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ABSTRACT

Solar liquid piston pumps (SLPPs) could help relieve the
energy problem of many devéloping countries of the Third
World, where solar energy is abundant. The major advantage of
the SLPP is. its simplicity of design and low level of
maintenance required. |

Previous theoretical work on the computer model was
extended to predict the scale effects on the performance.
Based on these results two models implementing different
condenser designs were constructed and tested experimentally.
It was found that in general the experimental results were in
qualitative agreement with the theoretical ones.

'I‘h;e technical aspects of integrating the SLPP with a
solar collector and implementing thermosyphon forces for the
circulation of the hot water, were analysed. The operation of

such a system was found to be feasible.
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RESUME
Les pompes solaires & piston liguide (SLPPs) pourraient
réduire les problémes énergétiques de plusieurs pays en voie
de développement du Tiers Monde, dans lesquels 1l'énergie
solaire se retrouve en abondance. Les plus grands avantages de

cette technique sont 1la simplicité de sa conception et

—— -

l'entretien limité gu'elle nécessite.

Les travaux précédents effectués sur le modéle numérique
ont été développé pour pouvoir prédire la gamme de résultats
possibles dans son application. A partir de ces résultats,
deux prototypes ont été construit‘s ad partir de différent plans
du condenseur et ont été testés expérimentalement. Lesl
résultats de ces expériences ses sont généralement avérés
similai“res aux prédictions théoriques.

Nous avons étudié les aspects techniques de 1a
combinaison de la SLPP avec un récepteur solaire gui utilise

des forces thermosyphon pour la circulation de 1'eau chaude.

Le fonctionnement d'un tel systéme s'est révélé fonctionnel,

-
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CHAPTER l: INTRODUCTION

Many underdeveloped and developing countries are plagued

by drought, especially in Africa, where due to léck of water
large portions of the land are left barren. The energy
problem of these countries could be helped w&th the |
exploitation of solar energy, which is usually an abundant

resource in these arid and semi-arid areas. Solar pumps could

play an important role in providing water distribution systems

for itrigaﬁion (1)* and convenient storage for humans and
livestock (2).

Conventional pumping technology which implements
electric mdtors or fuel engines to drive mechanical pumps is ;

currently more practical and efficient than solar pumping

technology, which is still immature and expensive (3).

However, due to the unavailability and unreliability of
electricity and fuel resources in the above mentioned areas,
independent solar pumping units, especially if they are of a
simple design requiring a low level of maigtenance, seem to be

an ideal solution-_for irrigation systems in these isolated

areas.

* Numbers in parentheses indicate references,

o
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1.1. HISTORICAL DEVELOPMENT OF SOLAR PUMPS

'

Figure 1.1 illustrates the various options for solar
powered pumping systems. In this figure, solar liquid piston

pumps (SLPPs) fall in the category of "special design and

pump” . ’

. .

A machine to pump water using solar energy was described

+

for the first time by Solomon de Caux, a French engineer, in s
1655 (4). However, the .first experiments were carried out
only in the late 19th century, by Guntner of Austria, Mouchot
and Pifre of France, Ericson in the U.S.A. and Adams in India.
Most of these early experiments incorporated tracking solar
econcentrators and Rankine engines which used steam as the
working fluid. In addition, Ericson built seven open cycle
hot-air engines (4). K

An experiment carried out in 1885 Sy Charles Tellier at
Autéuil, France, is the earliest known ancestor of Solar
Liquid Pumps. The working fluid was ammonia, which was heated
in solar collectors. The ammonia vapoug thus produced provided
;he pumping action by displacing water inside an iron sphere.
The ammonia was separated from the water with a flexible
rubber membrane (4). i

During the 1960's and the 1970's a variety of solar pump
designs was made. T. Finestein's and E. Farber'"s Solar

Stirling Engine, M. Borde's Solar MHD, C.D. West's Fluidyne,

oo e e o
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rural. areas. o .

+ > 3 )
D.P. Rac's .SLPP, A. de Beer's and Pelegano's "Camel" Rocking
Beam Solar Pump, Minto's Solar Wheel and R. Bernard's Minimum :

Maintenance Solar Pump. Also Thermo-electric and Photovoltaic

pumps- and organic fluids for Rankine Cycle engines were

developed about the same time (3 to 9).
By 1981, emphasis was given to the implementation of .

photovoltaic cells, with at least 60 small pumps iﬁcorpoqating g

PV cells being installed around the world. Most of them were’

installed by the French company Pompes Guirard and Solar
Electric Iﬂternational of the U.S. Although PV cells were too
expensive to compete withksolai thermal engines for irrigation
systéms, conéinuous éroduction processes for produc{ng the
silicon wafers could bring their cost down signifiqantiy.
However incorporatin@béiectric potdrs and mechanical pumps are
relatively sophﬁsticated systems to be maiétained in isolated
|

In contrast to PV pumps, solar thermal pumps are not yet

produced on a completely commercial basis 23). However, the

s

French company Sofretes has installed a significant number of

" field units, and there are also several others, like Ormat

Turbines Ltd. (Israel), Dornier Systems (W. Germany), /
Hindustan Brown Boqeri—(India), Grinakers Ltd. (South Africa),
Soiar Pump Corporation, Barber Nichois and Sunpower Systems
Inc. (U.S.A.). The degree of development of the ;vailablé‘

i

solar pumps however is not sufficient for competition with

¥
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conventional energy conversion systems. In any case they,

1 i

suffer the same disadvantages as the PV pumps in that they

‘ >
require a high level of technolpgy and therefore they are

2

aifficult to maintain in Lsolatgd rural areas.

o Solar pumps have characteristically low thermal
efficiencies due ﬁainly to the low femperatures at which Ehe
solar energy is collected. The ideal Carnot efficiency‘for a
hot temperature of 80°C and a cold temperature of 20°C 1is

17 %, A reasonably efficient thermal engine should achiéve
20 % of the Carnot efficiency to give an overall thermal
efficiency of about 3.5 %. The maximum tbeorgtical efficiency
obtainable from direct conversion of soldr radiation to

7
electricity with a PV device is about 21 %. Present

. . . vy y . 2
efficiencies of the more economical silicon wafers aTe around

11 % to give an overall system efficiency of 4.5 % (3).

A wide range of efficiencies is claimed for thermal
pumps depending on how specialized the desiqp is, but mostly
depending on the collector used and hence the temperature of
the hot fluid available for heating. Bell's fluidyqe, for
instance,vhas an efficiency of\b.lB % whereas West and Péhdey
claim an efficiency of 7 % for éheirs developed at the Metal
Boi‘Company in India (5).. Thé overall system efficiency of
thé 5 kW solar pump installed'by So%retes in Niger
(incorporating a flat plétensolar collector) is 1.25 % whf%gb
the efficiency of its Rankige engine/bhmp subsystem is aboﬁt

?
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.c"omplex since all the componentslneed to be designed to match

2 %&3) System efficiencies of about 3 % are claimed fbor
many organlc Rankine cycle prototypes by other manufacturérs,
These efficiencies however, have not yet been confirmed by
independent testing, with the exception of the Batelle pump, .
which was tested at Sandia Laboratories inm the U.S., and the

[ g
tests performed by Sir William Halcrow and partners in the -.

U.K. 3 .- s

There are not many options for using the electncal
output from PV pumping systems. Most designs use off-the- shelf
commercially available electric motors and pumps. Research
activity is limited almost entirély to the. photovoltaic panel
conversion components. Solar pumping thermal systems aré more

. €
the thermal input delivered to the system from the solar
panels, or storage reservoirs if utilisl;ed. In addition, the

output shaft torgque and speed should be matched to a suitable

‘pump to fulfill the required pumping conditions of head and

mass flow of water. If no provision is made for storing the

. thermal energy from the solar panels, then the system must be

designed to operate efficiently under daily and seasonal
<r
variations of the thermal input. Considering these

requirements the design of solar thermal pumps is a fertile

‘area for research.

"1
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1.2, OPERATION OF THE SOLAR LIQUID PISTON PUNP _

_In the SLPP, the up and down oscillations of a liquid
cplunin which is contained’ at the sealed upper‘part of .a
cylinder (figure 1.2) are c.;om“rerted into pumpir:g action by two
‘one way check valves at the inlet and outlet \'pipes located
near the bottom of the'cylinder.

These os‘cillgtions are generated by cgclic vaporization
and condensationi'of the working fluid at the top of the
cylinder. Trichlorotrifluoroethane (CCl,FCCIlF,), commonly
known by the Dupont traden&ﬁ; of Freon)113 was "use‘cﬂi as the
workingo fluid. It was chosen because its boiling poi;n: of

47°C at atmospheric pressure is suitable for use with flat

pléte solar collectors. A flexible polyethylene seal separates

_the Freon 113 from the vater being pumped.

OTﬁe liguid,Freon 113 is vapourized when it comes in
contact with the evaporator and is condenéed atuthe condenser.
Although in the SLPP the working fluid goes through
compreésion,,ﬂevaporat\ion, expansion and condenéat‘ion as in‘a
typical ‘Ra{mkine engine, it differs because all these processes
take place within the same working volume instead of taking
place in separate compartments. The disadvantage of this
a;‘rangement is that in some intervals of the t.ime period of

the cycle evaporation and condensation overlap. However, this

disadvantage is offset by the simplicity of the SLPP,
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The SLPP features the most simple design for a solar
thermal pump, combining the thermal engine and the pump into
one unit. The two mechanical pumps and the turbine
reciprocating expander vhich are required for a solar organic
Rankine cycle system are replaced by the oscillating column.
The only mechanical moving. parts required are two one way
check valve‘s.

The oscillato;y motion of the ligquid column is
self-starting and remains stable provided that the hot and
cold water flows through the evaporator and the condenser
respectively, are sufficient to keep the corresponding
temperatures above and below critical values. The critical

temperatures depend on the suction and delivery pressure heads

. which also have critical maximum limits for sustained

—

operation of the SLPP.
1.3. REVIEW OF RESEARCH ON SOLAR LIQUID PISTON PUMPS

~ In the department of Mechanical \\Engineering at M'cGill B
University, research on SLPPs started in 1976, when the 4 V/
oscillations of a ligquid column inside a straight gl“ass'tube
vere theoretically and experimentally studied (10). Then some
experiments were carried out with a fluidyne heat engine and a
flash boilingvliquid piston pump was developed (11, 12, 13).

Eventually a circular model was designed and successfully

v
3
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‘operated (14, 15).

w
Some modifications were done on this model concerning

better sealing and a limited optimization of the relative

positions of the evaporator and the condenser (16, 17). The

performance characteristics of this modified 10 cm circular
SLPP were studied experimentally,> varying the inlet and outlet

pipe lengths and obtaining pressure-volume diagrams (18).

rcmr————

Then, a rectangular model was constructed (19)° in an attempt

to reduce the pressure drop across the evaporator. This model
did not work very well initially, because of the poor mixing

of the hot water in the evaporator. At this time it became
apparent—that a computer simulation model would be needed in
order to optimize the SLPP, A semi-empirical model was

developed based on the results from the 10 c¢m circular mo@el
(20, 21).

Independent research has been carried out in India on
the Hindustan Brown Boveri Mark 1 solar pump. Its basic
operation is similar to the McGill SLPP except that

vaporization takes place continuously in the solar collector

and it is the condensation process that occurs intermittently

(7, 8). As a consequence of the spatial separation of the

condensation and evaporation processes, it is possible that

the Mark 1 could achieve higher efficiencies than the McGill
SLPP. Its system layout however, is far more complex than that

of the McGill SLPP. It is possible that this, combined with

<o
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the use of flammable m-pentane as the working fluid, will

counterbalance the lower efficiencies associated with the

McGill SLPP. .
1.4. OBJECTIVES

The work in this thesis was focused on the following
objective§: ‘ -
i)’obtain theoretical predictions for the performance of
the 10 cm circular model and of geometrically scaled
models 0
ii) construct and test experimentally a geometrically
scaled model
iii) study the technical aspects of matching the SLPP with
a solar collector.
' In order to achieve the first objective and to interpret
“the theoretical predictions, the work was based on the
coﬁputer simulation program and the theoretical framework
developed earlier by A. B. Hammond (20). For this reason and
for conciseness, chapter 2 is a review of the theoretical
modelling of the SLPP. Then chapters 3 and 4 deal with the
"theoretical and the experimental results respectively, while
in chapter 5 the results from the twé previous chapters are

compared and discussed. Finally, chapter 6 discusses the

matching of a solar collector with the SLPP.




CHAPTER 2: THEORETICAL MODEL
¢ , .

2.1. BASIC MODEL

In this chapter, the physics of the theoretical model
will be discussed leading to the description of the computer
modelling of the SLPP.

The basic operation of the SLPP is analysed with
reference to the p - V diagram, figure 2.1.  AE point 1 there
is a maximum volume -minimum height of the liquid column- and
a minimum pressure. At this point the inlet valve opens. Tﬁe
liquid starts moving upwards, reducing the volume of the
vapour along the assumed line of constant pressure and
temperature, 1-2. The liquid is below the heater 1level and
net heat is rejected to the condenser by means of
condensation. Water is taken in, increasing the momentum in
the main cylinder and inlet pipe. At point 2 the liquid
contacts the heater. Due to inertia effects, the v;lume
continues to decrease and the vapour is compfessed along an
assumed constant quality line 2-3, During this time,
evaporation of the ligquid begins, which increases the pressure
and inhibits the upward motion of the liquid until this motion

is stopped (point 3). At this minimum volume and maximum
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pressure, the inlet valve closes and the outlet valve opens.
The pressure and the temperature are assumed to re;ain
constant along the line 3-4 while vaporization is dominant.
Tze volume is increased and water is forced out, increasing
the momentum in the main cylinder and the outlet pipe. At
point 4, saturated conditions for the vapour are assumed to be
achieved. The liquid is no longer in.contact with the heater
and vaporization stops. However, the volume continues to
decrease along the assumed 100 % qQuality line 4-1, due to
inertia‘effects. At the same time, the pressure of the vapour

is decreased due to condensation, until the downward motion is

arrested.

2.2. PHYSICS OF THE THEORETICAL MODEL

2.2.1. THERNODYNAMIC CYCLE

The major assumption made for the SLPP thermodynamic
cycle follows directly the description of its operation based
on the p - V¥V diagram. It was assumed that the changes of state
of the freon vapour follow a cyclic process which resembles
the Rankine cycle because it includes two constant pressure
processes. However,it also includes two constant vapour

quality processes instead of the two constant entropy
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processes that the actual Rankine cycle includes. This
assumption can be clearly visualized with the help of a p-h
diagram, figure 2.2.’

The processes 2-3 .and 4-1 take place at constant vapour
quality while 3-4 and 1-2 are at constant pressure and
temperature. Under this assumption, the mathematical
modelling of the SLPP is simplified. For example, if a
constant entropy line was followed from state 4, then the
vap;ur would enter the superheated region, thus increasing
very much the complexity of the model, Hdwevgr, experimental
p-v diagrams indicate that the cycle is similar to the dotted
cycle in figure 2.2,

The p-h diagram for Freon 113 shows that in the area of

interest the two constant guality processes can be represented

by:

where K' , and K' , are constants depending on the
dryness fraction of the vapour
For the sake of simplicity, an approximated form of the
above equations was introduced:
pu=K [2.1])*
P ,
’ “
* Numbers in brackets indicate equations.
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™ =k [2.2]

/
where the constants K  and K ; also depend on the

dryness fraction of the vapour.

2.2.2. HEAT 'r#msrsn

|

There are several modes of heat transfer ghat take place
in the upper par;: of the SLPP. In particulz;r, there is hf;at
transferred from the evaporator to vapourize the ligquid,

g .1-v . and heat transfer from the vapour to the condenser,
g .v-1 , as a result of condensation. Also, heat is
transferred from the evaporator to the vapour directly, q ny
and from the ligquid to the condenser, q ;. . Finally, there

" is heat traﬁsfer from the recondensed vapour to the liquid,
dv-1 -

The latter heat transfer rate was assumed to be a
certain fraction of q .;-, , which is an exponential function
of the depth of the liquid above the evaporator, so that as
that depth increases, q ,., approaches g .,-, asymptotically.

There are other minor heat transfer rates, for example
between the liquid surféce and the vapour, mainly by radiation
and convection, which were considered to be comparativef"y

small with respect to the other modes of heat transfer and

e - - U |
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they were therefore neglected.

Effective evaporation takes place due to the difference
between q .;-, and q@ ,-.; , so that the mass rate of
evaporation, M .,,p , is a function of their difference. The
vapour condensation rate, M . , is a function of q .,-1 .. The
net vapour generation was aésumed to be:

M =M -M [2.3]

v evap c

which after algebraic manipulations becomes

f A h (A -A )h
e hl evap ce cl c
¥ = —mmmm (T -T ) - (T -T ) [2.4]
v h L v c
h h
tg fg
(20)
where
-(L  -Y)/B ) ,
f =e
e
with
B=2.5 cm

It must be noted that the various heat transfer
coefficients were initially given values estimated from

handbooks. These values were then corrected in order to

S
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calibrate the model (20).
2.2.3. ANALYSIS OF THE FLOW

The flow in the outlet and inlet pipes is a pulsating
flow which, under the assumption that at any instant the
velocity profiles in each pipe will be the same along the
whole length of the pipe, can be considered as a pulsating
fully developed flow (20).

Following an analysis for this %ype of flow according to
the geometrical characteristics of the pipes and a Reynolds
number specially defined for this purpose (5, 20), the flow
can be classifigd as pulsating laminar flow in wide tubes,
where the friction losses can be determined using the

D'Arcy-Wiesbach equation:

ap = 4 £ - . [2.5]

fric ,
D 2 -
Flow analysis of the three liquid columns

The standard method employed was a control volume

analysis, using the linear momentum equation. According to
this analysis, the resultant force F p on the particular
control volume is considered as the sum of the external forces

F «xt , the pressure forces F , , the shear forces F  and the

body forces F , .
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first, the SLPP was divided inéo three liquid columns

with each one being examined separately.. |
&

almgaip cylinder

The lower boundary of the control volume was located
just above the valves where it was assumed that the pressure
is uniform. The upper boundary was locatgd low enough so that
it would always remain within the liquid column, in order. to
avoid the problem of a moving control volume. In addition, it

was assumed that at the top of the control volume the pressure

1

was uniform and thatithe mass in the liquid column remainedk
constant. The pressure lasses across the diaphragm and due to
wall friction were considered to be negligible in comparison
to friction in the inlet and outlet pipes. Agcording to a
rough estimate, the ratio of the wall friction losses to those
in the inlet and outlet pipes was less than 0.02 % of the
squared ratio of the respective velocities. According to
these considerations, the shear forces in the working tube
were taken to be zero. In the absence of other types of forces
such as centrifugalnand.electromagnetic which .fall under the
general category of external forces, the forces acting on the
control volume were:

F =—M g
b cyl

and (2.6]
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 to be uniform and equal to the velocity of the ligquid-vapour

‘ 17

'
. v 3

'F ==(p -p A
p. v.p cyl

<

A.final assumption'was made. It concerned the velocity

"of the liguid inside the control volume which was considered

interface Y.
This velocity can be related toc the outlet and inlet
pibe velocities by applying the principle of continuity to the

@

main cylinder:

eff o © i i

A Y=V A-—V‘A: - - [2.7])

b. Outlet pipe '

The boupdaries of the control vp}ume for the outlet pipe
were located just d?wnstream from the outlet valve/on the pipe-
valls 'and the outlet of the pipe. The forces acting on this

control volume are:’

F =(p -p }A
p [ 2 [ .
F='p g(H +L ')A [2.8]
b w [ cyl [ .
and
F =-(6p*  +6p ) [2.9] . .

s . fric entry ,

.The friction losses were computed using equation [2.5]
wvhile the entry losses associated with the transition from the

main cylinder to the outlet valve and the outlet pipe, were

e
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c. Inlet pipe

~ 3

The analysis of the inlet pipe is similar t.

o the .putlet

pipe; the force equations are: .’ : °
' F =(p -p)A : 3
L p  a i 1 . . .
- - 5 ; ". . . .,
T F =p g(H +L )A [2:12].
b' v i ecyl 1 N u
F =(6p +6D ) . P o
s fric exit s . ' A
\ . ', e
. ; x .
. - . y
‘ v :- s

e T YRSy 2 Y et YE bmiten £ ¥
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’ R 7’
T . ’ ? ' -
N ® 4
' v - ’ - RN
J 18
K ¥ ot ! N .
taken to be: ‘ R
‘ 5 - :
& o f
. N 3 - . :‘ '
v 4 ) N ‘ ".' . .
Y I ’ .o, ' =
- o
? o v o N '_a." ' .
, . ep i ebop ek e T o] -
entry b o JErie o
. 4 ‘2" ° . '
. , »
- o, N 1
with K ;. ;. the pressure loss céefficient,
Combining equations [2.8], [2.9], {Z.10] and doing some
manipulations; (20), gives: o) . L
){“*:‘\ ' ° ' - “
(N n T
' \ \\\ 4/ * . L !
i 5 . '
M g -\ M AN -M T Y
°© . cyl i cyl - ' ' L =7
(— + . W, - — . —=— VY =(p-p)- - .
S A Av A A A ! 3 : .
o cy‘l cyl . cyl cyl
T . : s ' -
C'l// N “! 2t ” b [ ! .
o " . ' i & cyl > R
* - (p-p) - »g(H +L ) - (6p +6p-,c ) = ——g - [2.11]
v a ¥ cyl ( fric ; entry St T
) : A ¢ .
° . » c"yI \ |~"‘
s . N o ’ s 4
N K . o

.
!
H
[
4
i
i
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Here, the exit losses associated with the transition
from the inlet pipe through the inlet valve and into the main
cylinder were assumed to be double the entry losses (20).

-

Finally, in much the same way as for the outlet pipe,

the following equation was obtained: s (
M A ?.M A M . . N
i i cyl ° cyl )
( — + - . wwo - . vV = (p-p ) -
{ - o o & ¥
A A A A A )
b cyl cyl cyl cyl
M )
ey ¥
- » g(H -L ) - (6p +6p ) = —— g [2.13],
] i eyl tric exit
A & °
. cyl
& . . o

In the above analysis it has been assumed that the

~
-

external forceés are equal to zero.

