDNTINUE
THIS IS THE HEATING MODE.
THIS DETERMINES THE DESIGH COMPRegSOR [NPUT POWER [N THE HEATING
MODE OF OPERAT[ONs
POH=QCARYD/COPD
CAFPY IS THE FRACTION 0F DESIGN CapACITY RASED ON tTHE AsRsI,
240 STANDARDS FOR HEATING _ .
T CAPYZDe6512+0,0l46¢TODB~q, 00233+ T[0B8%{TODR+20¢) ¢40:15%7
RCAPY=CAPY#QCAPYD
QSENS=QCAPY
“YH1S TEST DETERMINES IF FraST CAN FORM ON THE EVAPORATOR Call,
1FITO0B.LT+20¢) GO TO 3
P 15 THE FRACTJON OF QESleh COMPRESSOR INPUT POWER IN THE HEATING
MODE OF OPERATION
Pe(s444¢0,0044TIDB+3sBE=05¢TIDR=TODE+G, 7E~D40TODB¥S.76E-05TODBa 2
GO TO 4
CONTINVE .
THE COMPRESSQGR INPUT POWER CHANGES WHEN LESS THaAN 20 DEG F
BECAUSE OF DEFROSTING.

IF IMODE=2 THE_MEATPUMP IS 1IN _THE CCOLING MODE GF oPERATION,

P20 4B0+0+0039+TIDB*44E=-05F108TO0E

CONTINUE

_WCOMP=PePDH . e —
T LESS THAN O PDWER INPUT ls NOT ALLOQWED,

TF{WCOMPeLTeDe0) GO TO S0

TESTS T0 OETERMINE 1F FRQSY 15 PRESENT ON THE EVAPORATOR Colle

IF(TODB at, JQD‘DR!rODB!LTGZSD] G0 TG 100
IF{{TODB*40.)«GTeRH} GG TO 1OC i
IF FROST IS PRESENT ON THg COIL pLECTRIC AUXILIARY IS USED

Yo 2 (P M A T
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¢ TO MELT THE ICte THE EMERGY IS ACCOUNTED TGO WAUXo
WAUX=WFAN+D. 1 #QCAPY/COPD -
.80 70 100 _ . S e
2 CONTINUE
€ THIS IS5 THE CoOLING MODE
€ THIS DETERMINES THE INPUT COMPRESSOR POWER IN TrE COOLING
c MODE OF CPERATION AT DESIaN CAPACITY,
PDC=QCAPYD/COPD .
€ CAPY 15 THE FRACTION OF DgSIGN CapaCITY RASED ON THE AcRel,
"¢ 7240 DESIGN STANDARDS FOR coOLING,
CAPY=04252+0.0144#TIWB~4,F6E=04aT0nB=,67E=-058ToDBe2
 QCAPY=CAPYaQCAPYD . B
¢ PFTIS T THE FRACTION oF DESIoN COMPRESSOR INPUT POWER IN THE COOLING
¢ MODE OF QPERATION.
P=0,0074+0,0073+T1wB*0.,00534T0Dn
TWCONMFEPsPOC
¢ LESS THAN O POWER INPUT 1s NOT ALLQWED.
IF(WCOMPSLT0+0) GO TO 50
TRSENS=NCAPYe (141840402755 TINB=0,04#TINWE)
C GSEKS 1S THE AMOUNT oF SEMSIBLE CoOLING QBTAINED, IT CAN NoT:
[ BE LARGER THAN THE AMOLRT OF TOTAL COBLING.
T IR QSENSSGT e NCAPY) RSENS=GCAPY
GO TO 100
50 CONTINUE
TGCAPY=0.0
QSENS=0.0
WCOMP={,0
TTTRaUX=0.0
GD TO 4O
100 CONTINUE
c THIS DETERMINES THE FRACTIGN OF LoaAD TO CAPACITY.
PARTLO=GLOAD/QCAPY
¢ ° TEST FOR LOAD EXCEEDING CAPACITY-
T IF(PARTLD¢LE. 1«0} GO TO 30
G0 TO 120,25),IMaDE
20 CGNTINVE _ o L _
C IN THE HEATING MODE LOADS GREATER THAN CaFaCITY ARE MEET BY
4 ELECTRIC AUXILIARY.
_ QELEC=QLOAD-RCAPY
wAux=QELEc+wAux
GO TO 40
.25 CONTINUE
TFUIRUN) 4D,40,32
32 CONTINUE X
€ IN THE COOLING MODE A WARNING 1S gUTPUTED WHEN CAPACITY IS
c EXCEDED BY LOADSs
wRITE(~.31: TIME ' -
_ 3} FORMATISX,* THE UNIT COupD NOT MEEY THE LOAD AT TIME=S ' Fl0.4)
GO0 TO 40
30 CONTINUE
TF{PARTLD+LE.0.0) GO T 50
QCAPY=QLOAD . , )
C THE UNIT 15 MODULATED FOR oPERATION AT PART LOAD.
GASENS=PARTLDRGSENS |
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WCOMPEPARTLD&WCOMF
WAUXSPARTLD®WAUX
_ 4D CONYINUE _ - .
QUTE1)=QCaPYs].055
OUT(Z)=QSENS# 1,055
OLT(3)=WCOMP 1,055
T OUT (Y)Y =WAUX® ] +055
RETURN
END
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