‘el ~

e

BT LE

NS S A i



R
¥ i i e AP ERR g8 ‘

R RET S Y R BN . KPS B TN Eh e T

Fo B s S e R Mgy e ] e e ana

|y e et T

t‘-t-—mmm_ -

2.2.4. GEOMETRICAL PARAMETERS

a. Liquid contact areas ‘ \
In order to calculate the various heat transfer
coefficients for the processes taking place in the upper part
of the SLPP, the‘liquia contact areas mﬁst be calculated. But ,
éoth the .evaporator and the condenser are of an irreqular
shape, so that it was necessary to make séme assumptions, Thé
respective 1iqui§\con§act areas were assumed to be uniform in
fhe vertical direction and therefo:e,fdnctions of Y only, the
dfstaqpe of the liquid-vapour interface from the top of the
main cylinder. In addition, the upper séraight portion of the
condenser was taken to be negligible compared to the rest of
With these approximations, simple linear equations with
respect to Y wexe‘obtaine@ for the various liquid éontact
areas such as the heater-liquid,'thehcondenéér-liquid,‘and

also the heater-vapour and the condenser-vapour contact areas

(20).

b.‘Vapour yolumé
The spec1f1c volume of the vapour must be known in order
for the pressure and temperature of the vapour to be
determined over’ a tyme interval,
'For this task, first the volume occupied by the vapour

- . o
+
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in the upper part of the SLPP was cglculated under the
assumption that fo; both the condenser and the evagoragor
coils, the total volume of each one is distributed uniformly
over its total length. Taking into account the upper straight
portion of the heater as well, the volume of the vapour was
obt;ined as a function of-Y (20).

Finally, dividing the obtained volume that the vapour
occupies by the mass of the vapour yielded its specific
volume. Thus the preséure and temperature of the vapour could
be determined at‘any time during the cycle from equations

[2.1] and [2.2].
2.2.5. HEATER, CONDENSER AND LIQUID FREON TEMPERATURES

Initially the temperature was assumed to be

Q&ﬁstantaneously the same over the evaporator surface due 'to

the relatively small temperature differences between the
evaporator inlet and outlet. This lead to a differential

equation which was integrated to give (20):

-
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[2.14]

This equation was used for obtaining the average

evaporator temperature at the end of .each time step.

In the 10 cm model which was used for
the computer model, the condenser consisted
which coiled down and back on itself. Based
assumed that the condenser surface was at a

temperature.

the calibration of
of a @ouble coil
on that, it was

uniform

Finally, the constant mixing of the-liguid freon in the

neighborhood of the heating and condensing coils lead to the

assumption that the temperature of the liquid freon is uniform

and remains constant.

r

2,2.6. MASS AND ENERGY CONSERVATION

The principles of conservation of mass and energy were .

applied in order to provide a criterion for checking the

validity of the theoretical model.

H

ot
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K]

According tdb the principle of conservation of mass, the

mass of freon evaporated over a cycle must equal the mass of

freon condensed over the same cycle. Under the assumption that

there are no heat losses through the diaphragm and the main

cylinder walls to the surroundings, this reduces to;

fq dt =fq°dt [2.15]
1 le

v -

4

which was used as a criterion for. choosing the constant freon,

liquid temperature.
The principle of conservation of energy provided the

equation (20):

fq dt = fp av [2.16]
hv v

l

1

which was used for the choice of the heat transfer coefficient

for the heat transfer between the heater and the vapour.

2.2.7. PERFORMANCE CRITERIA . t

The indicated power is the cyclic integral of the p - V

diagram:

- — e i
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f(p A Y)dt aad
v eff
w = [2.17]
ind
T r
‘o The average discharge flowrate is:
- d
f(A VvV )dt
] o
Q =" ‘ [2.18]
T

The power output is a function of the discharge and the pump

head:
W = s g(H -H)Q [2.19]

The power input is the total rate of heat transfer from the

evaporator into the system: <

f(q + g )dt

el-v hv

q = [2.20]

tot

The‘indicated and overall efficiencies are:

e s gy g
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w
inagd
n = [2.21]
ind '
q
tot
w
n = em—— [2,22]
ov
a

2.3. THE COMPUTER PROGRAM (20)

The main function of the computer program is to solve

the system of the four non-linear equations [2.4], [2.7],

[2.11] and [2.13]. For this purpose the IMSL subroutine DGEAR

was used, which is a predictor—corrector
eguation solver. The main program -MAIN-
intervals of 0.02 seconds, at the end of
Initially,'MAIN allows 6 seconds for the

settle out, using assumed input data for

type of differential
generates time

which it calls DGEAR.

initial transition to

the mass of the

vapour M , and the position of the liquid-vapour interface.

The program engages an iterative computation of the

freon liquid temperature T , . An initial guess value for T [

is used. Then the computation r'uns for four or five cycles

until, with the aid of a secant method iterative scheme,

convergence i's achieved. Then, a fifal round of computation is

employed in order to compute the various

performance criteria

-y
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that characterize one cycle.

In general, MAIN first sets the initial conditions and
the time.intervals. For this purpose, i£ utilises DEFCON, a
subroutine which computes the program constants, mainly
geometric. Then MAIN sets the initial position of the
liquid-vapour interface at the bottom of the heater. With
this position as input data, subroutine VANDA computes the
various contact areas as well as the volume of the freon
Qapour.

Next, DGEAR solves the system of differential eguations
with the aid of two subroutines, FCN and FCNJ. FCN computes
the rate of change of the state variables and determines the
position on the p-h diagram while FCNJ computes the 4x4
Jacobian matrix of partial derivatives for the system in
question.

After DGEAR has yielded the new values of M , ,V , ,V ,.
and ¥, first MAIN checks the stopping condition, in other
words, whether the model has been led to a simulatéd stall.
This condition requires that there must not be any flow at all
for the last 0.5 seconds. If the stalling condition is not
satisfied, the average heater temperature is computed in
THNEW. Then MAIN checks if initial transient has been settled
out. If this is the case, the program proceeds. If not, it
takes the computations back to DGEAR again.

Now subroutine CYCLE is called, which compares the new
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value of the vapour pressure to the old one and identifies one

cycle. Then it computes the performance criteria and checks if

convergence has been achieved for this value of T , . For this

purpose, equation [2.15] is used. If the final value of T

has been reached, control is transferred to MAIN, which, with

the aid of subroutines OUTPUT and FINAL prints out the results

enéaging élso the McGill University Fortran subroutine PLOTI1

which draws the required graphs. If however, convergence has

not yet been achieved,
scheme to obtain a new
then taken back to the
values for a new round

A listing of the

CYCLE utilizes a secant iterative

~——

value for T [ . The computations are

step where DEFCON computes the initial
|

of computations.

program is presented in Appendix 2.



CHAPTER 3: THEORETICAL PREDICTIONS

The computer program was used to .run geveral tests on
the theoretical model. The results obtained from these tests
could be used in two ways. First, they‘would show the extent
to which each parameter has an effect on the performance of
the SLPP and indicate the range of each parameter where
optimization of the SLPP can be pursued. Then, the
experimental testing of the SLPP, which would be more limited
in extent, could be focused on the appropriate parameter
variations, Second, the theoretical results could be compared
with those obtained experimentally to determime the
limitations of the theoretical model. It must be noted that
the theoretical model was based on empirical data obtained
from tests on a 10 cm model.

The parameters that were varied can be divided into two
categories. First, parameters that are associated with the hot
and cooling water flows through the SLPP, such as the hot
water inlet temperature T ,, , the hot watef mass flowrate h ,
and the cooling water temperature T . . Second, parameters
that have to do with the geometry of the SLPP, especially the
heat exchangers. These were the surface area of the lower part
of Fhe heater A ,, , the distance of the heater and the

condenser from the top of the cylinder L h”%nd L ..
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respectively, and the thickness of the heatet L ., . Bach of
these parameters was tested for different values of the total
head while the rest of the parameters were kept constant. The
outlet head was varied from 1.0 to 2.5 m while the inlet head
was kept constant at 1.5 m, \

The theoretical results obtained from each run are
presented aﬁd interpreted in terms of the theoretical model in
a qualitative way. Some minor modifications had to be
incorporated to the original program to allow for some of the
geometrical variations, notably in altering the scale size.

The performance of the model is presented in terms of

——the discharge and the efficiency versus the total head. The
power output is not plotted because it can be exéressed as a

function of the discharge and the total head.

!
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3.1. RESULTS ON THE 10 cm MODEL

u

3.1.1, HOT WATER INLET TEMPERATURE

T ,, was varied in a range between 71 and 93°C. The
results are in figures 3.1 and 3.2.'The discharge and the
efficiency of the\model increase as T ,, increases.

The average heater temperature T , is a function [2.14]
of the hot water inlet temperature T ,; so that an increase in
T n; results in an increase of T , . The heat transfer rates
from the heater to the vapour g ,, and to the ligquid q .,-.
both increase with T ,, . The effect of increasing q .,., is to
increase both the mass rate of evaporation M ., and the heat
input to the model. The former results in increasing the rate
of producing vapour in the upper part of the working tube and
therefore decreasing its specific volume since the volume of
the vapour has remained unchanged. Thus the pressure of the
vapour is increased [2.1] leading to an increase in the outlet
velocity [2.11]. Following V .., the discharge [2.18] will
also increase and with it the power output [2.19]. The overall
efficiency will also increase through [2.22] despite the fact

that an increase in T ,; increases the total. heat input.

o
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3.1.2. HOT WATER MASS FLOWRATE .

h , was tested for different values in a.raqge'that is
within the limits of the actual models. The results are shown -
in fiqures 3.3 and 3.4. It can be seen that for the .
variations of h , considered, the discharge increased‘glightly
at thg higher heads with a small overall increase in the
efficiency. , ‘ .

The average temperature of the ﬁeater f‘h is alsq a
functisn of the hot water mass‘flowrate [2;14] but the
functional relationship here is not very strong so that when
h , is increased T , will increasernly slightly. Throuygh

T , , the variations of h , lead to the same effects that were

- .

discussed previously for an increase in T ,, .
3.1.3. COOLING WATER TEMPERATURE

T . was varied between 10 and 27°C. Figurés 3.5 and 3.6
show that increases of T . have the inverse effect on the
discharge while the efficiency incgéases,as T . in;regses. Iﬁ
additién, at the higher values of T . the model stalls.

When T . %s?increas;d the heat transfer rate from the
vapour to the condenser q .,-, will drop so that the mass rate
of condensation M _ decreases. On the other hand, the liquid.

I
temperature T , will increase with T . leading to a drop in -

1



b

v e s

e g

£

e

ST e e e

e

J » . 32

de1-v 51nce it is a function of the temperature dszerence

a
N

“ between the heater and the ligquid. This wlll result 1n
decreasing the mass rate of -evaporation M’ e o Also,“as a

resulh ofs the decrease in g .., , the hot water autlet' ) .
temperature will increase so that the heat ihpu£~hq the model

will decrease. This decrease of both M . and M céregﬁlts in °

decreasing the mass of the vapour per cycle in the working

tube [2.3] which, as it wvas discussed before, will.Tead to a

v

decrease in the discharge and” therefore in the poﬁer output.

4

However, the decrease of the heat 1nput is larger compared to
that of the power output (Table 3, Appendix 1.1) and this has
the net effect of increasing the effic1ency. . -

As a consequence of the above, h1gher values of T . will 4

result in smaller condensation and evaporation rateés so that

\
[

the model eventually w1ll stall.

@ L e . - ' " '."‘l . ’
3.1.4. SURFACE AREA OF THE E?WEﬁ~PART”OF THE HEATER

At s
A - *

The results obtained by varying A ,, , figures 3.7 and.
R ‘ .
3.8 show that both the discharge and the overall efficiency

o €

.are increased as A ,, increases. In addition, they show. that

for small values of A ., the model will not operate.- ", . W« ,
When the surface area of the lbwer part of the heater,is ’ .& ,

increased, the contact area of the heater with the liquid is - . :°

increased correspondingly, resulting in an increase of \}n J )

~

R
.
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g e1-v . Thez discharge and the efficiency will therefore

increase following the effects that were previously discussed.

©

It must be noted that the size ©f the working tube

LS

imposes a limitation on how much A ,, can be increased.
3.1.5. DISTANCE OF THE HEATER FROM THE TOP

The results obtained when L , was varied are "in figures

3.9 and 3.10.‘ They exhibit the trend of improving performance

N
-~°

with smaller values of L , . 7

Small values of L , means that the evaporator is brought

L]

closer to the top of the cylinder. But since the location of

the evaporator determines-the posit¥ion around which the®

oscillations of the liquidgzfapour interface take place, the

interface will also-be brought closer to the top of the
(\,laa‘) ;
cylinder. The volume of the vapour-as well as'its ‘specific

l
?

volume will therefore decrease resulting in an increase ‘of the

Bl

vépour pressuré wvhich leads to an increase of- t‘hé outlet

velocity V 5 [2,11] and thus of the aischarge ané the overall "

efficiency. In other words, there will be lt;ss inactive vapour

volume at the top of the working tube. )
The increase of V , results in an increase of the

amplitude of the oscillations through [2.7], figure 3.11,

because the surface areas involved remain conétanﬂt.'At the

]

same time, the fregquency remains practically constant, figure

. [

' r
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It must be noticed however, that before L , was able to
reach its limiting value of 0.0 cm, the model started
predicting negative values of the distance Y bet‘ween~the

liquid-vapour interface and the top of the cylinder. This

‘happened at 0.63 cm from the top, and it is probably due to

the prediction of very large amplitudes in this case, as the

trend of figure 3.11 implies, because the computer program
does not allow for restrictions of the amplitude at heater

A

positions close to the top of the working tube.

/
3.1.6. DISTANCE OF THE CONDENSER FROMN THE TOP

g0 /

,

3

The results obtained from varying L ., are in £1gures

3. 13 and 3.14. They show that the performance of the model'

increases as the condenser is lowered, i.e., L ., increases. R

Y

Howevér, as L .. is increased beyond 2.5 cm the model will not

O ’ |
operate at’the higher heads .-

)

When the dlstance of the top of the condenser from the

top af the working tube L et 18 1ncreased the theoret1cal

/

model pr‘edlcts no change in the vapour volume, since it is not

>

a functxon of L ot (20). However, the contact area of the

[.

vapour w1th the condenser decreases, while that of the liquid

with' the condenser xncreases, thus increasing the mass of the

H

'vap%lr at the top of " the workmg tube [2.4). Therefore, the

FE )
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. specific volume of the vapour decreases leading to an increase

of the vapour pressure through [2.1]. As a result, the outlet

velocity will increase [2.11] as well as the amplitude [2.7],

(figure 3.15), while, following the increase in V , , the

discharge will increase too [2.18], together with the power > ~

output [2.19].

A

The decrease in the condensation rate M _ that is
brought’ about by the decrease in the’ vapour-condenser contact
area, will eventually result tﬂo decrease the evaporation rate,
t;hrough the conservation of mass principle [2.15], decreasing
the heat input to the model. Since there is a decrease in the
heat input and an increase in the power output (Table 6,

Appendix 1.1), the efficiency increases. But the more L ., is

_increased, the more M . will decrease and consequently, at the

higher values of L ., the model will be unable to overcome the

higher heads and it will stall.

3.1.7. THICKNESS OF THE HEATER
|

’

“The variations of the heater thickness L ., show that
the discharge and the efficiency of the model increase as the
thickness of the evaporator is decreaseci, figures 3.16 and
3.17.

When the evaporator is thicker, the liquid remains in

contact with it for a longer time period. But since the

\

\
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surface area and the temperature difference have not changed,
the heat transfer rate from the evaporator to the liquid and
consequently the mass rate of evaporation remain unchanged.
However, now evaporation occurs over a longer time period.

That means that although the vapour pressure has not changed,

it remains longer at the same level, But the computer program

identifies the transition to the subsequent stages of the SLPP
cycle by means of the pressure cixanges in order to determine
the time period of the cycle. Because of this, now the time
period of the cycle will be increased, or the frequency will
be decreased (figure 3.18). As a result, the discharge will
decrease [2.18) together with the power output and the

°

efficiency. .

/

It must be noticed that the thickness of the heater was

varied together with its diameter in order to keep the surface
area constant. Therefore increasing the thickness of the

heater resulted in a heater with smaller diameter as well.

This however introduced another effect, namely that of varying

the heater diameter. In corder to separate the two effect’s, the
results on the performance of two heaters with the same
diameter but with different thicknesses are compared in figure
3.19. It can be seen that although in this case the thicker
heater has alsoa lérger surface area, the discharge and the
efficiency are decreased. This justifies the previous

discussion, indicating that the increase in the thickness is

4
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the dominant effect,

.

In all the previous results there is a clear trend of
decreasing discharge with increasing total head. In the I
theoretical model this effect comes from equation [2.11],
wvhere it can be seen that an increment of the outlet head H ,
will result in decreasing the outlet velocity V , and
therefore the discharge of the model.

Figure 3.20, based on the results obtained from the
tests on T ,, variations, shows the power output plotted
against the overall efficiency n. It can be seen that p ,
increases proportionally to =.

An obs;rvation of the tabulated results shows that when
the rest of the parameters are kept constant, the power output
tends to increase together with the total head aH. But the

discharge decreases with AH so that the effect of aH on p ,

is more dominant than that of the discharge.
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3.2. SCALING '

Another set of results was obtained by varying the scale
size of the SLPP. The intention was to explore the performance
of the SLPP when its size is varied, something that would be
difficult to do experimentally because it would reguire the
construction of several models. For this purpose the program
wvas scaled geometrically. This was done by introducing a scale
factor "f" as the ratio of the diameter of the model over the
diameter of the reference model which was 10 cm, All the
geometric parameters were multiplied with £ to the appropriate
power; that is to say, lengths were multiplied with the scale
factor in its first power, surfaces with f2 etc. Other
parameters that were associated with the geometry of the SLPP
were also scaled accordingly. Such parameters were the voluqe
of the freon in the main cylinder which was multiplied with fz
and the hot water mass flowrate which was scaled
proportionally to the cross-sectional area change of the
heater coil. The inlet and outlet heads and tube lengths and
diameters were not scaled.

The tests were carried out for scale factors from 0.8 to
1.3. The results obtained are shown in figures 3.21 and 3.22.
It can be seen that the discharge increases with the scale

factor while the efficiency does the opposite.
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Figure 3.23 shows the amplitude plotted against the
scale factor for three dgfferent total heads. The amplitude
decreases with the totalihead while, taking into account the
acceptable roundoff errors, it remains almost constant for the
dif ferent scale factors. Since the amplitude remains constant,
the trend of increasing outlet velocity with increasing scale
factor will occur through [2.7]. This is because the effective
cross-sectional 'area of the main cylf?ﬁer increases
proportibﬁally to £?2 while the cross-sectional area of the
outlet pipe is not scaled. The ocutlet velocity is not
increased proportionally to £2 however, because [2.8] adjusts
it in order to take into account the friction losses which,
according to the D'Arcy-Wiesbach equation [2.5], are
proportional to V? |, . The outlet velocity therefore will
increase as the 'scale factor increases, but less than would be
expected due to increased friction losses. The discharge and
the power output will increase proportionally to V , .

Figure 3.24 ,shows that the frequency decreases with
increasing scale factor. From [2.4] it can be seen that the
mass of the vapour at the top of the working tube is
proportional to f? so that the specific volume of the vap&ur
is varied proportionally to f and the pressure of the vapour
is varied ‘inversely proportional to f [2.1]. Therefore, when
f>1, the vapour pressure decreases while when f<1, it

increases. The changes in p , in the theoretical model



40
determine the time period of the cycle so that, when £>1 this
time period will increase, i.e. the frequency will decrease.

On_/_the other hand, f>1 results in increasing the heat
transfer surfaces so that the heat input to the model is
increased proportionally to f2, that is more than the power
output is increased. The net result of this is to decrease the

overall efficiency with increasing scale factors.

Interes*; was focused on scale factors larger than unity
despite the lower efficiencies because of practical
considerations for the construction of an actual model
utilizing thermaly syphon forces. A working tube diameter of
14 cm which corresponds te a scale factor of 1,375 was chosen,

Using this value of f, another set of tests was carried
out on the same parameters that were tested before, in order
to enable a direct comparison with the experimental results
that would be obtained.

These results are presented in figures 3.25 to 3. 36,
Except for the expected upwards shifting of the discharge and
the downwards shifting of the ovérall efficiency, the same
trends as before are exhibited in all the results; sometimes
the trends are more pronounced, as 1s the case for T _ ,
figures 3.29 and 3.30, and L ., , figures 3.35 and 3,36, where

the model stalls at smaller distances of the condenser from
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the top pf the cylinder. Also, the model again started giving
negative values-of Y as L , was decreased, but this time this
effect appeared on values of L , below 5.9 Em. The heat input
remained always high despite the reductions in T ,; , h , and
A ;, and decreased only when the thickness of the evaporator
was decreased. Finally, the model did not operate'at all at

total heads higher than 3.5 m.
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CHAPTER 4: EXPERIMENTAL MODELS

Two models were built and tested experimentally. The
first one, with a tube diameter of 14 cm was designed to allow
for the vertical position of the heater and condenser to ‘be
varied. The second one did not have an internal condenser
coil., The tube diameter was 12.7 cm to provide the same
working vapour volume as the first. The condenser and heater
were fixed. The model was made of copper arid condensation
occurred on the inside surface of the working tube.

The main reason why these two models were chosen to be
larger than the previous one, was the minimum size of the
evaporator coils required for the thermal syphon effect.

For both models the working fluid that was used was

Refrigerant 113 (Freon 113),
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4.1. LABORATORY PFACILITIEBS

A schematic of the experimental set-up in the laboratory

is shown in figure 4.1, The variable input head consisted of a

ﬂbucket supplied with an overflow drain, which was fastened to
a stand so that it could be set at different levels. The
make-up water entered the bucket directly from the main water
line. The variable output head consisted of a pulley and rope
system with which the outlet pige could be elevated at
diff;rent heights. The maximum suction and discharge heads
obtainable were 1.5 m and 2.5 m respectively, so that the
maximum total head was physically limited to 4.0 m.

The discharge was measured by collecting the outlet
water in a wefgh tank over a time period that was ﬁeasured
with a stop watch.

The hot water was heated in a separate tank by means of
an electric heater supplied with a rheostat to control the
temperature. With the help of a 1/4 hp gear-type rotary pump,
it was éirculated in a closed loop, passing through a
calibrated rotameier, a valve to control the mass flowrate,
the evaporator coil and back to the heated reservoir tank.

The cooling water entered from the main water line,
passed through a valve to control the mass flowrate, a

rotameter, the condenser and then discharged to the drain in

an open loop system. The cooling water temperature was not
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"of the vapour, it was preferred to have it measured in real

44
controlled.

The temperaturés vere measured using chromel-constantan
thermocouples placed at the inlets and outlets of the
condenser and the evaporator and were recorded on a’Higiéal T
Omega meteé to the nearest + 0.5°C.

A pressure transducer placed at the top of the main

cylinder measured the pressure of the vapour. For the volume

time instead of the previous method which consisted in

recording the pressure on a chart recorder and taking a series

of photographs of the chart recorder and the liquid level

position togéther. For this reason considerable effort was -
devoted to the development of such a device that would measure

the volume of the vapour or the position of the liguid-vapour
interface.

Resistive type devices to measure the height of the
interface between the Freon 113 fiquid and vapour were ,
unsuccesful due to the insignificant change in resistance
between the two phases. Other . systems for measuring a liquid
hgight such as capacitive type, resistance across a "hot
wire", photosensors and doppler were rejected in faJour of
measuring the pressure variations due to a change in heiéht of

the liquid column.

Figure 4.2 shows how the pressure transducers and

‘instrumentation were set up. Only one additional tap was

~

e s e e
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required in the working tube below the liquid level for the”

[

differential pressure trapsducer. The output from the

differential transducer and the output from the original total

vapour pressure transducer were recorded directly on an

roscilloscope, or x-y plotter, to obtain the p - V diagrams.
° o

Both transducers were installed above the working tube.
f e .

The ’lower line of the differential transducer was filled with ‘
1iquid'Freon 113. A light 0il was used in the upper lines ,of K
both transducers with a thin diaphragm to separate the oil
from the Freon 113 ;aapour at the top of the working tube in
order to avoid gas compression. |

Despite these precautions, problems occurred when the

chéck valves opened and closed. Upon closing of a valve a

‘pressure bulse was sent through both pressure lines at

7

- different rates which caused the differential transducer to

gi::e a "jittery" output, figure 4.3. ' Mechanical and .
electrical dampers were introduced to attenuate the "jitters”
but too much damping reduced the ti_me res’ponse.of the system
se‘\liere'ly. A oompi:omise was made resulting in typical p - ¥
diagrams as shown in figure/g.:i.

) . A static test cali|brétion for the liquid héight showed a
Freon 113 level sens'itivity of 0.000841 v/pm. This sensitivity
g‘ave excessively high gyhamic amplitudes due to the influence
of the pressure pulses from the check valves, The pressur;

pulses from the check valves varied with the pump heﬂad and the
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P - V system had to be calibrated dy;am'ically.\

4.2, 14 cm DIAMETER. SLPP

4 a

- ’ N

-

. A scaled drawing of the 14 cm diamete.r model 'is shown in
fiéure 4.4, As it :;as ;rueﬁtioned before, this mode'l was
designed with a variable geometry so that the lpositions of the
evaporator. and the caonbdehser could be adjusted freely. .Fo’r
this purpose swage locks were used for fastening the

evaporator and condenser inlet and outlet pipés'to the top g

cover plate of the tube-

N L

For the condenser, in contrast toc the previous 10 cm
circular model, only :me coil was used which was mounted at
the top of the tube by two straight pieces of pipe, so that
pr_es“sure losses could be ﬁlinimize;i.\ln this way, the cooling
‘water could enter the condenser from the top and flow
downwards, or the reverse. The heating coil was built in suc |

a way so that the hot water could flow either from the center

to the periphery or the reverse..Outside the tube the inlets

"and outlets of the condenser and the evaporator could be

e

easily switched. :

Finally, as an alternative to the water supply of the
condenser, vater could be bled off the discharge pipe of the .

SLPP. to enter the condenser, - (

Q-
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¢.2.1. RESULTS S . ' ¢
i
»f‘ " .

. The parameters’ that could be vari€éd in this model were

)

the distaﬁces of ‘the evapoéator and condenser from the top"of
the cylinder,. the hot and géoling water mass flowratesaapd the
hot w;ter inlef temperature. In{tially the gvaporaté;fwas
located at a distance of 6 cm from the top and the condenser
was at the top of’the cylinder. The flowrates were set at
average values and the hot water inlet, temperature at
approximately 80°C. Tﬁ%n, each one of the parameters was
tested separately starting from the cooling water flowrate

h . . Following this, the hot water mass .flowrate,th , , the

. ¥
hot water inlet temperature T ,, , the position of the :

"
[

evaporator L ; and finally the position of the condenser L CQﬁ
o »
was varied. After each test was completed, the best value for '
4 ' -
the corrlesponding parameter was chosen and was kept constant

for the rest of the tests. At each set of tests, the
performance characteristics were obtained at half meter

-

increments of the discharge head, from 1.0 to 2.5 m, for three

. different suction heads, 0.5, 1.0 and 1.5 m., The cooling water

2

'inlet tempeféture for all the-tests was 18+3°C. )

= “
¢ s
v
pcd -

°  Thé results obtained with different cooling water

flowrates h . are shown in figure 4.5. In the figure, the

dashed lines indicate the region within which all the results

> ~‘,J\

. / ’ P
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are scattered in a way that no general trend can be obseryed.
The three solid lines «indicate the éverage discharge for 1low,
medium and high cooling water flowrates. The pump reached a
total head of 3.5 m before stalling, with flowrates between
0.033 and 0.060 kg/s“and a total head of 3.0’m for the lower
ones. A'cooling water flowrate of 0,033 kg/s was maintained

'ghroughffﬁe remaining tests in an effort to keep the cooling
vater needs of the SﬁPP at low levels, even théugh better

performance was obtained at ‘higher values of h . .

. .
w -

figure 4.6 shows how the performance varies with

different hot water flowrates h .’There is a general trend
of increasing discharge and therefore power output as h
increaées, especially at the lower suction heads. The model
reached a maximum total head of 3.5 m with all the flowrates
tested egcept the lowest one, wgfh which it reasged a total
head of 3.0 m. A hot water mass flowrate of 0.048 kg/s was
“decided to be maintained constaﬁt for the rest of the tests
although the SLPP operated better at higher flowrates. This
was done because it was not expected to be possible 'to achieve
higher hot water flowrates when the thermal syphon effect

would be implemehted;

The performance of the SLPP was obtained at three

different temperatures, 70°C, 80°C and 90°C (figure 4.7). At
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705C, the discharge was low and the model reached a maximum
total head of only 2.5 m, At 80°C the results were better and

the pump reached a total head of 3.5 m before stalling, while

“at 90°C the pump did not stall even at the maximum total head
N

of 4.0 m obtainable in the laboratory. However, despite this
clear trend of increasing discharge, efficiency and power
output with the hot water inlet temperatufe, a temperaturenof
80°C was chosen to be kept constant for the hot water inlet

for the rest of the tests, because it ({is the highest practical

temperature that can be obtained fﬂfm a flat plate solar

collector, i.e. without too low a collector efficiency.

The results pbtained from locating the evaporator at
different distances from the top of the cylinder gre shown in
figure 4.8. They show that when the evaporator is placed too
close, at 5.0 cm from the top, the pump stalls at low total
heads. The best performance was obtained with the evaporator
at 6.0 cm-from the top of therworking tube, where the puméo
reached a maximum total head of 3.5 m. At larger distances
from the top -7.0 cm- the discharge is lower again. The
distance of 6.0 cm from the toé was therefore maintained as
the optimum for thé heater.

The different distances of the condenser from the top of

the cylinder were tested under two conditions, namely with and

5
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without insulation outside the inlet and outlet tubes of the

evaporator. The results (figure 4.9) showed that the discharge
decreased as the conéenser was moved away from the top. It can
also be seen that when insulation was used the performance of
the model was better than when no insulation was used.
However, when the condenser was placed the closest to the top,
the opposite was found to occur. The total head at which the
pump stalled decreased as the distance of the condenser from

the top increased. Finally, it was decided to keep the

condenser as close as possible to the top of the cylinder

4
¥

Another series of tests was carried out that concerned
the direction of the flow in the condenser and the evaporator.
The way the SLPP was installed, the cooling water entered the
condenser at the bottom and left it from the top while the hot
water entered the evaporator at its periphery and left from
the center, By switching the inlets and outlets, the flow
direction was reversed. This was done first in the condenser,

then in the evaporator and finally in both so that all the

possible combinations wére tested.

[+
The results obtained are in fiqure 4.10 and they show

that the SLPP performed better when the hot water was entering
the heater at its periphery than at its center. They also
show (Table 20, Appendix 1.2) that the SLPP performed better

when the cooling water was entering the condenser at its top
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than at its boEtom, with the exception of the bottoﬁ-periphery
configuration which éave higher discharge at the lower heads.
However, the top-periphery configuration was chosen as the
optimum mainly because it gave higher efficiencies while, in
terms of the discharge, it was closg to the bottom-periphery
configuration, especially at the meéium and higher total
heads. The highest total head that ‘was achieved was 3.5 m\;Ha

it occurred with a suction head of 1.0 m.

One final test was carried out using the alternative
supply of cooling water for the condenser. Water was bled off
the discharge pipe and was allowed to pass through the
condenser coils. The results obtained (figure 4.11) showed a
poorer performance of the SLPP than when the water was coming
directly from the main. The poor performance is associated C
with the very low pulsating mass flowrates of cooling water
that were achieved. Also, in many instances the pump could not
start at all because initially there was no flow in the
discharge pipe and therefore there could be no cooling water
flow, It was noticed however, that the cooling water flow was
periodic following the periodic flow in the discharge pipe.
Also it was observed that the flow in the condenser had a
phase difference of 180° with the oscillations inside the
SLPP. 1In other words, when the liguid freon was going up and

evaporation was taking place, there was practically no cooling
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water flow,

The discharge and the power output reached their overall
maximum values of 0.33 kg/s and 7.2 W respectively, when the
hot water inlet temperature was set at 90°C. The maximum v;lue
of 0.65 % for the efficiency was achieved with a cooling water

flowrate of 0.053 kg/s. Typically, the discharge varied

between 0.17 and 0.32 kg/s, the efficiency between 0.4 and

0.61 & and the power output between 4.0 and 5.6 W.

Figure 4.12 shows the variation of the efficiency and
the power output for the three different hot water inlet
temperatures where the close correlation between those two

performance characteristics can be observed.

Effort was given to prevent air from leaking in the
working tube. Such leakage was observed initially so that the
top cover plate had to be sealed better, especially at the
places where the inlet and outlet pipes of the evaporator and
the condenser were passfhg through. Nevertheless, many times
aéter the end of an experiment it was observed that a gas belt
of small thickness was at the top of the working tube. Thisl
gas could be either air that had leaked in during the
experiments or freon vapour that was not condensed.

Finally, it must be noticed that the uppermost position

the condenser could reach when it was pulled up, was taken as
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the zero position of the condenser. However, due to the bends
of its inlet and outlet pipes, the condenser was actually at

about 1 cm below the top of the cylinder.

The percentage error in the test results is due mainly
to the inability to control the cooling water and hot water
inlet temperatures which varied by $3°C and %2°C respectively,
over a time period. The measurements of pump’heads and
discharge are accurate to within 0.01 m and 0.001 kg>s. The
‘efficiency is calculated with the total heat input which is
obtained from the hot water flowrate and the temperature drop
in the evaporator. These values were measured to within 1 %
and 5 % error. The large error in the temperature difference
is due to the accuracy of measuring the temberatures to the
nearest 0.5°C and the small temperature difference of about

10°C across the evaporator. The net result is a possible

15 % to 20 § error in the efficiency.

4.3. 12.7 cm DIAMETER SLPP

A scaled drawing of the 12.7 c¢m model is shown in figure
4.13. This model was designed with a fixed geometry. Major
modifications however were introduced in the design of the

evaporator and the condenser.

ot e ———— o e
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In order to minimize the pressure losses in the
evaporator, it was made with a fabricated central portion
(figqure 4.13) and the inlet aﬁd outlet pipes passed through
the side of the main cylinder. The diameter of the heating
pipe was doubled but it was also slightly flattened in order
to keep the heater as thin as possible.

For the condenser, a design completely different from
the previous models was implemented. The condensing coil was
eliminated and instead surface condensation was incorporated
on the inner surface of the working tube which for this reason
vas made of copper. A cheese cloth was placed around the
outside surface of the tube and was kept moist by running cold
water over it.

Due to the elimination of the condensing coil, the
diameter of the main tube was reduced from 14 cm to 12.7 cm in
order to keep constant the cross-sectional area of the vapour.

Finally, the total height of the main tube was reduced.
4.3.1. RESULTS

This model was tested with three different cooling water
mass flowrates, four hot water mass flowrates and three hot
vater inlet temperatures. These were the only parameters that
could be varied in addition to the suction and discharge

heads.’ Each cooling water mass flowrate was tested with all
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the four hot water mass flowrates.

Figures 4.14 and 4.15 show the results obtained for the
first two cooling water mass flowrates. A total head of 2.0 m
was reached while no general treﬂd can be identified. Figure
4.16 shows the results from the test on the third cooling
water flowrate, the highest one, with which the SLPP reached a
total head of 3.0 m. The performance is comparatively better
than the two previous tests and a trend of increasing
discharge with increasing hot water mass flowrate can be
observed. In all these tests the hot water inlet ﬁe&perature
was kept at approximately 80°C.

Figure 4.17 shows the results obtained from varying the
hot water inlet temperature while the cooling and hot water
flowrates were kept constant at 0.060 kg/s and 0.034 kg/s
resééctively. The model reached a total head of 2.5 m before
stalling. These results show the opposite trend of the 14 cm
model, in other words, increasing discharge with decreasing
inlet temperature of the hot wgfer. |

The pump did not operate at suction heads larger than
0.5 m. The discharge and the power output reached their
ma*imum values of 0.230 kg/s and 3.38 W respectively with
h . =0.060 kg/s and h ,, =0.151 kg/s while the maximum value of
0.65 % for the efficiency was reached withh . =0.040 kg/s
and again th , =0.151 kg/s. Typically the discharge varied
between 0.0é and 0.20 kg/s, the power output between 1.0 and

N

H
{
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3.2 W and the efficiency between 0.34 and 0.62 %. In general,
the performance of the 12.7 cm diameter model was poor
compared with the 14 cm d;ameter model. It must be noted also
that 0.060 kg/s which is the optimum value of the cooling
water mass flowrate for this model, was the maximum value used
on the previous model while the optimum valué of 0.151 kg/s
for the hot water mass flowrate is more than double the
maximum value of the same parameter used on the previoﬁs
model.

Because of the poor performance of this model, wooden
beads were introduced in the cylinder above the evaporator in’
an effort to reduce the heat transfer between the evaporator
and the vapour. Even though low mass flowrates were used for
the hot water, no improvement in the performance was observed,
(figure 4.18).

Finally, it was noticed that the surface of the working
tube at the level of the evaporator was much warmer than the
rest of the working tube surface. It was noted that the .
evaporator inlet and outlet tubes were not insulated
completely from the sides of the working tube.

Some difficulties were experienced with small leaks at
the lead soldered and epoxied joints while the silver soldered

joints held up well.
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CHAPTER 5: DISCUSSION OF THE RESULTS
(\ /
The results obtained from running the computer model aqg

testing the two experimental models have been presented in the
two previous chapters. In this chapter éhese results will be
compared in ordér to determine Qualitative trends and
deviations between'the test results §nd the theoretical
results from the same test on different models.

Firstithe results from tests that were carried out both
theoretically and experimentally will be examined in order to
point out possible disagreements between the theoretical and
the experimental results. Then the results from the tests on
parameters that were tested only theoretically will be
discussed. It must be noticed that the theoretical
interpretation of these results has already been given in the
second chapter, so that here these results will be examined
from a physical point of view. Finally, the tests for which

only experimental results are available will be discussed.
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5.1. HOT WATER MASS PLOWRATE '

The experimental results obtained on variations of the
hat vater flowrate th ', in the 14 cm plastic model show (figure
4.6) a trend of increasing discharge with increasing h , .
This was expected since the hot water is associated witH the
heaé input to the system so that itcincréases together with
th ,, . This results in vapourizing a larger mass of liquid,
thus increasing the vapour pressure at the top of the working
tube. As a consequence the momentum transferred to the water
columns of the inlet and outlet pipes will be higher,
resulting in increasing the discharge.

@ In the corresponding theoretical results however, this

. trend is very subtle. Here the discharge increases only

slightly with increasing i , . This is due to the fact that in-
the theoretical model the hot water flowrate is taken into
account only in computing the average heater temperature, as

it was discussed in section 3.1.2, and the significance of h ,
in the corresponding formula is rather small, so that the
theoretical model is not very sensitive in changes of h , .
This effect, combined with the assumption made that the heater
is at an instantanéously uniform temperature, results in
computing an almost constant heat input to the model when th ,
is varied.

-

The same effect appears on the efficiency as well. The
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theoretical efficiency remains practically constant for.
different hot water flowrates. The experimental results
however show that the efficiency attains its maximum values at

A

the medium: hot water flowrates. This is reasonable because at

the lower flowrates where the heat input is lower, the

discharge and the power output are also low resulting in low
efficiencies. On the other hand, at the *higher flowrates, _
although the power output is increased, the significant

increase of the heat input results in lowering the efficiency

'again, so that the optimum hot water flowrates are the medium

ones. ,
| In the 12.7 cm copper model the ﬁot water mass flerate
variations were tested for three diffé;ent cooling water mass
flowrates, figures 4.14, 4.15, 4.,16. Tpe results from the two
lower cooling water flowrates show the oppbsite trend from the
previous model, while at the-highe%t cooling water flowrate
the results show the same trend that was observed~in the
plastit model. These controversial results indicate that the
surface condensation on the inner surface of tge working tube
vhich was implemented ih this model results in low
condensation rates. As a’consequenée, although the rate of
evaporation is increased due to higher hot water flowrates,
the condensation rate is insufficient to condense the vapour
wvhich remains at the top of the working tube, thus damping the

oscillations of the liquid column. >

i
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Only the highést of theuﬁhfeé cooling water'flo%rates“
provides a sufficient cbndensation rate. ‘In this case however,
even at a hot water flowrate!double thelﬁaximum tested on the
14 cm model, the discharge is lowerjghan that of the previous
model. A péésible explanftion is that duekto the smaller mass
of the liquid column {ﬁ tﬁe copper model becauSe“9f the

decrease in_its height, less momentum is transferred to the

inlet and outlet columns.
4 &
5.2, HOT WATER INLET TEMPERATURE

The experimental results obtained from varying the hot

‘water inlet temperature T ,; on the 14 cm plastic model

(figure 4.7) show the trend of ingreasing discharge ‘with
increasing T ,, , in agreement wity the theoretical
predictions.

Physically this is expected since the higher
temperatures of the hot water inlet tend to,increase’ the
pressure of the vapour at the top of the cylinder. This is
because a higher T ;1 will result in increasiﬁg the heat input -
and therefore tpe evaporation rate while the temperature of ° .
the vapdgr will also increase due to direct heat transfer

\

between the evaporator and the vapour, as it was discussed in

section 3.1.3 in terms of the theoretical model. The increase

i

in the vapour temperature will result in increasing the
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coﬁaensdtion rate so that the momentum t}ansférreé to the
iflet coluymn ;ill be higher. Also, as a result of thg increase
in vapour pressure;‘higher momentum will be transferred to the
outlet column as well. d

R }he efficiency is also observed to increase with
increasing T ,; , a ?esult which is consisgent with the higher

a

Carnot efficiency associated with higher’ operating ~

3
temperatures.

?

14

The results obtained from the same test on the 12,7 cm
model (figure 4.17) again show the opposite trend from the

i plastic model, in other words the discharge decreases as T ,;
'is increased. This must be attributed to the low condensation
rates that aré associated with this model, as was discussed

before.

-5,3. HEATER POSITION , )

¢

8
]

. \ . * - .
The experimental tests on the 14 .cm plastic model when

the d?stancg of the heater from the top of fhe cylindef L h,
was varied, show (figure 4.8) tha£ the 6;timum performance of
'the SLPP can be attained at L 56.9 cm while. for values of
L, bo?h higher afid 1ower\than 6.0 cm, the discharge is lower,
Referring to the theoretical results on the scaled - . :
model;'the§e aéree with the experimental ones for valueg of

L , larger than 6.0 cm, where both experiments and theory
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indicate that the discharge will decrease with incfeasing

L, . This is reasonable since the lowering of the evaporator

Al

v

e, |

will alsp lower the mean pesition of the iiquid-vapour
interface and thus vill increase the volume of the vapour,
resulting in decreasing its pressure, i.e. increasing tﬁe dead
or non-reactive vapour Space.

However, for values of L b smaller than 6.0 cm, it is
expected physically that the resulting small distances olf the"
mean position of the liquici*\vapour interface from the top of
the cylinder will tend to limit the amplitude of the l
oscillations of the liquid freon resulting in a damping of igs

. > )
motion. The theoretical model did not predict this effect.

, However, as was discussped before, as L , approaches its limit,

the computer model computes very small vapour volumes and ends
<

- up giving negative results, so that no theoretical predictions

‘tan be obtained in this area.

i

- The overall efficiencj folllowed the trends of the .
‘dﬁscharge~ in both the theoretical and experimental results
since the variationé of L , did not produce any significant :
channge, in the heat input lto the SLPP.

The distance of the evaporator from the top of the
cylinder was not varied in the 12.7 cm cop;;er model due to its

fixed geometry.
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5.4. CONDENSER POSITION

_~~ The experimental results obtained from the 14 cm plastic
médel when the dista7ée of the condenser from the top of the
cylinder L ., was varied, show (figure 4,9) that the discharge
decreases as L ., is increased. This contradicts the results
from the theoretical\model which predicted the opposite, in
other words that the discharge would increase with increasing

L ct‘ . ‘Both experiments and theory agree however that when A
~Lc‘ .t 15 increased beyond a limit the SLPP stalls. ‘

As the condenser is moved lower from the top, an

increasing portion of it 1is immersed in the iiquid
*permanently,‘ because the amplitude is not so large.as to
expose the whole condenser to the vapour when the
liquid-vapour interface moves downwards. Therefore the surface
area available for heat transfer between the vapour and the
condenser decreases thus decreasing the condensat(ion rate.

- In the theoretical model it has been assumed that the

condenser is at a uniform and constant temperature. This 5

agsumption, combined with the larger amplitudes that the &

theoretical model computed, resulted in estimating that for

small values of L .. the decrease in the condensation rate has
a smaller effect compared to that for larger values of L ., .
In the experimental model however, as it was discussed

in the previous chapter, the condenser was not at a uniform
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temperature. The cooling water entered the condenser at its
bottom and left it from its top, creating a temperature ’
gradient along the condenser. Due to this gradient, the
temperature difference between the condenser and the vapour
vas largest in the area of the bottom of the condenser and vas
decreasing towards the top.

On the other hand, the smaller amplitiudes that occurred
in the experimental model, resulted in having a large portion
of the condenser immersed in the liquid, when the condenser
was ’moved fiownwards. Therefore the condensation rate was
decreased more in the experimental than in the theoretical
model when L Ct‘ was incre{;sed. As a consequence the discharge
also decreased.

The efficiency followed the trends of thf discharge in
both the theoretical and the experimental results because
there were no important changes in the heat input to the SLPP.

These tests were not carried out on the 12,7 cm copper

model because of its fixed geometry.

In all the previc;us results it can be seen that the
theoretical model predicted the discharge and the efficiency
of the SLPP to be hithe'ﬂ.r than actually found in the
experimental tests.

Apart from the experimental errors involved in the test

B



N

L o o Kasar -~

65
;gsults, especially in the calculation of the efficiency,
there are sources of energy loss that were not taken into
account in the theoretical model. Sﬁch sources are the heat
losses of the main cylinder of the SLPP to the surroundings,
especially through the top cover plate which was madé of steel
instead of plastic and therefore had a higher thermal
conductivity. Also the pressure losses due to the irregular
motion of the polyethylene diaphragm and the friction losses
on the inner walls of the main cylinder were not taken into
account.

The pressure losses due to friction in the suction and
discharge pipes as well as those due to the opening and
closing of the valves w;re taken into account in the
theoretical model. The values of the corresponding friction
factors however, were calibrated using earlier experimental
results from the 10 c¢m diameter plastic model. Since the
discharge as well as the velocities in the inlet and outlet
pipes of the 14 cm diameter model are greater than those of
the older model, it is possible that the friction factors
would need to be calibrated again and that in its present
condition the theoretical model underestimates the wvarious
friction losses of the 14 cm diameter SLPP.

Finaily, another factor that may have altered the
per formance of the experimental model was the presence of a

rather small amount of air or freon vapour at the top of the
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working cylinder, as it was discussed in the previous chapter.
It is possible that the gas had formed an inert belt at the
top of the cylinder which acted as a damper on the
oscillations inside the cylinder,

In the above quantitative comparisons only the results
on the 14 c¢m plastic model were referréd to, because the
design of this model is closer to the assumptions made in the

theoretical model.

5.5. CONDENSER TEMPERATURE ~

The average temperature of the condenser was introd;Z:EN
as a constant in the theoretical model under the assumption™-
that it remains constant through the cycle. It was varied only

in the computer model because, as it was discussed in the /

_previous chapter, in the experimental models there was no

control over the cooling vwater inlet temperature.

The results obtained have shown (figures 3.29, 3.30)
that the discharge will tend to decrease with increasing T
while the efficiency will tend to increase.

An increase of the cooling water inlet temperature will
result in decreasing the rate of condensation so that the
discharge will be expected to decrease. Furthermore, if T .
were allowed to go even higher the significant decrease of the

condensation. rate would result in stalling the SLPP.
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The efficiency,would also be expected to decrease in
agreement with the decrease in the Carnot efficiency, when T
is increased. Thatbis because the power output would decrease
following the trend of the discharge while there should be no
significant effect on the heat input. On the other hand, the
theoretical model predicts the opposite, namely that the heat
input will decrease more than the work output when T _ is

increased, resulting in an increase of the efficiency.
5.6, EVAPORATOR DIMENSIONS

The surface area of the lower part of the heater A ,, as
well as its thickness L. ., are also parameters that were
tested only on the computer model. It was not practical to
const?uct several heaters of different sizes and to test them
exper imentally,

The results showed (figures'3.31, 3.32) that both the
discharge and the efficiency would increase with increasing
A ., . Physically this is to be expected since an increase 1in
A ,, would also result in an increase in evaporation rate,

There are two ways to increase the surface area of the
evaporator. Either its diameter or its thickness could be
increased. There is however a limit in increasing the diameter

of the evaporator, since its maximum diameter is determined by

the diameter of the condensing coil. Also, it is not desired
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to have the evaporator very close to the condenser in order to-
avoid direct heat losses.

On the other hand, the results obtained on the
theoretical model have shown (figures 3.33, 3.34) that
increasing the thickness of the evaporator will result in
decreasing the discharge and the efficiency of the SLPP. This
is reasonable because the major disadvar:tage of the SLPP is
that in some intervals of the cycle evaporation and
condensation overlap and thus counteract each other, Therefé:re
ideally the evaporator should be as thin as possible so that
evaporation could take place over a small interval of the

cycle.
55.7. COOLING WATER MASS FLOWRATE

The cooling water mass flowrate was tested only in the
two experimental models. In the theoretical model it was not
introduced as a parameter because it was assumed that the
coridenser was at,a constant and uniform temperature,.

The results obtained in the 12.7 cm diameter copper \
model showed (figures 4.14, 4.15, 4.16) that the lower cooling
water flowrates\ﬁ‘ere‘ insufficient for the operation [of the
SLPP and that the discharge and the efficiency increased as

the flowrates increased. However, the results obtained on

the 14 cm diameter plastic model showed (figure 4.5) that the

Y
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SLPP was not very sensitive to changes of the cooling water
flow,rates, with the exception of the lowest two, for which the
SLPP stalled at relatively lower total heads.

An increase of the cooling water flowrate results in an
increase of the condensation rate of the vapour and the
discharge of the SLPP, implying an increase of the frequency.
This is indicated mainly by the results from the copper model
while ‘on the plastic model it can be observed only in the two
lowest cooling water flowrates.

At this point it must be noticed that in both models the
same cooling water flowrates were used. The difference in the
performance between them indicates that the condensation
arrangement was mo;e efficient for the plastic model, as was
discussed previously. It also indicates that beyond a limit
the increase in the condensation rate cannot increase the
discharge anymore, This limit is determined by the evaporation
rate, because it determines the amount of the vapour that is

produced at the top of the working tube.
5.8. REVERSING THE FLOWS

The effect of reversing the flows of the hot and the
cooling water in the SLPP was tested in the 14 c¢cm moflel as
described ip the previous chapter. The results showed (figure

4.10, table 20) that the top-periphery was the optimum of the
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four possible combinations of the condenser and heater inlets.
The direction of the flow in the evaporator or the

condenser effects the temperature gradient albng them. When
the cooling_water enters the condenser at its top, the
temperature difference between the:condenser and the vapour is
larger at this higher portion of the condenser than at its
lower portion. Since the latter is immersed in the liquid for
a }arge part of the cycle it would be advantageous to have a
small temperature difference between this part of the
condenser and the liquid in order to minimize the heat that
the condenser extracts from the liquid. Thus the upper portion
of the condenser plays a more important role in the
condensation process and there should be therefore a higher
temperature difference between this part of the condenser and
the vapour. The reverse flow in the condenser would result in
extracting more heat from the ligquid and less from the vapour
because by the time the cooling water would come to condense
the vapour, its temperature would already have risen.

However, at the lower heads which are associated with
larger amplitudes, it is advantageous to have the cooling
water entering the condenser at its bottom, because in this
case the area below the evaporatorris covered better when the
liguid-vapour interface moves downwards exposing the lower
part of the condenser to the vapour. This advantage is ot

3, ' .

cancelled at the higher heads as was discussed:béfore.
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Nevef&heless, even at the lower heads, there is an amount of
heat lost to the condenser through the liquid, as the lower
efficiencies in this case imply.

When the hot water enters the evaporator at its
periphery, the outer coils will be at a higher temperature. In
this area however, the liquid is at a lower .temperature
because it is in contact with the condenser, so that a higher
temperature difference exists between the evaporator and the
liguid, which increases the evaporation rate. On the other
hand, when the flow is reversed, the opposite will happen and
the high temperature coils will be those in the center where
tﬁé liquid is at a higher temperature so that the evaﬁoration
rate is lower. For %his reason, it 1is advantageous to.
implement this alternative for the hot water inlet.

The above results have shown the effects that the
tempeéature gradients and their directions along the condenser
and the evaporator have on the performance of the SLPP. It can
be seen how the experimental model deviates from the
theoretical one, where it has been assumed that the condenser

is at & constant uniform temperature while the evaporator is

at an instantaneously uniform temperature.

'5.9. ALTERNATIVE COOLING WATER SUPPLY

The final test that was carried out on the 14 cm model
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;as to use the alternative supply of cooling water by bleeding
off the discharge pipe, instead of connecting with the main
water line. The results obtained showed (fiqure 4.11) a poor
performance. It was noticed however, that the flow in the
condenser was pulsating, because the flow in the discharge
pipe itself 1is pulsating. Furthermore, it had a phase
difference of 180° from the oscillations of the liguid column
inside the working tube. That is, when the 'liquid-vapour
interface was moving up and evaporation began, there was

little flow in the condenser. The reason is that there is no

flow in the discharge pipe, since at this stage suction

occurs. Therefore the condensation rate during this phase of
the cycle is significantly decreased. This provides a means to
offset the major disadvantage (21) of the SLPP, namely that
during this phase of the cycle, evaporation.and condensation
take place simultaneously. In ofder to implemen,t,fthis
alternative however, first two problems have té be solved.
Firslt, the low cooling water flowrate causing a low
condensation rate which is the main reason ‘for the poor ,
results of this configuration. Second, the difficulty in
starting the SLPP because initially there is no flow in the
discharge pipe and therefore no flow in the'condenser.

A possible way to overcome this problem could be to

connect the outlet of the condenser to the suction pipe, so

that the low pressure during suction could drive the cooling




C e vegessd < %«@I‘& '

ovimg,

°
Y o
@
N
t
—\
A Y
4 B .
,
.
' -
‘ . »
.
. . .
’ i
’ Iy
- ~ *
3 ””
: £
; N P
| \ ,
{
kol .
.
i, i
;
.
:
: —
i
h v
-
;
N
.
,
.
; R
| f
! —\
+
1+
H
i
I (
:
:
; _
!
! -
,
,
.
{
t
' E
———— .
L

73




Ry At

'

CHAPTER 6: MATCHING SOLAR COLLECTOR WITH'SLPP

In combining the SLPP with a solar collector for heating
the water that flows through the evaporator, consideration
must be given to the arrangement of the piping circuit as well _
as the collector itself,

The nature of the future applications for the SLPP
requires that it operate as an autonomous unii. In order to |
avoid the need of an auxiliary energy . source, the hot water is
to be.circulated.between the collector and the SLPP naturally,
that is by utilizing thermosyphon forces in the system. :

) In a thermosyphon system thé driving force for the
circulation of the fluid is the density differénce between the
inlet and the outlet of the collector, caused'by ﬁeating the
fluid in the collector. Such a systém requires no pumps or
controls and is fundamentally simpler to design. The only T

requirements for proper funbfioning are that relatively larger

. piping must be used to avoid excessive préssur# losses while

special attention must be given to the various sources of
pressure drop due to friction in the circuit (22). The
thermal syéhon forces will balance the friction forces to
adjust the flow rate accordingly.

This chapter analyzes the implementation of thermosyphon

- o . i
flow in the SLPP, ‘taking into account the requirements of the

[
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system in terms of pressure drops. Then, using experimental '
data for solar collectors that were made available by thé ‘
Canadian Solar Indus£ries Association Inc., a solar collector ‘

is selected for operating with the SLPP.
6.1. THERMOSYPHON HEAD

J The typical arrangement of the SLPP-coilectOt -
installation is shown in figure 6.1l.a. The water leaves the
collector (point 2) and goes to the SLPP (point 3) through the
connecting pipe. There it gives off heat to the working fluid

of the SLPP and then it returns to the collector (4-1), where

it is reheated.

In the pipeline 2-3 the water is hot ‘and therefore its
density is small, while in the pipeline 4-1 it is cold and has -
a larger density. Assuming that:

i) the temperature distribution of the water along the

collector and the evaporator coil is linear, and

ii) there are no heat losses in the connecting pipes,
then the temperature distribution of the water can be plotted
as a function of position in the system, figure é.l.b (23).

If it is further assumed that the relationship between
the specific gravity S of the water and its temperature is
linear (23) due to the relatively small temperature difference

between 1 and 2, then figure 6.1.b also represents the
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« 3 .
distribution of the specific gravity in the system., The
thermosyphon head due to the specific gravity difference
between the two legs of the pipe circuit will be equal to the

area 1234:

1 4
h ==(S -5 )[(h ~h )+(h =h )] 16.1]
T 2 1 Y B A

o2

The specific gravity is defined as the ratio of the
density of water in a given temperature over its density at
4°C (24). Therefore it is dimensionless and thus the
thermosyphon head is obtained in metres,

In order to generalize [6.1] it is better to approximate
the relationship between specific gravity and temperature,
using a parabolic function (23):

S=At2+Bt+D [6.2]

where the constants A,B,D are (23):

A=-1.25x10 .
-5

B=5,83x10

D=0.99967

[

so that [6.1] becomes:

SN O
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1 ,
h =—(t -t )(2At +B)[(h ~h )+(h =h )] [6.3]
T 2 1 » 3 2 4 1

2

with

In-[6.3], h , can be taken equal to zero, considering
the ground as the reference level. h-, depends on the length
and tilt of the particular solar collector and can therefore
be considered as a constant for a given collector and
location. Furthermore, from figure 6.1, h , is equal to h , .
Finally, usan the data from the previous chapters, the
average temperature t , of the hot water in the evaporator,
can be set as a constant at 75°C. Therefore, only ‘two
independent parameters remain in [6.3], namely the temperature
difference AT between the inlet and outlet of the evaporator,
and the distance of the top of the SLPP from the top of the
collector Ah=h ; -h , .

The thermosyphon head was obtained by varying AT between
5°C and 20°C and Ah between 0.25 m and 3.5 m. It must be

noticed that 0.25 m is the minimum height of the SLPP above

the collector, due to the SLPP's own height. The results are
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shown plotted in figuré 6.2. As it was expected from [6.3],
the thermosyphon head varies linearly with AT and ah. Also, it
can be seen that the thermosyphon head is in the order of
millimetres.

Finally it must be noticed that the SLPP is expected to
operate even if it is elevated to such heights above the
ground. It will operate under these conditions provided that
the inlet and8 outlet pipes are below the water surfaces of the
inlet and outlet reservoirs and the maximum distance between

the two reservoirs is less than 4,0 m.

6.2. FRICTION HEAD

In order to achieve thermosyphon flow, the thermosyphon
head h ; must be equal to the friction head loss h ; in the

hot water circuit (23) for the required flow rate:

h =h . 16.4])

In order to calculate the friction head, the system of
figure 6.1 can be divided into three sections, the pipe
circuit, the evaporator coil and the collector. Each of these
sections will be examined separately. The total friction head
can then be obtained as the sum of the friction heads in each

of these sections as a function of flowrate.
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6.2.1. PIPE CIRCUIT

In order to determine the head loss due to friction in

the pipe circuit, the D'Arcy-Wiesbach equation was used:

f 1 u?
h = [6.5]

fric

2 gd °

When the flow is laminar, i.e. Re<2300, the friction factor f

~

in [6.5] can be determined as:

64
f= — [6.6]
Re
while for turbulent flow f must be obtained from tbeQMoody
diagram (25).

The Reynolds number can be expressed in terms of the

mass flowrate and the pipe diameter as

th
Re=

pvud

"In order to keep the friction head low, the most simple
arrangement of the pipes is preferred, as shown in figure 6.1.
This pipe circuit howéver includes five 90° bends. These are
taken into account by adding to the total pipe length 1l in

»
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[6.5] the equivalent length which compensates the resistance
due to the behds (25). It must be noticed that the pipe
circuit may include three bends instead of five, in the case
Dof a specially designed SLPP where the évaporator inlet and
outlet pipes would be passing through the working tube inste;d
of the top cover plate.

A relative radius ratio of 6 for the bends and a
relative roughness of 0.0015 for the pipes, [6.5] was used to
yield the friction head for different values of the pipe
diameter 4 and the mass flowrate th. This procedure was
repeated for different overall pipe lengths, corresponding toﬂ
different heights of the SLPP above the collector. The results
are shown in figure 6.3. It must be noticed that in this
figure, the friction head has been non-dimensionalized b§
dividing by the total pipe length, including the equivalent
length for the bends. Therefore, upon using this diagram, the
pipé length must be calculated and the equivalent length due
to_the bends must be added to it.

In fiqure 6.3, the behavior of the curves for small
values of the pipe diameter, is due to the transition from
laminar flow, which is dominant at higher values of the pipe
diameter, to turbulent. For values of the diameter below 1
in., as the mas§ flowrate increases the flow leaves the
laminar regime and enters the transition zone, to enter

finally the turbulent regime at the highest flowrate, where
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the largest deviation is observed.

9

6.2,.2, EVAPORATOR COIL

The friction head in the evaporator coil was calculated
folloving a method suggested in (25). The evaporator coil was
approximated with successive 180° bends, each having a
relaztive radius larger than that of the previous one by 0.5.
The total resistance of each bend was calculated in terms of
equivalent length of pipe, taking into account the resistances
due to curvature and length. Then, the calculated equivalent
lengths were summed up and finally, the total friction head in
the evaporator coil was determ:{ned again using the
D'Arcy-Wiesbach equation. The friction factors were determined
in the same way as before.

The friction head in the evaporator coil was obtained
for different values of the coil pipe diameter and the mass
flowrate of the water, The results are shown plotted in figure
6.4. Except for the curve on the lowest flowrate, the other
curves present a discontinuity for meduium values of the coil
diameter, This is due to the discontinuity in the friction
factors in this area, because there the flow is in the
transition zone between the laminar and turbulent flow
regimes. This discontinuity does not appeari in the curve on

the lowest flowrate as it remains laminar.
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6.2.3. SOLAR COLLECTOR

For the 'solar collector, it was preferred to use
experimental data on existing solar collectors instead of
attempting to estimate theoretically the friction head, since
the designs of solar collectors vary greatly.

Exper}mental data on several flat plate cocllectors were
made available from the Canadian Solar Industries Association
Inc. Some of those collectors were discarded in view of their
range of operating temperatures, which did not fit the
requirements of the SLPP. The three that remained, were the
Nortec TD 1000, the Solcan 3001 and the Thermo-Solar SCIM &
CIM.

The friction heads for each one of them are shown
plotted in figure 6.5, for different values of the mass
flowrate. As it can be seen in the figure, only the friction
head of the Nortec TD 1000 is in the same order of magnitude
as the thermosyphon head that the SLPP installation can
provide, as it was previously discussed. Therefore, from the
collectors for which experimental data were available, only

this one can be considered as compatible to the SLPP.

The results presented in figures 6.2 to 6.5 can be used,

incorporating a trial and error procedure, in order to
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determine the height above the collector in which the SLPP
must be positioned, together with the necessary diameters of
the heating coil and the connecting pipe, so that thermosyphon
flow of a desired flowrate can be achieved. This is
illustrated in the following example.

From figure 6.3, for a pipe diameter of 1 inch
(0.0254 m) and a hot water flowrate of 0.05 kg/s, the
non-dimensional friction losses are 0.000054. Anticipating a
height of 1.5 m of the SLPP above the collector, the length of
the connecting pipe is 6.469 m while the equivalent length of
the bends is. 2.286 m, giving a total pipe length of 8.755 m.
Multiplying this by the non-dimensional friction losses,
yields the friction losses for the pipe circuit, which are
0.000473 m.

From figure 6.4, the friction losses of the heating coil
are 0.0009 m, for a diameter of 0.75 inches '(0.019 m) and the
same hot water flowrate as above.

From figure 6.5, the friction losses of the Nortec TD
1000 collector are 0.015 kPa or 0.00153 m, using again the
same hot water flowrate,

The total friction loss in the system therefore adds up '
to 0.0029 m, Now, in figure 6.2, this corresponds to a
position of the SLPP at 1.5 m above the collector, taking into
account a 10°C temperature difference between the collector

&
inlet and outlet.

’
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6.3. SIZE OF SOLAR COLLECTOR

Following the previous discussion, the size of the solar
collector tiWat is required to provide the necessary heat input
to the SLPP can now be estimated using the available data for
the Nortec TD 1000 collector. This.is a liquid flat plate

+collector, single glazed, with standard dimensions
2.17 x 0.9 m and an absorber area of 1.73 m? (26).
The area of the collector was estimated bsing the

formula (29):
Q=nGA [6.7]

vhere Q , is the required useful gain of the collector, which

is:
Q=hc (T -T ) [6.8]

In [6.7], n . is the éfficiency of the collector which
is determined experimentaily, A . is the area of the collector
and q r is the incident radiant energy'on the tilted plane of
the collector. Equating the right-hand sides of eguations

[6.7) and [6.8] gives:
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. mhcp(To-Ti)-ncAcGT [6.9]

From the experimental results on the SLPP the ‘mass
flowrate h , was 0.05 kg/s while the temperature difference
between the inlet and the outlet of the evaporator was 10°C.

The incident radiant energy G . was estimated at
900 W/m?, It must be noticed however, that for a particular
application, a detailed analysis would be needed, based on
meteorological data for the particular location, which would
take into account the monthly and daily variation of the
incident insolation (29).

Using the value 900 W/m? for G , and estimating the
average ambient air temperature at 10°C, the efficiency of
45 % for the collector was obtained from the experimental
data, ‘figure 6.6 (26). Since it was assumed that there are no
heat losses in the connecting pipes, the water outlet
temperature of the evaporator (70°C) is the inlet temperature
in the collector.

" With these values, [6.9] yielded an area of 5.16 m? for
the collector, which corresponds to three collectors of net
absorber area 1.73 m? each, with the dimensions of the
collector given in (26). These collectors will have to be
connected in parallel. In this case, the hot water flowrate
will have to be divided by three, therefore reducing further

the friction losses in the collector,
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6.4. EXPERIMENTAL TESTS

Prior to the fnalysis presented above, some exper::'unent:al0
testing was carried out at the Brace Research Institute, in
order to test the thermosyphon capabilities of a solar panel.

For this purpose, a simple parallel tube heat exchanger
was constructed. The solar panel available was a 1.765 m?
FIRRA Tech Inc. model 78101-8. The apparatus (figure 6.7)
included a manometer, a calibrated flowmeter and a digital
thermemeter with thermocouples located at the three pesitions
indicated in the figure.

The best results were obtained at noon of July 3, 1984,
after three days of testing. They showed that the FIRRA solar
panel could provide the thermosyphon head necessary for
driving the flow in the heat exchanger, vith a mass flowrate
of 0.007 kg/s for the water, and inlet and outlet temperatures
of 49°C and 69°C respectively. The pressure drop was measured
to be 7 inches (0.178 m).

It can be seen that this solar panel cannot match with
the SLPP. The \rea_sons are that both the hot water flo}wrate
and the inlet temperature are lower than those required for
the operation of the SLPP, while the temperature drop between
the heater inlet and outlet is hi\gher, i.e. this solar panel
cannot meet the thermal requirements of the SLPP. Also, i'n the

light of the previous analysis it can be seen that the
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5

pressure drop of the solar panel is very high‘and combined
with the ‘friction losses in the heating coil would probably
make the operation of the SLPP impossible at higher flowrates

and lower temperature drops.

»

==
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CONCLUSIONS AND RECOMMENDATIONS

7.1. CONCLUSIONS o

‘The major conclusions that can be drawn from this thesis

<

are:

i)

The theoretical model predicts correctly

.qualitative trends on the performance of the SLPP,

with the éxception of the positions of the

_evaporator and the condenser. It cannot be used for

ii)

iii)

iv)

quantitative predictions,

The efficiency of the 14 cm diameter model remained
low, at about 0.5 %.

The surface condensation which was implemented on
the 12.7 cm diameter model, proved to  be
insufficient, this being the main reason for the
low performance of the 'model.

The circulation of the hot water by thermosyphon
forces is feasible, but the system must be ;ﬁatdheé

between the solar panel and SLPP.

. e -
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7.2. RECOMMENDATIONS FOR FUTURE WORK

//¢ﬂ$§§‘§ There are a few points that should be examined.by a
future researcher in this field. .These are:
i) The computer model should be recalibrated taking -
into account the changes in the size of the SLPP,
so that it will be able to give quantitative
predictions on the performance of the SLPﬁ. Also,
attention should be given to the behavior of the

model when some parameters approach their limiting

g

—

« values,

4 ii) An experimental model with tube diameter less than
10 cm, i.e. scale factor less than unity, should
be constructed and tested 1in order to check the
theoretical predictions of high efficiencies for
small scale factor values.

iii) The SLPP should be integrated with a solar
collector in order to test experimentally the
operation of the system when thermosyphon forces

are incorporated.
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H=1.5m

T AH Q g p n
hi 1 out
(°C) (m) (kg/s) (W) (W) (%)
71 2.5 0.21 455.0 5.192 1.14
3.0 0.18 455.9 5.27 1.16
3.5 0.158 460.8 5.512 1.19
77 2.5 0.23 454.6 5.65 1.24
3.0 0.193 474.6 5.8 1.22
3.5 0.173 467.7 €.01 1.28
82 2.5 0.237 473.0 5.9 1.25
3.0 0.204 487.0 6.08 1.25%
3.5 0.186 497.1 6.48 1.3
4.0 0,17 496.3 6.62 1.33
88 2.5 0.255 490.0 6.34 1.29
3.0 0.219 488B.4 6.54 1.34
3.5 0.199 503.8 6.92 1.37
4.0 0.176 509.0 6.99 1.37
93 2.5 0.27 494.4 6.73 1.36
3.0 0.24 505.5 7.1 1.4
3.5 0.209 523.7 7.29 1.39
4.0 0.186 523.8 7.38 1.41
h =0.017 kg/s L=6.6cm L =0.0cm
h h ct
1. variation of T
hi
\\
th AH Q q P n
h i out
(kg/s) (m) (kg/s) (W) (W) (%)
0.011 2.5 0.25 480.7 6.2 1.29
3.0 0.22 497.2 6.5 1.3
P 3.5 0.19 506.8 6.7 1.33
4.0 0.17 524.4 6.9 1.33
0.017 2.5 0.25 490.0 6.3 1.29
3.0 0.22 488.4 6.5 1.34
’ 3.5 0.20 504.0 6.9 1.37
- 4.0 0.18 521.2 7.1 +1.37
0.023 2.5 0.25 492.0 6.3 1.29
3.0 0.22 492.0 6.7 1.37
q 3.5 0.20 504.6 7.0 1.38
, 4.0 0.18 518.0 7.2 1.39
T =88 °C L =6,6cm L =0.0cm H =1.5m

ha

h

2. Variation of th

h

ct

5
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T AH Q q P n
c1 1 out
(°C) {m) {kg/s) (W) (W) (%)
10 2.5 0.255 490.0 6.34 1.29
3.0 0.219 488.4 6.54 1.34
3.5 0.199 503.8 6.92 1.37
4.0 0.176 509.0 o6.99 1.37
18 2.5 0.229 369.8 5.69 1.54
3.0 0.200 38B6.6 5.98 1.55
3.5 0.175 390.7 6.08 1.56
4.0 0.16 390.8 6.33 1.62
24 2.5 0.204 '297.5 5.08 1.7
3.0 0.174 309.0 5.15 1.67
3.5 0.160 312.7 5.57 1.78
4.0 STALLED
27 2.5 0.185 254.7 4.6 1.8
3.0 0.164 263.7 4.9 1.86
3.5 STALLED
h =0.017 kg/s T =88 °C L =6.6 cm
h hi1 h
3. Variation of T
A AH Q g P n
hb 1 out
(cm?) (m) (kg/s) (W) (W) (%)
48.4 2.5 0.17 431.8 4.4 1.01
3.0 0.15 434.3 4.5 1.04
3.5 STALLED
4.0 STALLED
64.5 2.5 0.21 455.7 5.4 1.18
3.0 0.18 460.7 5.4 1.17
3.5 0.16 480.3 5.7 1.18
4.0 0.14 490.0 5.8 1.19
83.9 2.5 0.24 478.9 6.0 1.25
3.0 0.21 4B0.0O 6.3 1.3
3.5 0.18 500.1 6.4 1.29
4.0 0.16 505.1 6.5 1.3
96.8 2.5 0.25 489.8 6.3 1.29
3.0 0.22 488.4 6.5 1.34
/ 3.5 0.20 503.8 6.9 1.37
' 4.0 0.18 521.2 7.1 1.37
t =0.017 kg/s T =88 °C L =7.3 cm L

h

hi

4, Variation of A

hb
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H =1.5m

=0,0 cm H =1.5m

s




L AH Q q P n
h 1 out
(cm) (m) (kg/s) (W) (W) (%)
1.27 2.5 0.63 296.8 15.64 5.27
3.0 0.57 292.9 17.06 5.82:
3.5 0.48 314.0 16.78 5.34
4.0 0.44 288.3 17.75 6.16
2.0 2.5 0.54 341.3 13.5 3.9
3.0 0.48 342.2 14.4 4.2
3.5 0.38 332.3 13.4 4.0
4.0 0.35 335.4 13.9 4.1
2.8 2.5 0.46 377.9 11.6 3.0
3.0 0.40 377.2 12.0 3.2
3.5 0.34 368.3 12.90 3.3
4.0 0.31 371.9 12.3 3.3
3.5 2.5 0.41 405.1 10.1 2.5
3.0 0.35 393.8 10.6 2.7
3.5 0.31 388.7 10.9 2.8
4.0 0.28 402.1 11.3 2.8
4.3 2.5 0.36 419.6 9.0 2.15
3.0 0.32 420.7 9.5 2.25
3.5 0.28 417.5 9.8 2.35
4.0 0.26 429.5 10.3 2.4
5.0 2.5 0.33 439.1 8.2 1.87
3.0 0.29 448.0 8.6 1.92
3.5 0.25 453.2 8.8 1.94
4.0 0.23 446.9 9.2 2.07
6.6 2.5 0.29 456.6 7.2 1.58
3.0 0.25 467.8 7.5 1.6
3.5 0.23 481.4 B.0 1.66
4.0 0.20 476.2 8.1 1.7
7.3 2.5 0.25 489.8 6.3 1.29
3.0 0.22 488.4 6.5 1.34
3.5 0.20 503.8 6.9 1.37
4.0 0.18 521.2 7.1 1.37
8.1 2.5 0.21 5l6.4 5.3 1.03
3.0 0.19 530.2 5.6 1.06
3.5 0.17 548.8 6.0 1.09
4,0 0.1l6 579.6 6.5 1.12
=88 °C L

h =0.017 kg/s T
h

5. Variation of L

h

h1

t

0

=0.0 cm H =1.5m
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l64

L AH Q q P n
ct 1 out
(cm) (m) (kg/s) (W) (W) (%)
0.0 2.5 0.25 490.,0 6.34 1.29
3.0 0.22 488.4 6.5 1.34
3.5 0.20 504.0 6.9 1.37
4.0 0.18 521.2 7.1 1.37
1.3 2.5 0.28 452.2 6.9 1.53 -
3.0 0.24 472.4 7.2 1.53
3.5 0.22 482.0 7.6 1.57
4.0 0.20 481.0 8.0 1.66
2.5 2.5 0.29 440.0 7.3 1.67
3.0 0.26 444.4 7.8 1.76
3.5 0.23 441.4 8.2 1.87
4.0 STALLED
3.8 2.5 0.30 408.0 7.5 1.85
3.0 0.27 432.2 8.0 1.84
3.5 STALLED
4.0 STALLED
5.1 2.5 0.30 395.0 7.5 1.90
3.0 STALLED
3.5 STALLED
4.0 STALLED

h =0.017 kg/s T =88 °C L =6.6 cm H =1.5m
h

h1 , h s

6. Variation of L
ct

L AH Q q p n
th 1 out

(cm) (m) (kg/s) (W) (W) (%)
0.76 2.5 0.255 490.0 6.34 1.29
3.0 0.219 488.4 6.54 1.34

3.5 0,2 503.8 6.92 1.37

4,0 0.176 509.0 6.99 1.37

1.14 2.5 0.224 515.8 5.57 1.08
3.0 0.198 522.0 5.9 1.13

3.5 0.17 542.,0 5.97 1.10

4,0 0.145 557.0 5.8 1.03

1.5 2.5 0.201 543.6 5.0 0.92
> 3.0 0.168 563.5 5.01 0.89
3.5 0.15 584.8 5.23 0.89

4.0 0.114 633.3 4.54 0.72

1.9 2,5 0.175 584.8 4,35 0.74
3.0 0.15 597.8 4.5 0.74

3.5 0.127 625.2 4.43 0.71

th =0.017 kg/s T =88 °C L =6.6cm L =0.0cm H=1.5m
b

h1 h ct 8

7. Variation of L
th



f th L AH Q g p n
h h 1 out
(-) (kg/s) (kg/s) (m) (kg/s) (W) (W) (%)
0.8 0.011 5.3 2.5 0.266 313.0 6.63 2.12
3.0 0.203 306.2 6.07 1.98
3.5 0.174 302.6 6.06 2.00
0.9 0.014 5.9 2.5 0.257 396.1 6.4 1.61
3.0 0.209 406.4 6.25 1.54
3.5 0.187 406.8 6.5 1.60
1.0 0.017 6.6 2.5 0.255 489.8 6.34 1.29
3.0 0.219 488.4 6.5 1.34
3.5 0.199 503.8 6.9 1.37
1.1 0.020 7.2 2.5 0.26 580.1 6.5 1.12
3.0 0.23 610.2 6.8 1.12
3.5 0.206 609.3 7.2 1.18
1.2 0.025 7.9 2.5 0.27 699.4 6.7 0.96
3.0 0.24 737.1 7.14 0.97
3.5 0.217 746.8 7.5 1.01
1.3 0.029 8.6 2.5 0.272 B854.4 6.8 0.79
3.0 0.248 862.7 7.4 0.86
, 3.5 0.222 879.1 7.7 0.88
T =88 °C L =0.0 cm H=1.5m
ha ct s
8. Variation of scale factor
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T AH Q q p n
ha 1 out
{°C) (m) (kg/s) (W) (W) (%)
71 2.5 STALLED
3.0 STALLED
3.5 STALLED
4.0 STALLED
71 2.5 0.24 919.0 5.9 0.64
3.0 STALLED
3.5 STALLED
4.0 STALLED
82 2.5 0.265 925.0 6.6 0.71
3.0 0.23 963.6 6.9 0.72
3.5 0.21 983.0 7.3 0.74
4.0 STALLED
88 2.5 0.28 936.2 7.0 0.75
3.0 0.25 884.6 7.4 0.75
3.5 0.22 1004.0 7.8 0.78
4.0 STALLED
93 2.5 0.29 966.0 7.3 0.76
3.0 0.27 8g88.0 8.0 0.80
3.5 0.24 1017.0 8.4 0.83
4.0 STALLED
=0.0 cm

h =0.044 kg/s L =9.1 cm L
h h

9, Variation of T

hi

ct

(scaled model)

H=1l.5m

th AH Q q p n
h 1 out
(kg/s) (m) (kg/s) (W) (W) (%)
0.030 2.5 0.27 951.2 6.8 0.72
3.0 0.25 963.0 7.5 0.78
3.5 0.22 981.6 7.9 0.80
4,0 STALLED
0.044 2.5 0.28 936.2 7.0 0.75
3.0 0.25 984.6 7.4 0.75
3.5 0.22 1004.0 7.8 0.78
4,0 STALLED
0.060 2.5 0.28 354.5 6.9 0.73
3.0 0.25 983.2 7.5 0.77
3.5 0.23 1005.0 7.9 0.79
4.0 STALLED
T =B8 °C L =9,1cm L =0.0cm H=1.5m
hi h ct 5

10.

Variation of #h

h

(scaled model)
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c1

(°c)

AH
{m)

Q q

i

(kg/s) (W)

10

18

24

h

11, variation of T

- w W =W
L] - - . . . . . - . .
ounovm oo wm

> w W N
coom

0.28 936.9
0.25 984.6
0.22 1004.0

STALLED

0.26 724.9

STALLED
STALLED
STALLED

STALLED
STALLED

STALLED
STALLED

h1

c

0.75
0.75
0.78

h =0.044 kg/s T =88 °C L =9.1 cm
h

(scaled model)

A AH Q g P n
hb 1 ocut
(cm?) (m) (kg/s) (W) (W) (%)
182.6 2.5 0.28 936.2 7.0 0.75
3.0 0.25 984.6 7.4 0.75
3.5 0.22 1004. 7.8 0.78
4.0 STALLED ,
158.7 2.5 0.26 932.5% 6.5 0.70
3.0 0.23 954.0 7.0 D.73
3.5 0.21 973.6 7.4 0.76
4,0 STALLED
121.9 2.5 0.23 905.5 5.7 0.62
3.0 0.20 940.0 5.9 0.62
3.5 STALLED
4,0 STALLED

h =0.044 kg/s T =88

h

12. Variation of A

hb

h

°c L =9.1 cm L =0.0 cm H

(scaled model)
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m




L L AH Q g P n
h th 1 out

(cm) {(mm) (m) (kg/s) (W) (W) (%)
9.0 9.5 2.5 0.29 911.2 7.29 0.80
3.0 0.258 949.7 7.7 0.81

= 3.5 0.236 965.6 8.23 0.85
7.9 2.5 0.33 858.6 8.22 0.96
3.0 0.302 871.4 9.0 1.03
3.5 0.278 884.6 9.7 1.09

7.0° 2.5 0.36 796.4 8.96 1.12
3.0 0.33 818.1 9.9 1.21

3.5 0.308 825.5 10.7 1.30

9.0 6.3 2.5 0.33 836.5 8.24 0.98
3.0 0.30 854.9 9.0 1.05

3.5 0.28 869.1 9.7 1.12

7.9 2.5 0.36 771.5 9.0 1.17
3.0 0.33 792.6 9.9 1.25

3.5 0.31 788.2 10.8 1.37

7.0 2.5 0.38 706.8 9.5 1.35
3.0 0.36 739.4 10.7 1.44

3.5 0.33 748.5 11.7 1.56

: 5.9 2.5 0.40 673.3 10.0 1.48
3.0 0,38 683.0 11.3 1.65

3.5 0.297 684.4 10.3 1.51

h =0.044 kg/s T =88 °C L =0.0 cm H =1.5m
h hi ct
13. variation of L and L (scaled model)

th
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L AH Q q p n

ct i out

(cm) - (m) (kg/s} (w) (W) (s)

0.0 2.5 0.28 936.2 7.0 0.75
3.0 0.25 984.6 7.4 0.75
3.5 0.22 1004.0 7.8 0.78
4.0 STALLED

1.7 2.5 0.31 876.0 7.7 0.88 ’
3.0 0.28 883.0 8.4 0.96 —
3.5 STALLED
4,0 STALLED

3.5 2.5 STALLED
3.0 STALLED
3.5 STALLED
4.0 STALLED -

h =0.044 kg/s T =88 °C L =9.1 cm H =1.5m
h hi h s
14. variation of L (scaled model) -
ct
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y) mc H‘ &H ) Q qi p n
/ (kg/s) (m) (m) (kg/s) (W) (W) (%)

0.020 0.5 1.5 0.279 1003.2 4.1 0.4
2.0 0.174 836.0 3.4 0.4
2.5 0.164 919.6 4.1 0.44
3.0 0.131 B836.0 3.9 0.47
1.0 2.0 0.180 668.8 3.5 0.52
2.5 - - - -
3.0 0.144 B836.0 4.2 0.50
3.5 STALLED
1.5 2.5 0.169 836.0 4.1 0.49
3.0 0.128 668.8 3.8 0.57
3.5 STALLED
4.0 STALLED
0.027 0.5 1.5 0.298 1086.8 4.4 0.4 ,
2.0 0.206 919.6 4.0 0.43
2.5 0.171 1003.2 4.2 0.42 ,
3.0 0.113 919.6 3.3 0.36
1.0 2.0 0.206 919.6 4.3 0.43
2.5 0.144 752.4 3.5 0.46
3.0 0.149 836.0 4.4 0.52 ,
3.5 STALLED
’ ,
1.5 - 2.5 0.182 919.6 4.5 0.49
3.0 0.144 ~B36.0 4.2 0.50
3.5 STALLED
4.0 STALLED
0.033 0.5 1.5 0.273 1003.2 4.0 0.39 -
2.0 0.199 1003.2 3.9 0.39
2.5 0.181 1003.2 4.4 0.44
3.0 0.110 1003.2 3.2 0.32
1.0 2.0 0.223 836.0 4.4 0.52
2.5 0.204 836.0 5.0  0.59 |
3.0 0.146 1003.2 4.3 0.42
3.5 0.084 919.6 2.9 0.31
1.5 2.5 0.196 1003.2 4.8 0.48_ |
3.0 0.168 836.0 4.9 - 0.58
3.5 0.121 836.0 4.1 0.49
4,0 STALLED
02040 0.5 1.5 0.304 1086.8 4.5  0.81
2.0 0.195 1086.8 3.8 0.35
2.5 0.173 1003.2 4.2 0.42
3.0 0.099 1003.2 2.9 0.29

15. Variation of th (14 cm model)

c
-




+

" e e on et TS S Tk

“ WWW;‘W ‘

—— ——

P

L

C

1.0 2.0

T 2.5
3.0 |

Ep 3.5

1.5 2.5

v 3.0

3.5

4.0

0.047 0.5 1.5

2.0

2.5

3.0

1.0 2.0

2.5

3.0

3.5

Y 1.5 2.5

3.0

3.5

4.0

0.053 0'5 1.5

2.0

2.5

3.0

1.0 2.0

2.5

3.0

3.5

1.5 2.5

3.0

3.5

4.0

0.060 0.5 1.5

2.0

2.5

3.0

1.0 2.0

2,5

3.0

3.5

1.5 2.5

. 3.0

3.5

4.0

th =0.040 kg s T
h

15. Variation of h

0.239 836.0 4,7
0.225 1003,2 5,5
0.144 1003,2 4,2
0.08¢ 1003.2 2,9
0.172 1086.8 4.2
0.154 1003,2 4,5
0.130 919.6 4.4
STALLED
0.273 1086.8 4.0
©0.209 1003.2 4.1
0.158 1086.8 3.9
0.095 1086.8 2.8
0.252 836.0 4.9
0.214 1003.2 5.2
0.12¢ 1003.2 3.7
0.077 1003.2 2.6
0.187 1086.8 4,6
0.145 836.0 4.3
0.126 836.0 4.3
STALLED
0.173 1003,2 2.5
0.208 1086.8 4.1
0.146 1003.2 3,6
0.09¢ 1170.4 2.8
0.252 1086.8 4.9
0.221 836.0 5.4
0.145 1003.2 4,2
0.079 1003.2 2.7
0.179 1003.2 4.3
0.136 836.0 4.7
STALLED
0.178 919.6 2.6
0.19¢ 1086.8 3.8
0.168 1003,2 4.1
0.093 1086.8 2.7
0.285 1003.2 5.6
0.221 1003.2 5.4
0.156 1086.8 4.5
0.077 1003.2 2.6
0.184 1086.8 4.5
0.169 83.0 5.0
0.133 919.6 4.6

STALLED

=78 °C L =6.0 cm
ha1 h

0.56
0.55
0.42
0.29

0.38
0.45
0.48

, 0.37
0.41
0.36
0.26

0.56
0.52
0.37
0.26

0.42 "
0.51
0.51

0.25
0.38
0.36
0.24

0.45
0.65
0.42
0.27

0.43
0.56

0.28
0.35
0.41
0.25

0.56
0.54
0.41
0.26

0.41
0.60
0.50

L =0.0cm

ct

(14 cm model - continued)

c

-
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.t H AH Q q P "

n L i . out

L | kg/s) (m)  (m) (ka/s) (W) (W) (%)

» 0.024 0.5 1.5 -0.234 702.2 3.4 0.48
‘ . 2.0 0.179 903.0 3.5 0.39
2.5 0.140 953.0 3.4 0.35
-~ ¢ 3.0 0'100 852.7 \ 2-9 0.34
1.0 2.0 0.218 852.7 4.3 0.50
, 2.5 - - - -
# 3.0 0.133 752.4 3.9 0.52
3.5 STALLED ]
’ 1.5 2.5 0.150 852.7 3.6 0.42 g
3.0 0.111 702.2 3.3 0.47
3.5 STALLED
4.0 STALLED
0.031 0.5 1.5 0.205 B843.9 3.0 0.35
2.0 0.211 , 974.0 4.1 0.42
2.5 0.172 ' 974.0 4.2 0.43
3.0 0.118 '1038.7 3.4 0.32
1.0 2.0 0.228 974.0 4.5 0.46
2.5 - - - - -
3.0 0.135 843.9 4.0 0.47
3.5 STALLED
1.5 2.5 0.157 974.0 3.9 0.40
3.0 0.131 843.9 3.8 0.45
~ 3.5 0.105 908.7 3.6 0.39
4.0 STALLED
0.040 0.5 . 1.5 0.273 1006.9 . 4.0 0.40
2.0 0.199 1006.9 3.9 0.39
; 2.5 0.181 1006.9 4.4 0.43
| 3.0 0.110 1006.9 3.2 0.32
1.0 2.0 0.223 839.3 4.4 0.52
2.5 0.204 839.3 5.0 0.59
. 3.0 0.146 1006.9 4.3 0.42
3.5 0.084 922:9 2.8 0.30
1.5 2.5 0.196 1006.9 4.8 0.47
3.0 0.168 839.3 4.9 0.58
3.5 0.121 839.3 4.1 0.49
4.0 STALLED
0.048 0.5 1.5 0.302 1003.2 4.4 0.44
2.0 0.231 1404.5 4.5 0.32
. 2.5 0.183 1203.8 4.5 0.37
! 3.0 0.151 1103.5 4.4 0.40

16, Variation of th (14 cm model)
h

[ —



v_xrf*
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1.0 2.0 0.280 995.4 5.5 0.55
2.5 0.206 995.4 5.0 0.50 )
3.0 0.172 . 995.4 5.0 0.51
3.5 0.089 995.4 3.0 0.31
1.5 2.5 0,179 995.4 4.4 0.44
3.0 0.153 995.4 4.5 0.45
3.5 0,111 995.4 3.8 0.38
4.0 STALLED A
0.054- 0.5 1.5 0.265 1009.6 3.9 0.38
2.0 0.244 1009.6 4.8 0.47
2.5 0.202 1234.0 4.9 0.40
] 3.0 0.152 1121.8 4.5 0.40
1.0 2.0 0.270 1009.6 5.3 0.52
2.5 0.171 785.3 4.2 0.53
3.0 0.154 1009.6 . 4.5 0.45
3.5 0.105 897.5 3.6 0 40
1.5 2.5 0,174 785.3 4,3 0.54
3.0 0.166 1121.8 4.9 0.43
3,6 0.135 897.5 4.6 0.52
4.0 STALLED .
0.061 0.5 1,5 0.317 1137.6 4.7 0.41
2.0 0.273 1137.6 5.4 0.47
2.5 0.214 1264.0 5.3 0.41
3.0 0.157 1137.6 4.6 0.40
1.0 2.0 0.245 1137.6 4.8 0.42
2.5 0.171 884.8 4.2 0.47 -
3.0 0.174 1011.2 5.1 0.50
3.5 0.123 1011.2 4.2 0.41
. 1.5, 2.5 0.193 1137.6 4,7 0.41 .
3.0 0.169 1137.6 5.0 0.43
3.5 0.133 1137.6 4.6 0.40
4.0 STALLED

h =0,033 'kg/s T =80 °C L =6.0cm L =0.0 cm
c h

hi ct

16, Variation of th (14 cm model - continued)
h
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T H AH Q q p n
hi 13 o i cut
(°c) (m) (m) (kg/s) (W) (W) (%)
70 0.5 1.5 0.101 895.9 2.0 0.17
2,0 0.45 895.9 0.9 0.10
2.5 STALLED -
3.0 STALLED
1.0 2.0 0.092 696.8 1.8 ‘0.26
2.5 0.068 696.8 ‘1.7 0.24
3.0 STALLED
3.5 STALLED
1.5 2.5 STALLED
3.0 STALLED . N
3.5 STALLED .
4.0 STALLED
80 0.5 1.5 0.302 995.4 4.5 0.45
2.0 0.231 1393.6 4.5 0~ 32
2.5 0.183 1194.5 4.5 0.37
3.0 0.151 1094.9 4,5 0.40
1.0 2.0 0.280 995.4 5.5 0.55°
2.5 0.206 995.4 5.0 0.50
3.0 0.172 995.4 5.0 0.51
3.5 0.089 995.4 3.0 0.31
1.5 2.5 0.179 995.4 4.4 0.44 .
3.0 0.153 995.4 4.5 0.45
3.5 0.111 995.4 3.8 0.38 -
4.0 STALLED
90 0.5 1.5 0.334 1393.6 4.9 0.35
2.0 0.282 1294.0 5.5 0.43
2.5 0.268 1294.0 6.6 0.51
3.0 0.229 1094.9 6.8 0.61
1.0 2.0. 0,253 995,4 5.0 0.50
2.5 0.228 1094.9 5.6 0.51
3.0 0.199 1194.5 5.9 « 0,49
3.5 0.164 1094.9 5.7 0.51
1,5 2.5 0.201 895.9 4.9 0.55
3.0 0.169 1094.9 5.0 0.45
3.5 0.211 1294.3 7.3 0.56
4.0 ©.155 1094.8 6.1. 0.55
d =0.033 kg/s th =0.048 kg/s L =6.0cm L =0.0 cm

[ h h ct

17, Variation of T (14 cm model)
: hi




—

/
1
L H AH Q q ol n {
h s i’ out
(cm) (m)  (m) (kg/s). (W) (W) (%)
5.0 0.5 1.5 0.229 995.4 3.4 0.34
2.0 0.190 995.4 3.7 0.37
2.5 0.155 895.9 3.8 0.42
3.0 STALLED
1.0 - 2.0 0.163 796.3 3.2 0.40
2.5 0.151 895.9 3.7 0.41
- 3.0 STALLED
3.5  STALLED
1.5 2.5 STALLED
3.0 STALLED
3.5 STALLED
4.0 STALLED
6.0 0.5 1.5 0.302 995.4 4.4 0.45
2.0 0.231 1393.6 4:5 0.32
2.5 0.183 1194.5 4.5 0.37
3.0 0.157 1094.9 4.4 0.40
1.0 2.0  0.280 995.4 5.5 0.55
2.5 0.206 995.4 5.0 0.50
3.0 0.172 995.4 5.0 0.50
3.5 0.089 995.4 3.0 0.30
1.5 2.5 <0.179 995.4 4.4 0.44
3.0 0.153 995.4 4.5 0.45
3.5 0.111 995.4 3.8 0.38
4.0 STALLED
7.0 0.5 1.5 0.196 796.3 2.9 0.36
2.0 0.196 796.3 3.8 0.48
2.5 0.172 1094.9 4.2 0.38
3.0 0.129 1194.5 3.8 0.32
1.0 2.0 0.214 995.4 6.2  0.42
2.5 0.190 995.4 4.6 0.47
3.0 0.153 995.4 4.5 0.45
3.5 0.100 856.0 3.4 0.40
1.5 2.5 0.185 995.4 4.5  0.45
3.0 0.115 995.4 3.4 0.34
. 3.5 STALLED '
4.0 STALLED
th =0.033 kg/s th-=0.048kg/s T =80 °C L =0.0 cm
[ h hi ct

18. Variation of L

h

-{(14 ¢m model)
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q

L H AH Q n
ct 5 { out
(cm) (m) (m) (kg/s) (W) (W) (%)
0.0 0.5 1.5 0.302 995.4 4.4 0.45
2.0 30.231 1393.6 4.5 0.32
2.5 0.183 1194.5 4.5 0.37
3.0 0.151 1094.9 4.4 0.40
1.0 2.0 0.280 995.4 5.5  0.55
2.5 0.206 995.4 5.0 0.50
3.0 0.172 995.4 .0 0.51
- 3.5 0.089 995.4 /3.0 0.31
1.5 2.5 0.179 995.4/ 4.4 0.44
3.0 0.153 995, 4.5 0.45
3.5 0.111 995, 3.8 0.38
4.0 STALLED [/
\ )
1.0 0.5 1.5 0.258 “985.4 3.8 0.38
2.0 0.199 995.4 3.9 0.39
2.5 0.I6T "895.9 3.9 0.44
3.0 STALLED
1.0 2.0 0.199 1094.9 3.9 0.35
2.5 0.156 895.9 3.8 0.42
3.0 STALLED ‘
3.5 STALLED
1.5 2.5 STALLED
N 3.0 STALLED
3.5 STALLED
4.0 STALLED
19. Variation of L (14 cm model)

ct
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0.0* 0.5 1.5 0.265 995.4 3.9 0.39
2.0 0.231 995.4 4.5 0.45
2.5 0.186 1094.9 4.5 0.41
4 3.0 0.137 995.4 4.0 0.40
1.0 2.0 0.231 995.4 4.5 0.45
2,5 0,191 895.9 4,7 0.52
3.0 0.141 895.9 4.1 0.46
3.5 0.112 796.3 3.8 0.48
1.5 2.5 0.135 696.8 3.3 0.47
3.0  0.107 796.3 3.1 0.39
3.5, STALLED J
4.0  STALLED |
1.0%x0.5 1.5 0.261 995.4 3.8 0.38 >
2.0 0.217 1094.9 4.2 0.39
2.5 0.181 1094.9 4.4 0.40
3.0 0.130 995.4 3.8 0.38 ___
1.0 2.0 0.201 895.9 3.9 0.44
2.5 0.146 . 696.8 3.6 0.51
3.0 0.097 696.8 2.8 0.41
3.5 0.107 1393.6 3.7 0.26
1. 2.5 0.159 895.9 3.9 0.43 .
3,00 STALLED :
3.5  STALLED , \
4.0 STALLED
2.0 0.5 1.5 0.211 796.3 3.1 0.39
2.0 0.202 696.8 3.9 0.56
2.5 0.153 895.9 3.7 0.42
3.0 0.117 895.9 3.5 0.38
1.0 2.0 0.151 796.3 2.9 0.37
2.5 . 0.152 895.9 3.7 0.41
3.0 0.115 895.9 3.4 0.38
3.5  STALLED
1.5 2.5 0.178 895.9 4.3 0.48
3.0 0.120 995.4 3.5 0.35
3.5  STALLED
4,0  STALLED

h =0.033 kg/s th =0.048 kg/s T =80 °C L =6.0 cm
c h hi h

19, Variation of L (14 cm model - continued)
ct !

* Heater inlet and outlet tubes insulated.
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|
i

H AH . Q q P n
8 1 Gut
{m) (m) {kg/s) (W) (W) (%)
0.5 1.5 0.256 796.3 3.7  0.47 BOTTOM - CENTER
2.0 0.212 796.3 4.1 0.52
2.5 0.161 796.3 3.9 0.50
3.0 0.135 796.3 3.9  0.50
i
1.0 2.0 0.158 696.8 3.1 0.44
) 2.5 0.141 696.8 3.4 0.50
3.0 O.élB 587.2 3.3 0.56
3.5 695.2 3.1 0.38
1.5 2.5  STALLED ?
3.0  STALLED
3.5  STALLED
4,0  STALLED
) [
0.5 1.5 0.18 796.3 2.7 0.34 TOP - CENTER .
2.0 0.17 796.3 3.3 0.41
2.5 0.15 796.3 3.7 0.47
3.0  0.13 796.3 3.8  0.48
1.0 ¢ 2.0 0.15 597.2 3.0 0.50
2.5 0.13 597.2 3,3 0.55
3.0 0.10 597.2 2.9  0.49
3.5  STALLED
1.5 2.5 0.16  796.3 4.0 0.50
3.0 0.13 796.3 3.7 0.47
3.5  STALLED
4.0  STALLED
0.5 1.5 0.302 995.4 4.4  0.45 BOTTOM - PERIPHERY
2,0  0.231 1393.6 4.5  0.32
2.5 0,183 1194.5 4.5  0.37
3.0 0.151 1094.9 4.4  0.40
1.0 2.0 0.280 995.4 5.5 0.55
2,5 0.206 995:4 5,0 0.51
3.0 0.172 995.4 5.1 0.51
3.5 0.089 995.4 3.1 0.31
‘ 1.5 2.5 0.179 995.4 4.4  0.44
‘ 3.0 0.153 995.4 4.5 0.45
3.5 0.111° 995.4 3.8 0.38 ‘
4.0 STALLED ‘

20, Switching the inlets and outlets of the evaporatot and the
condenser (14 cm model) ) — .
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0.5 1
2
2
3
1.0 2
2
3
3
1.5 2
3
3
4

h =0.033 kg/s th =0,048 kg/s T
[ h

20. Switching the inlets and
condenser (14 cm model -

h (ave.)
<

(kg/s)

L] [ ] - . . *
oo oo,

¢« & =

.
oo m

L]

H

(m)

AH

8

0.192 895.9 2.8
0.1989 895.9 3.9
0.159 895.9 3.9
0.131 895.9 3.8
0.252 895.9 4.9
0.187 89509 4-6"
0.127 895.9 3.7
0.114 8985.9 3.9
0.193 895.9 3.7
0.132 995.4 3.9
STALLED

STALLED

hi

Q ql
(kg/s) (W)

0.31
0.43
0.43
0.43

0.55
0.51
0.42
0.43

0.53
0.39

=80 °C L =6.0 cm L
h

out

(W)
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TOP - PERIPHERY

0.0083
0.012
0.014
0.0155

h =0.048 kg/s T
h

0.5

1.5

BWWHN WWNN W
cTwoNn IO ountowm

hi

0.13 497.7
0.12 497.,7
0.11 497.7
0.09 597.2

STALLED
STALLED
STALLED
STALLED

STALLED
STALLED
STALLED
STALLED

h

NNV
« o o =
[P ol e

=80 °C L =6.0 cm

0.37
0.42
0.47
0.37

21, Alternative cooling water supply (14 cm model)

ct

=0.0 cm

outlets of the evaporator and the
continued)



t 1 AH Q q P n
c h i out
. (kg/s) (kg/s) {(m) (kg/s) (W) (W) (%)
0.060 0.021 1.5 0.148 398.2 2.2 0.55
2,0 0,113 398.2 2.2 0.56
2.5 0.076 442.4 1.9 0.43
3.0 STALLED
/1"
0.031 a&.5 0.182 518.3 2.7 0.52
2.0 0.137 499.3 2.7 0.52
2.5 0,103 453.5 2.5 0.56
3.0 0.084 873.8 2.5 0.54
™
o, 0.060 1.5 0.217 632.C 3.2 0.51
o 2.0 0.141 632.0 2.7 0.44
’ 2.5 0.124 748.9 3.0 0.48
3.0 STALLED
0.151 1.5 0.230 632.0 (3.4 0.53
2.0 0.162 948.0 3.2 0.33
, - 2,5 0.138 632.0 3.4 0.53
3.0 0.113 948.0 3.3 0.35
0.040 0.022 1.5 0.163 398.2 2.4 0.60
2.0 0.093 442.4 1.8 0.41
2.5 STALLED
3.0 STALLED
0.031 1.5 0.119 388.7 1.7 0.45
2,0 0,082 388.7 1.6 0.4l
2.5  STALLED
3.0  STALLED
4 0.060 - 1.5 0,094 379.2 1.4 0.36
‘ 2.0  STALLED
2.5 .STALLED
3.0 STALLED
0.151 1.5 0.128 632.0 1.9 0.30
2.0 0.104 316.0 2.0 0.65
2.5  STALLED
3.0  STALLED
0.023 0.021 1.5 0.121 442.4 1.8 0.40
2.0 0.085 398.1 1.7 0.42
. 2.5  STALLED ‘
3.0  STALLED

22. Variation of m and

[+4

h

(12.7 cm model)

©
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0.031 1.5 0.111  388.7 1.6 0.42
i 2.0 0.076 388.7 1.5 0.39
‘ 2.5 STALLED .
3.0 STALLED
0.060 < 1,5 0.156 379.2 2.3 0.60
2.0 0.112 505.6 2.2 0.43
2.5  STALLED
3.0 STALLED
0.0151 1.5 0,129 632.0 1.9 0.30
2.0 0.097 632.0 1.9 0.30
2.5 STALLED .
3.0 STALLED
T =80 °C H =0.5 m
hi 5
22. Variation of h and h {12.7 cm model - continued) i
[ h
T aH 0 q p n
ha i out
- {(°C) {m) (kg/s) (W) {W) (%)
“ 70 1.5 0.166 497.9 2.4  0.49
2.0 0.129 568.8 2.5 0.44 i
2.5 0.064 639.9 1.6 0.25
3.0 STALLED
80 1.5 0.148 445.6. 2.2 0.409.
2.0 0.113 497.7 2.2 0.45 .
2.5 0.078 355.5 1.9 0.54 -
3.0 STALLED
90 1.5 0.098 426.6 1.4 0.34
2.0 0.085 355.5 1.7 0.47
, 2.5 STALLED
3.0 STALLED ;
h =0,060 kg/s 0.5 m

h =0.034 kg/s H
b

c 5

23. Variation of T

hi

(12.7 cm model)
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C MAIN PROGRAM TO SIMULATE THE SLPP - ABEEKU BREW-HAMMOND - 14/6/83
EXTERNAL FCN, FCNJ .
COMMON /GEAR/DUMMY(48) SDUMMY (4), I DUMMY ( 38)
COMMON /DEF/VOUTDO, VI NDO DELT, PVAP, TVAP, PPREV, TPREV, SPVOL, TH, TL
COMMON /DEF/NSAVE, NPV, fPHASE ISPV, IPTEST NI,ITL NPRINT SCALE

C
" REAL*8 VOUTDO,VINDO,DELT,T, TEND,PVAP,TVAP, PPREV, TPREV; SPVOL , TH,TL
REAL*8 PD(4,4),YV(4),YVDOT(4),H,TOL ,WK(88) ,DUMMY, TSTART, VAR o
REAL*4 SDUMMY ) , - : .«
C
DIMENSION IWK(4) v 0
C
C STATE VARIABLES AND UNITS ' .
C 1 - MASS OF VAPOUR (LBS) [ . -
C 2 - OUTPUT PIPE. VELOCITY (IN/SEC) =VE OUT . .. . N \
C 3 - INPUT PIPE VELOCITY (IN/SEC) =VE IN . - ..
C 4 - LIQUID LEVEL BELOW TOP OF CULINDER (IN)
C f
C OTHER PARAMETERS AND UNITS ‘ i
C SPECIFIC VOLUME (LBM/FTx%3) " -, - '
C TEMPERATURE (DEGREES FARENHEIT) . e e
C PRESSURE (PSI) ' ‘ L
C -

.

NPRINT =1
Cx*x ASSUMED RANKINE-LIKE CYCLE WITH SA’I‘URATED VAPOUR AND X F(LHTOP}****
DO 9999 NRUN = 40,100,20 :
cc INRUN = 10 - NRUN
VAR = FLOAT(NRUN)

C

C HERE TO INTERPOLATE FOR FREON LIQUID TEMPERATURE
TL = 116.10 . ' .
ITL = 1 . ' L
ISTALL = 0 :

1000 CONTINUE . .

c , .
NSAVE = 0 , ‘ , “ )
NPV = 12 )
IPHASE = 1 ™~ <
IPTEST = 1 :
NI = 1 . g

¢ . .
N= 4 .
T= 0. [
TFIN = 16. .

_-ISTART = 6. '
. _DELT = 0,02

TIZFLOW = 0.
H= 0.0001
TOL = 0.0001 J !
METH = 1 / i
MITER = 1 !
INDEX = 1 : .

C %
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* TEND = Oo

CALL DEFCON (VAR, YV) ,
CALL FCN (N, TEND,YV,YVDOT)
WRITE (6,1100)

1100 FORMAT(//// ,' SEC',Tl11l,'MDOT',6T22,'VOUTD',T33,'VIND',6T44,'YDOT',

1 T55, 'TVAP',T66,"'TH',T77, 'SPVOL',T88,'VOUT',T99, 'VIN',T110, "Y',
1 T121,'PVAP') :
WRITE (6,2300) T, (YVDOT(K),K=1,4),TVAP,TH,SPVOL, (YV(K),K=2,4),PVAP

C NOW START DGEAR . )

- 2000 TEND

C

3

T + DELT
ISPV = -1 , :
CALL DGEAR(N,FCN,FCNJ,T,H,YV, TEND, TOL,METH, MITER, INDEX, IWK, WK, IER)
ISPV = 1

]

.
~

IF (IER .EQ. 0) GO TO 2200

C HERE TO PRINT OUT IF IER NOT = 0

WRITE (6,2100) T,H,DUMMY(8),IER, (IDUMMY(J),bJ=6,8)

2100 FORMAT( ' IER > 0',3G15.8,5110)

IF (IER .GT. 128) GO TO 9999 ' « %

2200 CONTINUE

C
C

CALL FCN(N,'TEND,YV, YVDOT) .

*WRITE (6,2300) TEND, (YVDOT(K),K=1,4),TVAP,TH,SPVOL, (YV(K),K=2,4),
1 PVAP. . : :

C2300 FORMAT( 1X,F5.2,11Gl1.4)

c

C RESET VALUES OF VOUTDO,VINDO,PPREV AND TPREV -

C

VOUTDO = YVDOT(2)

VINDO = YVDOT(3) . )
PPREV = PVAP g

TPREV = TVAP

{1}

C TEST FOR VARIOUS STOPPING CONDITIONS

IF (yv(2) .GT. 0. .OR. YV(3) .GT. 0.) GO TO 3100
TZFLOW = TZFLOW + DELT -
IF (TZFLOW.LT. 0.5) GO TO 3200

C ‘HERE IF THERE HAS BEEN NO FLOW IN OR QUT FOR 0.5 SEC; ASSUME STALL

3000 FORMAT(/// ,' STALL ASSUMED: TIME
1 ', PRESSURE = ',Gl12.4)

3100 TZFLOW = 0.
. 3200 CONTINUE

c o .
C TEST FOR NEGATIVE MVAP OR Y : oo >

3209 WRITE (6,3300)
3300 FORMAT( ' NEGATIVE MVAP OR Y').

C

WRITE (6,3000) TEND,YV(4),PVAP

L]

'W,F5.2,', Y = ',Gl2.4,.

0

GO TO 9999

R

IF (Yv(l) .LE. 0.) GO TO 3209. ”
IF (Yv(4) .LE. 0.) GO TO 3209 :
GO TO 3400 - :

e A vt

% -

STOP

*3400 com-mua\ ) g

- C CALCULATE THE NEW HEATER TEMPERATURE

Ty s ket P BN AR R oo TTmTr T e T ~s
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»

CALL THNEW |
C
C HERE WHILE WAITING FOR INITIAL TRANSIENT TO SETTLE OUT
IF (TEND .LT. TSTART) GO TO 2000 .
C
C IDENTIFY ONE CYCLE AND CALCULATE THE PERFORMANCE CRITERIA
C AND PARAMETERS IN THE CONSERVATION EQUATIONS
CALL CYCLE
C
C RESET TIME
T = TEND
c .
C CHECK IF FREON LIQUID TEMPERATURE HAS BEEN DETERMINED
IF (IPHASE .EQ. 7) GO TO 1000
c
C CHECK IF CYCLE 1S COMPLETE
IF (IPHASE .EQ. 6) GO TO 6100 ‘ \
C R
C HERE IF CYCLE IS NOT COMPLETE; CHECK IF TIME IS UP \
IF (TEND .LT. TFIN) GO TO 2000
WRITE (6,6000)TFIN 3
6000 FORMAT{ ' CONVERGENCE WAS NOT ACHIEVED IN',Gl2.4,'SECS')
GO TO 9999
6100 CONTINUE
C ¢
C PLOT THE FINAL RESULTS
CALL OUTPUT
c
9999 CONTINUE
c
CALL FINAL
(o
STOP
END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCececececeeececeeceeccecececececeeeeee
c

C MULTIPLE ENTRY SUBROUTINE FOR SLPP SIMULATION
SUBROUTINE DEFCON (VAR, YV)
COMMON /DEF/VOUTDO, VINDO, DELT ) PVAP, TVAP, PPREV, TPREV, SPVOL, TH, TL
COMMON /DEF/NSAVE, NPV, I PHASE ) ISPV, I PTEST, N1, 1TL ,NPRINT, SCALE
COMMON  /VA/LHTOP,LHEAT, LHBOT, LCTOP, LCOND, LCBOT , AHBOT , AHEAT , ACYL
COMMON /VA/ACCOIL, ACOND, DAHDY , DACDY , VOL , DVOLDY , C6,C7 ., C8,C9. C10
COMMON /,VA/C11,C12,C13,C14,C15,C16,C37,C38,C39,Y

™
REAL*8 VOUTDO,VINDO,DELT,T, TEND, PVAP, TVAP, PPREV, TPREV , SPVOL, TH, TL
REAL*8 LHTOP,LHEAT, LHBOT,LCTOP,LCOND, LCBOT, AHBOT, AHEAT, ACYL
REAL*8 ACCOIL,ACOND,DAHDY,DACDY,VOL,DVOLDY,C6,C7,C8,C9,C10
REAL*8 Cl11,C12,C13,C14,C15,C16,C37,C38,C39,Y,FRIC

c

REAL*8 PD(4,4),YV(4),YVDOT} . VAR, TERM,QEVAP, QHEATO THONEW
REAL*8 YI1(150),YI12(150),Y 3(150) YI4(150) YIS(lSO) YI6(150)
REAL*8 YI7(150),YI8(150),YII1 YIIZ,YII3,YII4,YIIS,YIIE,YII?,YIIS
REAL*4 Y1(400),Y2(400),Y3(400),Y4(400),Y5(400),Yll(lSO),YZZ(lSO)
REAL*4 Y33(150),Y44(150),Y55(150),¥66(150),¥77(150),¥Y88(150)
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*

¥YB(20),¥C(20),¥YD(20),YE(20),YF(20),YG(20),YH(20)

REAL*B YA(20), TOTHED

c
REAL*8 AHUP,AHBU,AOUT,AIN,DCYL,DOUT,DIN,LOUT,LIN,LCYL,HOUT, HIN
REAL*8 VHUP,VHBOT,VCCOIL,MASSH, MHRATE, MEVAP, MCOND, SPVOLS, KP,KT ~
REAL*8 TC,THI,HEVAP,HHV,HCOND,HLC, HFG, MVAP, VOUT, VIN ,MEVAPT
REAL*8 MDOT,VOUTD,VIND, YDOT, INDEFF, ROFRE, ROWAT,GRAV , MU, MCONDT
REAL*B C1,c2,c3,C4,Cc5,C17,C18,C19,C20,C21,C22,C23,C24,C25,C26
REAL*8 C27,C28,C29,C30,C31,C32,C33,C34,C35,C36,DTDM,DTDY, INDPOW
REAL*8 LFRE,LWAT,KFRICT,TL1,TL2,FTLl,FTL2,TTWO, TFOUR, PTWO, PFOUR
REAL*8 C1H,C2H,CVH,SCALE .

C .
DATA LOUT/200./,LIN/200./,HOUT/40./,HIN/-60.0/
DATA DOUT/1.5/,DIN/1.5/
DATA ROFRE/1.425E-04/,ROWAT/0.933E-04/,GRAV/386./, PATMOS/14.7/
DATA HEVAP/14.E-04/,HHV/0.07E~04/,HCOND/0.6E-04/,HLC/1.150E~04/
DATA HFG/63./,CP/l1./,MU/1.45E-08/,P1/3.1416/
DATA THI./190.0/,TC/50./,KFRICT/10./,FRIC/0.025/

c
DCYL = 3.9375 .
AHUP = 4, ‘
VHUP = 0,255 .
VHBOT = 0.925
VCCOIL= 11.74
MHRATE= 0.0352
VOLFRE= 122.

c

‘ LHTOP = 0.8

LHEAT = 0.3
LCTOP = 0.0

c LCBOT = 4.75 . .
LCOND = 4.75
LCYL = 25, .
AHBOT = 15, ,
ACCOIL= 100. :

c .

C SCALING -

c
SCALE=1. 375 T
DCYL=DCYL*SCALE
AHUP=AHUP* (SCALE**2)
VHUP=VHUP* (SCALE*#%3)
VHBOT=VHBOT* ( SCALE**3)
VCCOIL=VCCOIL* (SCALE**3)
LHTOP=LHTOP*SCALE
LHEAT=LHEAT*SCALE
LCTOP=LCTOP*SCALE

C LCBOT=LCBOT*SCALE

LCOND=LCOND*SCALE
LCYL=LCYL*SCALE
AHBOT=AHBOT* ( SCALE**2)

; ACCOIL=ACCOIL*(SCALE**2)
’ MHRATE=MHRATE* (SCALE**2)
VOLFRE=VOLFRE* (SCALE**3)
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C
HOUT = VAR ' co.
o LOUT = VAR L
C
TH = THI
THONEW = THI
QHEATN = 0.
1PV = 1 .
C
AOUT = PI * DOUT**2/ 4.
AIN = PI * DIN**2/ 4, . Co-
ACYL = PI *'DCYL**2/ 4. . :
LHBOT = LHTOP + LHEAT
o LCOND = LCBOT - LCTOP
LCBOT = LCTOP + LCOND
LFRE = VOLFRE/ ACYL
LWAT = LCYL - LHTOP - LFRE
C
CVH=0,
. Cl = LHTOP/ (2.6*SCALE)
v C2 = LCOND/ (4.75*SCALE)
C1H=LHEAT/(.3*SCALE)
C2H=AHBOT/(15. *SCALE) ,
C
AHUP = AHUP * Cl
‘ AHBU = AHUP + AHBOT
ACCOIL = ACCOIL * C2
VHUP = VHUP * Cl
VCCOIL = VCCOIL * C2
VHBOT = VHBOT * ClH * C2H
MASSH = (VHUP + VHBOT) * ROWAT * GRAV
C
C3 = VCCOIL/ LCOND
C4 =-VHUP/ LHTOP -
C5 = VHBOT/ LHEAT
C6 = ACYL -'C3 - -
C7 =C6 - C4
c8 =C6 - C5
CS = ACYL - C4
Cl10 = ACYL - C5
C
IF (LCTOP.EQ.0.) GO TO 2001 .
CVH=LCTOP*C9
2001 C11 = (LHTOP-LCTOP) * C7+CVH
Cl2 = C1l1 +.LHEAT * C8 e
C13 = €12 + (LCBOT - LHBOT) * Cé6
Cl4 = (LCBOT-LCTOP) * C7 +CVH
Cl15 = C14 + (LHTOP - LCBOT) * CS
Cl6 = C15 + (LHBOT - LHTOP) * C10
C
C17 = MHRATE * CP * DELT
ci8 = Cl17/ 2.
C19 = MASSH * CP/ 2, - C18
C20 = C17 + C19
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c
C21 = HEVAP/ HFG
C22 = HCOND/ HFG
c
€23 = AOUT/ ACYL
C24 = AIN/ ACYL
C25 = AOUT/ AIN
C . ; "
C26 = KFRICT * ROWAT/ 2 @‘
C27 = 2. * ROWAT * FRIC
C28 = C27 * LOUT/ DOUT
C29 = ROFRE * LFRE + ROWAT * LWAT
C30 = C29 x C24
C31 = C29 * C23 o
€32 = (ROFRE*LFRE - ROWAT*(HOUT + LHTOP + LFRE)) * GRAV - PATMOS
C33 = ROWAT * LOUT + C31
C .
C34 = PATMOS - (ROFRE*LFRE - ROWAT*(HIN + LHTOP + LFRE)) * GRAV
C35 = €27 * LIN/ DIN
C36 = ROWAT * LIN + C30
o
C37 = AHUP/ LHTOP
C38 = AHBOT/ LHEAT
' C39 = ACCOIL/ LCOND
c
C40 = C26 + C28
C41 = 2. * C40/ C33
C .
C42 = 2, * C26 + C35
C43 = 2, * C42/ C36
C )

C WRITE DIMENSIONAL PARAMETER VALUES
WRITE (6,2010) LHTOP,LHEAT,LHBOT, AHUP, AHBOT, AHBU,VHUP, VHBOT,
1 MASSH,MHRATE

2010 FORMAT('1',' HEATER PARAMETERS: LHTOP,LHEAT,LHBOT,AHUP,AHBOT,AHBU,
1 VHUP,VHBOT,MASSH,MHRATE',/,10G12.4,//)
WRITE (6,2020) LCTOP,LCOND,LCBOT,ACCOIL,VCCOIL

2020 FORMAT( ' CONDENSER PARAMETERS: LCTOP,LCOND,LCBOT,ACCOIL,VCCOIL',
1l /,5Gl12.4,//) ‘ :
WRITE (6,2025) HEVAP,HHV,HCOND, HLC

2025 FORMAT( ' HEAT TRANSFER COEFFICIENTS: HEVAP,HHV,HCOND,HLC',/,
1 4G12.4,//) . ,
WRITE (6, 2030) HOUT,HIN,KFRICT

2030 FORMAT( ' INLET AND OUTLET HEADS: HOUT,HIN,KFRICT',/,3Gl2.4,//)
WRITE (6,2040) LCYL,LOUT,LIN,LFRE,LWAT,DCYL,DOUT,DIN,ACYL,AOUT,
1 AIN .

2040 FORMAT( ' MISCELLANEOUS PARAMETERS: LCYL,LOUT,LIN,LFRE,LWAT,
1 DCYL,DOUT,DIN, ACYL,AOUT,AIN',/,11G12.4,//)
WRITE (6,2050) C1,c2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12,C13,Cl4,C15,
1C16,C17,C18,C19,C20,C21,C22,C23,C24,C25,C26,C27,C28,C29,C30,C31,
1¢32,033,C34,35,C36,C37,C38,C39,C40,C41,C42,C43

2050 FORMAT( ' CONSTANT VALUES: C1,C2,C3,C4,C5,(6,C7,C8,C9, C10,Cl1,
l1c12,C13,Cl14,c15,C16,C17,C18,C19,C20,C21,C22,C23,C24,C25,C26,C27",
1,/,' c28,€29,€30,C31,C32,C33,€34,C35,C036,C37,C38,C39,C40,C41,C42,

T - T ————— e




lC43',/,4(11Gl2.4,/),//)
C

C NOW CALCULATE THE INITIAL CONDITIONS ASSUMING THAT THE FREON
C LIQUID-VAPOUR INTERFACE IS ALREADY AT THE LEVEL OF THE HEATER
C WITH AN ARTIFICIALLY HIGH PRESSURE IN THE VAPOUR

PVAP = - C32 + 2.
PPREV = PVAP + 1,
SPVOL = 33,6/ PVAP
TVAP = 171.1/ DSQRT(SPVOL)
Y = LHBOT
CALL VANDA
YV(1) = VOL/ SPVOL/1728.
w(2) = 20.
wW(3) = 0.
YV(4) = LHBOT
VOUTDO = 50.
VINDO = O.
KP = 33.6
KT = 171.1
C
RETURN - .
C

CCCCCCCecCeecccecereceeceecceecececececceecceccececececcece

C ENTRY FOR D/DT CALCULATIONS
ENTRY FCN(N, TEND, YV, YVDOT)

C
MVAP = YV(1)
VOUT = YV(2)
VIN = YV(3)
: b4 = YV(4)
C

1,
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o .
Ccceecececceccceececececececccce

C HERE TO CALCULATE LIQUID CONTACT AREAS AND VAPOUR SPECIFIC VOLUME

CALL VANDA
SPVOL = VOL/ MVAR/ 1728.
C

GO TO (3010, 3020, 3030, 3040), 1PV
C ASSUME VAPOUR IS INITIALLY SATURATED

3009 KpP
KT

33.6
171.1

]

C

3010

3020

3021

PVAP
TVAP

KP/ SPVOL

KT/ DSQRT ( SPVOL ) .
IF (PPREV .LT. PVAP) IPV = 2
IF (IPV .NE. 2) GO TO 3050

PTWO = PPREV
TTWO = TPREV

IF (Y .LT. LHTOP) GO TO 3021
PVAP = PTWO

TVAP = TTWO

GO TO 3050 ‘

IF (ISPV .EQ. 1) IPV = 3
PPREV = PPREV - 5,
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= PVAP * SPVOL
KT = TVAP * DSQRT(SPVOL)

3030 PVAP KP/ SPVOL
TVAP KT/ DSQRT(SPVOL)
IF (PPREV.GT. PVAP) IPV = 4 —~
IF (IPV .NE. 4) GO TO 3050 v

KP = PPREV -
KT = TPREV '

PFOUR PPREV

TFOUR TPREV

SPVOLS = 3:)3.6/ PPREV

3040 IF (SPVOL .GT. SPVOLS) GO TO 3041
PVAP = PFOUR
TVAP = TFOUR
GO TO 3050
3041 IF (ISPV ,EQ. 1) IPV =1
‘PPREV = PPREV + 5.

GO TO 3009
C
3050 CONTINUE
C
C PROCEED WITH ACTUAL D/DT CALCULATIONS
‘TERM = Y - LHBOT -
TERM = DEXP (TERM)
QEVAP = TERM * AHEAT * HEVAP * (TH - TL)
MEVAP = QEVAP/ HFG
MCOND = (ACCOIL - ACOND) * C22 * (TVAP - TC)
MDOT = MEVAP - MCOND
C
VOUTD = (PVAP - C40 * VOUT**2 + C30 * VINDO + C32)/ C33
C OUTLET VALVE CONTROL -
IF (VOUT .LE. Q. .AND. VOUTD .LT. 0.) VOUTD = 0.
c ) -
VIND = (C34 - PVAP - C42 * VIN**2 + C31 * VOUTDO)/ C36
C INLET VALVE CONTROL
IF (VIN .LE. 0. .AND. VIND .LT. 0.) VIND = 0.
C .
C DVOLDY IS EQUAL TO THE EFFECTIVE CROSS-SECTIONAL AREA

¥YDOT = (VOUT * AOUT - VIN * AIN)/ DVOLDY
cc WRITE (6,3060) VOUT,VIN,AOUT, AIN,ACYL,DVOLDY, YDOT
3060 FORMAT( ' VOUT,VIN,AOUT,AIN,ACYL,DVOLDY,YDOT =',7G12.4)

¥

YVDOT (1) = MDOT

YVDOT(2) = VOUTD

YVDOT(3) = VIND

YVDOT(4) = YDOT
C

RETURN J
C

CCCcceeeecceecececececeeccceecccecececccceeecececceeccecceecececececececceccecceccecccecceeccece
C ENTRY TO CALCULATE PARTIAL DERIVATIVES
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ENTRY FCNJ(N, TEND, YV, PD) : !

LYv(l1l)

Yv(2) -

V(3) " Ny
u\j

vV (4) 3

MVAP
vOouT
VIN
Y

nunan

00

INITIALIZE PARTIALS TO ZERO
' DO 4005 I=1,4 :
Do 4005 J=1,4 . v

, 4005 PD(I,J) = 0. .

C o

C PVAP AND TVAP PARTIALS ,

IF (IPV .EQ., 2 .OR. IPV .EQ. 4) GO TO 4010 \

DPDM = KP/ VOL/ 1728.
DPDY = - KP * MVAP/ (VOL/ 172B.)*%2 * DVOLDY/ 1728
DTDM = MVAP * VOL/ 1728.
DTDM = KT/ 2./DSQRT(DTDM)
DTDY = MVAP/ (VOL/ 1728, )*%*3
DTDY = -~ KT * DSQRT(DTDY)/ 2. * DVOLDY/ 1728. ; 4
- GO TO 4020
4010 DPDM = O.
DPDY = 0.
DTDM =- 0.
DTDY = 0.
4020 CONTINUE

C

C PARTIAL OF MDOT WRT MVAP
PD(1,1) = - (ACCOIL - ACOND) * C22 * DTDM

C

C PARTIALS OF MDOT WRT VOUT AND VIN = 0

C A

C PARTIAL OF MDOT WRT Y
PD(1,4) = TERM * (AHEAT + DAHDY) * C21 * (TH - TL)
PD(1,4) = PD(1,4) + (DACDY*(TVAP- TC) - (ACCOIL- ACOND)*DTDY)*C22

C

C COMPUTE PARTIALS OF VOUTD ONLY WHEN VOUT >.0

IF (VOUT .LE. 0.) GO TO 4030
PD(2,1) - DPDM/ €33
PD(2, 2) = - ca1 » VOUT
C PARTIAL WRT VIN = 0
PD(2,4) = DPDY/ C33

a0

COMPUTE PARTIAL OF YDOT WRT VOUT ONLY WHEN VOUT > 0
PD(4,2) = AOUT/ DVOLDY ,
4030 CONTINUE
c
C COMPUTE PARTIALS OF VIND ONLY WHEN VIN > 0
IF (VIN .LE. 0.) GO TQ 4040 _
PD(3,1) ='- DPDM/ C36 : -
C PARTIAL WRT VQUT = 0 ..
PD(3,3) = ~ C43 * VIN
PD(3,4) = - DPDY/ C36




C COMPUTE PARTIAL OF YDOT WRT VIN ONLY WHEN VIN > 0

C

PD(4,3
4040 CONTIN

) = - AIN/ DVOLDY
UE

C OTHER PARTIALS OF ¥DOT = 0

ccccceeceeecececce

C
C
c

an

C
o
C
o

C

RETURN

ENTRY TO

0

COMPUTE PERFORMANCE CRITERIA AND PARAMETERS IN THE

CONSERVATION EQUATIONS FOR ONE CYCLE

ENTRY
NPREV
NSAVE

SAVE THE
Y1(NSA
Y2 (NSA
Y3{NSA
Y4 (NSA

. Y5(NSA
IF (NS
IF (IP

CYCLE
= NSAVE
= NSAVE + 1

VARIABLES FOR TIME BASED PLOTTING

VE) YVDOT(1)

VE) vouT

VE) VIN , =
VE) Y

VE) PVAP

AVE .EQ. 1) RETURN

Vv .NE, 2 .AND. IPTEST .EQ. 1) RETURN

1 n u

IPTEST = -1

THE FOLLO
GO TO

WING SECTION AVALYSES ONE CYCLE
(5100, 5200, 5300, 5400, 5500), IPHASE

HERE WAITING FOR BEGINNING OF CYCLE
5100 IF (IPV .EQ. 3) GO TO 5110°

YI1(1)
YI12(1)
« YI3(1)
YI4(1)
YI5(1)
J YI6(1)
/ YI7(1)
YI8(1)
T1
PCHECK
PMAX
PMIN
YMAX
YMIN
RETURN

AHEAT * (TH - TL)

(1., - TERM) * AHEAT * (TH - TL)
(ACCOIL - ACOND) * (TVAP - TC)
(AHBU - AHEAT) * (TH - TVAP)
PVAP -* DVOLDY * YVDOT(4)

vour

ACOND * (TL - TC)

THONEW

TEND

PVAP

PVAP

PVAP

Y

Y

-

L I | R T | T O O (IR

C HERE IF BEGINNING OF CfCLE 15 FOUND

C
C

5110 IPHASE
GO TO

5200 1I¥ (IP

= 2
5600

Vv .EQ. 3) GO TO 5600

C HERE IF ANOTHER MAXIMUM OR MINIMUM IS FOUND

I PHASE

= 3

C DETERMINE ACTUAL PMAX OR PMIN

193
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IF (PVAP .GT. PCHECK) PMAX = PVAP
IF (PVAP .LT. PCHECK) PMIN = PVAP

GO TO 5600
C
5300 IF (IPV .EQ. 4) GO TO 5600
C -
C HERE IF SECOND HALF OF CYCLE IS FOUND
IPHASE = 4
GO TO, 5600
C
5400 IF (IPV .EQ. 1) GO TO 5600
C
C HERE IF FINAL MAXIMUM OR MINIMA IS5 FOUND
IPHASE = 5 ° .

C CHECK PMAX OR PMIN
IF (PVAP .GT. PMAX) PMAX = PVAP
IF (PVAP ,LT. PMIN) PMIN = PVAP

C CONVERGENCE TEST R
PCON = PVAP - PCHECK
PCON = ABS(PTEST)
IF (PCON .LT. 1.E-02) GO TO 5600

IPHASE = 1
NPV = 13
NI =1
GO TO 5100’
C .

5500 IF (IPV .EQ. 2) GO TO 5600
IPHASE = 6
TCYCLE = TEND - T1 - DELT
FREQ = 1./ TCYCLE ’
GO TO 5700 '

C : ‘
C DETERMINE YMAX AND YMIN

5600 IF (Y .GT. YMAX) YMAX = Y

IF (Y .LT. YMIN) YMIN = Y

c

C STORE VARIABLES FOR INTEGRATION
NI = NI + 1
‘YI1(NI) = AHEAT * (TH ~ TL) .
YI2(NI) = (1. - TERM) * AHEAT * (TH - TL) -
YI3(NI) = (ACCOIL - ACOND) * (TVAP - TC) =~ -
YI4(NI) = (AHBU - AHEAT) * (TH - TVAP)
YI5(NI) = PVAP * DVOLDY * YVDOT(4)
YI6(NI) = VOUT
YI7(NI) = ACOND * (TL - TC)
YI8(NI) = THONEW

C

C SAVE VARIABLES FOR Y BASED PLOT .
NPV = NPV + 1
Y11(NPV) = YVDOT(1l)
Y22(NPV) = HEVAP * YI1(NI)
¥33(NPV) = HEVAP * YI2(NI)
Y44 (NPV) = ¥
Y55(NPV) = PVAP

.
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Y66 (NPV)
Y77 (NPV)
Y88 (NPV)
RETURN
C
C PERFORM THE
5700 YII1 = O,
' Y112 = 0.
YII3 = 0,
YII4 = 0.
YII5 = 0,
- Y116 = 0.
- YI17 = 0.
YIIB=\O-
C
NIM = NI
Do 5710 1
YIIl YI
YII2 = YI
YIiI13 = YI
YII4 = YI
YII5 = YI
. YII6 = YI
YI17 = YI
5710 YII8 = YI
C
YII1l = YI
YII2 = YI
YII3 = YI
Y114 = YI
YII5 = YI
— YII6 = YI
o o

I C NOW PROCEED

C

C DETERMINE

5711

MEVAPT
MCONDT
FACTOR
QHVT
POWIN
QLCT
QVCLT

= Y22(NPV) - Y33(NPV)
= HCOND * YI3(NI)
= TH
INTEGRATIONS
-1
= 2,NIM
I1 + YI1(I)
I2 + YI2(I)
I3 + YI3(I)
I4 + YI4(I) -
IS + YIS5(I)
16 + YI6(I)
17 + YI7(1)
18 + YI8(1)
I1 + (YI1(1l) + YI1(NI))/ 2.
12 + (YI2(1) + YI2(NI))/ 2.
I3 + (YI3(1) + YI3(NI))/ 2.
I4 + (YI4(1) + YI4(NI1))/ 2.
I5 + (YIS(1l) + YIS(NI))/ 2.
16 + (YI6(1l) + YIG(NI))/ 2.

195

WITH PERFORMANCE CRITERIA AND CONSERVATION EQUATIONS

C21 * (YII1 - YII2)

C22 * YII3

DELT * 1054.35/ TCYCLE

HHV * YII4 * FACTOR

HEVAP * YII1 * FACTOR + QHVT
HLC * YII7 * FACTOR

HEVAP * YII2 * FACTOR

FREON LIQUID TEMPERATURE

GO TO (5711, 5712), ITL

FTL1 = QVCLT - QLCT

FTL1A = DABS(FTL1) -

IF (FTL1A .LT. 10.) GO TO 5713 ,

TL1 = TL

TL = 130,

TL2 = TL

ITL = 2

IPHASE = 7

WRITE (6,5714) TL1,QVCLT,QLCT

RETURN



(

-

5712 FTL2 = QVCLT - QLCT

FTL2A = DABS(FTL2) ¥
IF (FTL2A .LT. 10.) GO TO 5713

C NOW INTERPOLATE FOR NEW FREON LIQUID TEMPERATURE

C

TL = (TL1 * FTL2 - TL2 * FTL1)/ (FTL2 - FTLl)
TLl1 = TL2

FTLl1 = FTL2

TL2 = TL

IPHASE = 7

WRITE (6,5714) TL1,QVCLT, QLCT
RETURN

5713 CONTINUE
5714 FORMAT( / ,'

INACCURATE FREON LIQUID TEMPERATURE OF',Gl2.4,

1 'USED IN ABOVE CALCULATIONS; REPEAT',/,' QVCLT, QLCT =',

1 2Gl12.4,///)

C CONTINUE WITH PERFORMANCE CRITERIA AND CONSERVATION EQUATIONS

—E

C5720 FORMAT( ' SEC',Tl1,'MDOT',T22,'VOUTD',T33,'VIND'
1 T55,'TVAP',T66,'SPVOL',T77, 'MVAP',T88,'VOUT',T99,

C
Cc
C
C

AMP = YMAX - YMIN
QCTOT = QLCT + HCOND * YII3 * FACTOR

PDVWRK = YIIS5 * DELT * 0.1131

INDPOW = PDVWRK/ TCYCLE

AVFLOW = AQUT * YII6 * DELT/ TCYCLE * 60./ 1728.
POWOUT = AVFLOW * (HOUT - HIN) * ROWAT * GRAV % 3 258
INDEFF = INDPOW/ POWIN . .

OVEFF = POWOUT/ POWIN

THOC = (DELT * YII8/ TCYCLE - 32 )/ 1.8

THIC = (THI - 32.)/ 1.8

THC = (THIC + THOC)/ 2.

FLOWSI = AVFLOW * 0.4719

PMAXSI = PMAX * 0.0688

PMINSI = PMIN * 0,0689

YMAXSI = YMAX * 2.54

YMINSI = YMIN * 2,54

AMPSI = YMAXSI - YMINSI

TOTHED = (HOUT - HIN)/40,

YA(NPRINT) = TOTHED

YB(NPRINT) = FREQ

YC(NPRINT) = AMPSI

YD(NPRINT) = FLOWSI

YE(NPRINT) = POWIN

YF(NPRINT) = INDPOW

YG(NPRINT) = POWOUT

YH(NPRINT) = OVEFF

NPRINT = NPRINT + 1

WRITE (6,5720)

1 T121,'PVAP',///)
WRITE (6,5721)

)

,T44, ' YDOT'

196

14

'VIN',T110,

C5721 FORMAT( 5X,'TH',8X,'MSEVAP',14X, 'MVCL' 16X,'MEVAP' 15X, "MCOND')
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c WRITE‘(G 5722) (YBS(I) Y22(I) Y33(I) Y66(1), Y77(I) 1=13,100)
C5722 FORMAT( SX F5.2,4G20. 8) . .
C o

WRITE (6,5800) T1,TCYCLE,FREQ,PMIN,PMAX,YMIN, YMAX, AMP,AVFLOW
'5800 FORMAT(/// ,' TEST CYCLE STARTED AT T =',G12.4,', DURATION =',
1 Gl12.4, FREQUENCY ="', ’
1 Glz 4 ' SEC' ,/ " MIN PRESSURE =',Gl2.4, 'MAX PRESSURE =',6Gl2.4,
1 psx',/,' MIN LEVEL = ',Gl12.4,' MAX LEVEL=',Gl2.4,' AMPLITUDE=',
1 G12.4,'INCHES',/,'  AVERAGE FLOW =',G12.4,5%,'CU. FT./MIN."')
c .
WRITE (6,5810) PMINSI,PMAXSI,YMINSI,YMAXSI, K FLOWSI,
5810 FORMAT(/ ,' IN METRIC UNITS',/,' MIN PRESSURE =',Gl2.4, , -
1 "MAX PRESSURE =',G12.4,'BAR',10X, 'MIN LEVEL‘°=',Gl2.4,"" :
1 'MAX LEVEL =',Gl12.4,'CM',/,' AVERAGE FLOW =',Gl12.4,5X%, '
1. '"LITRES/SEC.',//) : ‘
WRITE (6,5815) THIC, THOC THC

i 5815 FORMAT( ' INLET HOT WATER TEMP =',Gl2.4,

1 ' OUTLET HOT WATER TEMP =',Gl2. 4,' AVERAGE HEATER TEMP =', -
1 Gl2.4,//)
WRITE (6 5816) TL
5816 FORMAT( / , FREON LIQUID TEMPERATURE =',612.4,//)
WRITE (6, 5820) POWIN, INDPOW, POWOUT INDEFF, OVEFF
. 5820 FORMAT(/ ,' HEAT INPUT pownn = ,G12 4, 'INDICATED POWER =",

1 G12.4,5%, 'OUTPUT POWER =',Gl2.4,’ WATTS',/, 26K,
1 'INDICATED EFFICIENCY =',Gl2.4,sx,'OVERALL EFFICIENCY =",
1l G12.4,/) '

WRITE (6,5825) ’
5825 FORMAT( /, ' THE FOLLWING PARAMETERS IN THE INTEGRAL EQUATIONS',
1 'ARE IN JOULES AND POUNDS')
WRITE (6,5830) QCTOT,QVCLT, QLCT MEVAPT, MCONDT, QHVT , INDPOW *
5830 FORMAT( ' QCTOT =',Gl2.4,/,' QVCLT =',G12.4,' OLCT =',G12.4,/,
1 ' MEVAPT =',Gl2.4, 'MCONDT =',G12.4,/.' QHVT =',Gl2.4,
1 ' INDPOW =',G12.4,/)
RETURN

- C
: CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

Cc ENTRY TO CALCULATE NEW HEATER TEMPERATURE
ENTRY THNEW

THOOLD = THONEW . Y
QHEATO = QHEATN
QHEATN = QEVAP + (AHBU - AHEAT) * HHV * (TH - TVAP)
QDEL = DELT * (QHEATO + QHEATN)/ 2.
THONEW = (C17 * THI + C19 * THOOLD - QDEL)/ czo
- TH = (THI + THONEW)/ 2. '
RETURN o

c .
CCCCCCCCCceecceceeeeeecececececeeeececeecececcerecrecececececceccceceececeecceeeccececcececcecececcc

© C ENTRY TO PLOT VARIABLES . . x

ENTRY OUTPUT
NC = 100
C INSERT ‘THE BORDERLINE POINTS FOR THE 'P-V' AND MDOT-Y PLOTS
DO 6110 I=1,7,2
6110 ¥55(I) = 0. ,
DO 6120 1=2,8,2 ,
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6120HY55(I) = 25,

C6160 WRITE (6,6170)

Y55(9) = - C32
¥Y55(10) = ¥55(9)
¥55(11) = C34
. ¥Y55(12) = ¥55(11)
C
DO 6130 1 = 1,4
J=1I+1
Y11(1) = -0.25E-01
6130 Y11(J) = 0.5E-01
DO 6131 1 = 9,12
6131 Y11i(I1) = 0.
Cl
DO 6140 1 = 1,11,2
Jd =141
©¥22{(1) = 0.5E-01
6140 Y22(J) = 0.
C i
DO 6150 1 = 1,12
Y33(1) = ¥Y22(1) ¢
Y66 (1) = v22(Y)
6150 Y774I) = Y22(1)
C . .
Y44(1) = 0.
Y44(2) = 0.
Y44(3) = LHTOP '
Y44 (4) = LHTOP
Y44(5) = LHBOT 2
Y44(6) = LHBOT
. Y44 (7) = 6.*SCALE
° Y44(8) = 6.*SCALE
Y44(9) = 0.
Y44(10) = 6.*SCALE
Y44(11) = 0.
Y44(12) = 6.*SCALE
C .
C DO 6160 I=1,NPV

6170 FORMAT( 3G20.4)

CALL
CALL
CALL
* CALL
CALL
CALL

RETURN

PLOT1
PLOT1
PLOT1
PLOTl

PLOT1 (Y44,Y55,NPV,NC)
PLOT1 (Y44,Yll%g::,NC)

(v44,Y22 WPV,NC)
(Y44 ,Y33,NPV,NC)
(Y44 ,Y66,NPV, NC)
(Y44 ,Y77,NPV,NC)

Y44(1),¥55(1),1

C ENTRY TO PRINT SUMMARY OF RESULTS
ENTRY FINAL
NPRINT - 1

NPRINT =

WRITE (6,

6171 FORMAT('l'

6171) HIN

»

/

9

! SUMMARY OF RESULTS FOR SUCTION HEXD =",

H

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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1 Gl2.4,///,T7,'TOTAL HEAD',
1 °T21, "FREQ', T33;'AMPSI', T44,"
1 T80, 'POW.0UT’,T92, 'OV.EFF'
DO 6172 1 = 1
. . WRITE (6,6173) YA(1),¥B(I), YC(I) ¥D(1),YE(I),YF(1),YG(I),YH(I)
6172 CONTINUE )

a

, —5X%,8G12.4)

[ ]

SUBROUTINE VANDA
C SUBROUTINE TO CALCULATE THE-LIQUID CONTACT AREAS,THE FREON VAPOUR
~ C VOLUME AND THEIR PARTIAL’DIFFERENTIALS
COMMON  /VA/LHTOP, LHEAT , LHBOT , LCTOP, LCOND,LCBOT,AHBOT,AHEAT,ACYL,
COMMON /VA/ACCOIL , ACOND , DAHDY , DACDY , VOL, DVOLDY , C6,C7, C8,C9, C10
COMMON /VA/C11,C12,C13,Cl4,C15,Cl6,C37,C38,C39,Y

REAL*8 LHTOP, GHEAT, LHBOT,LCTOP, LCOND, LCBOT , AHBOT ,AHEAT , ACYL
REAL*8 ACCOIL ACOND DAHDY DACDY VoL, DVOLDY ce,c7,C8,C9,C10
REAL*8 Cl1, C12 C13, C14 C15 c16,C37, C38 c39,¥Y

IF (Y .GE. LHBOT) GO TO 1020
IF (Y .GE. LHTOP) GO TO 1010

e
a—,

. AHEAT = AHBOT + C37 * (LHTOP - ¥) i .
DAHDY = - C37 :
. GO TO 1030
1010 AHEAT = AHBOT - C38 * (Y - LHTOP) ,
DAHDY = -C38 : .
“f GO TO 1030 - : . n
1020 AHEAT = O, " : : -
" DAHDY = O0. _ .-
1030 CONTINUE
c X
: IF (Y .GE. LCBOT) GO TO 1050
, IF (Y..GE, LCTOP) GO TO 1040 . . +
ACOND = ACCOIL
DACDY = 0. .
. GO TO 1060 . .
*‘ 1040 ACOND = ACCOIL - C39 * (¥ - LCTOP) -
: DACDY = - C39 -
GO TO 1060 , -
E 1050 ACOND = 0.
DACDY = 0. )

4 1060 CONTINUE ) o

IF (LCBOT .LE. LHTOP) GO TO 1160
g IF (LCBOT .GE. LHBOT) GO TO 1120 . .
( : WRITE (6,1110)
1110 FORMAT( /, 'LHTOP < LCBGT < LHBOT')
STOP

1120 IF (Y .GE. LCBOT) GO TO 1150
IF (Y .GE. LHBOT) GO TO 1140 ™

<FLOW' 757, "HEAT, IN',T68, 'IND.PQW'

CCCCCCCCCCCCCCCCCCCCOLCCCCCCCCCCCCCCCCCCCTCLCCCTCCCCCCCceecceeeccceeecee
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IF (Y..GE. LHTOP) GO TO 1130
IF(Y.GE.LCTOP)GO TO 1125
VOL=Y*C9
DVOLDY=ACYL
v 1125 VOL = Y *°(C7
. ' DVOLDY = C7
RETURN
1130 VOL = C11 + (Y - LHTOP) * C8
DVOLDY = C8 '

_ RETURN

1140 VOL = C12 + (¥ - LHBOT) * C6
DVOLDY = C6 S
RETURN

DVOLDY = ACYL \
RETURN '
. 1160 IF (Y .GE. LHBOT) GO TO 1190
IF (Y .GE. LHTOP) GO TO 1180
IF (Y .GE. LCBOT) GO TO 1170
IF (Y.GE.LCTOP)GO TO 1165
VOL=Y*C9
( DVOLDY=ACYL -«
. 1165 VOL = Y * (7
DVOLDY = C7

RETURN :
1170 VOL = C14 + (Y - LCBOT) * C9
g . DVOLDY = C9 n -
~ RETURN '

1180 VOL = C15 + (Y ~ LHTOP) * €10
DVOLDY = Cl0 o
RETURN ,
. 1190 VOL = C16 + (Y - LHBOT) * ACYL
G : DVOLDY = ACYL !
e RETURN
END . .
//GO.SYSIN DD * : N
L. ST
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1150 VOL = C13 + (Y - LCBOT) * ACYL

e

- e
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JOB 5728/CXP3SCR2/CXP3000 /21 556.27 H 21 JUL 85/

COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC
€0S INFORMATION 5647 FERRIER  MONTREAL QUEBEC
COS. INFORMATION 5647 FERRIER  MONTREAL QUEBEC
€0S INFORMATION 5647 FERRIER  MONTREAL QUEBEC
DATE 21 JUL 85 AT 23 54:48
DEPARTMENT - 17+ ,
JOB 1D: 4601 - REPORT NO 3
FILE ID- SIMPLEX HOLES
INPUT PROCESSING TIME: 00°'01 05
DUTPUT PROCESSING TIME: 00:02 45
REPORT COMPLETION CODE: O
PAGES TO BIN 328
PAGES TO TRAY 1 X
: N PAPER PATH HOLES 3
LINES PRINTED. 6292
TAPE MOUNTS: 1
BLOCKS READ 85
BLOCKS SKIPPED: e}
RECORDS READ 10720
_ DUDE RECORDS READ. 2
‘ MAXIMUM COPY COUNT 1 .
OVERPRINTS 201
: COLLATE “YES
SF/MF . MULTI
SIMPLEX/DUPLEX SIMPLEX
JDE,UDL USED" €516, 17FC o
ACCTINFO.
. INITIAL FONT LIST. OMT 10S
QMT 108
! (DJDE MODIFIED)
INITIAL FORM LIST: -NONE
a
INITIAL CME LIST: -NONE .t
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC
COS INFORMATION 5647 FERRIER  MSNTREAL QUEBEC
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC

v o I Whe g 1 B b e b T AT

(514)738-2191
(514)738-2191
(514)738-2181
(514)738-2191

(514)738-2101
(514)738-2191
(514)738-2191
(514)738-2191

cos
cos
cos
cos

cos
cos
cos
cos

‘.




-

START |T/JOB 5728/CXP35CR2/CXP3000 /21 55.27 H 21 JUL 85/ o
DJDE 0O «=(’>>>>> PLAIN PAPER 2?7/ ) ; ®
‘DJDE UDE = AOO2, JDL=17FA, COPIES = 1 . END :
- . ¢
) o
0
- - °
2
f e g T
oE
o o >
m =2
o
m
= 0
©
"k
rm
>
2
o
{
k)




END OF

EEEEEREERRETAERKEEERTLEERERLRA LR XL A XA 2232442 CXPISCR2*x 220000000 #+#xJOB B72B* k(X kXA XXX AKX LI XXX KA REXXXXAIXXKXRLXTLXXRSEXERARS

FILEG CODE=CXP3,000 AT {7H41M FRI JuL 19, 1985 EXE TIME

8 CARDS READ

10051 LINES PRINTED

O CARDS PUN_ .cD O TAPE MOUNTS O DISK MOUNTS

53 7 SERVICE UNITS MUSICA
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COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC (514)73B-218% COS
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC (514)738-2181 COS
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC (514)738-2191 CDS
COS INFORMATION 5647 FERRIER  MONTREAL QUEBEC (514)738-2191 COS
. N
DATE - 21 JUL 85 AT 23:55:54
DEPARTMENT - 17*  __ -
JOB ID" 4601 *REP;FNQ"E‘::
FILE 1D: % SIMPLEX.HOLES .
INPUT PROCESSING TIME 00:00.07
OUTPUT PROGESSING TIME: 00°00.01
REPORT COMPLETION CODE. O ‘
PAGES TO BIN- 4
PAGES TO TRAY 1
PAPER PATH HOLES: 0
LINES PRINTED: 76
TAPE MOUNTS - 1 s
BLOCKS READ * 0
BLOCKS SKIPPED o
RECORDS READ: 7
DJDE RECORDS READ 2
MAXIMUM COPY COUNT 1 -
OVERPRINTS - o
COLLATE YES
SF/MF . MULTI
SIMPLEX/DUPLEX . SIMPLEX
JDE,JDL USED" A002,17FA
ACCTINFO: JOB 5728/CXP3SCR2/CXP3G00 /21.55.27 H 21 JUL B5/
INITIAL FONT LIST. 162481,
1624EL '
(DJDE MODIFIED)
INITIAL FORM LIST - NONE
INITIAL CME LIST- ~NONE
COS INFORMATION 5647 FERRIER MONTREAL QUEBEC (514)738-2191 COS
COS INFORMATION 5647 FERRIER MONTREAL QUEBEC (514)738-219% COS
COS INFORMATION $647 FERRIER MONTREAL QUEBEC (514)738-2191 COS
COS INFORMATION 5647 FERRIER NONTREAL QUEBEC (514)738-2199 COS
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COS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER
CDS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER

»

DATE : 21 JUL 85 AT 23-56-02

DEPARTMENT 17*
JoB ID: 4601
FILE ID*

INPUT PROCESSING TIME:
QUTPUT PROCESSING TIME:
REPORT COMPLETION CODE

PAGES TO BIN
PAGES TO TRAY

PAPER PATH HOLES: \ °

LINES PRINTED:
TAPE MOUNTS
BLOCKS READ
BLOCKS SKIPPED.
RECORDGS READ.

MONTREAL QUEBEC (514)738-2191
MONTREAL QUEBEC (514)738-2191
MONTREAL QUEBEC (514)738-2191
MONTREAL OUEBEC \)514)733-2191

REPORT NO. &

\

SIMPLEX .HOLES
00:00-04
00:00:02
(o}
4

1

!

DJUDE RECORDS READ-

MAXIMUM COPY COUNT.

OVERPRINTS

COLLATE

SF/MF

S IMPLEX/DUPLEX-
JDE, JOL USED:
ACCTINFO
INITIAL FONT LIST.

(DUDE MODIFIED)

INITIAL FORM LIST

INITIAL CME LIST

COS INFORMATION 5647
COS INFORMATION 5647
COS INFORMATION 5647
COS INFORMATION 5647

16
16

-Ni

‘=N

FERRIER
FERRIER
FERRIER
FERRIER

108

[¢]

YES .
MULTI
SIMPLEX
AQO2, 17FA

JOB B5722/CXP3SCR2/CXP3000 /21 65.29 H 21 JUL 85/

24BL

24EL

ONE

ONE

MONTREAL QUEBEC (514)738-2194
MONTREAL QUEBEC (514)738-2181
MONTREAL QUEBEC (514)738-2191
MONTREAL QUEBEC (514)738-2191
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17.26.17 JOB 5722 $HASP373 CXP3SCR2 STARTED - INIT 6 ~ CLASS Y - SYS SYS1
17.28,29 JOB 5722 $HASP395 CXP3SCR2 ENDED

19 JUL 85 JOB EXECUTION DATE
14 CARDS READ
9,905 SYSOUT PRINT RECORDS
0 SYSOUT PUNCH RECORDS

2.21 MINUTES ELAPSED TIME
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/ID ABS CXP3,000,999, 999,999 COPIES=001 MVS

**EXCESSIVE TIME ESTIMATED..ASSUMING 180 SERVICE UNITS
/PARM COPIES=003,FILE="'Al19JUL85.17.25.01"' ,DELETE=T, DEVICE=2,FORMS="'C516'

/SYS TIME=MAX,NOSKIP,NOPRINT
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COS INFORMATION 5647 FERRIER
COS INFORMATION .5647 RERRIER
“COS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER'

DATE © 21 JUL 85 AT
DEPARTMENT: 17+

JOB ID. 4601 REPORT
FILE ID SIMPLEX HOLES

INPUT PROCESSING TIME -

MONTREAL QUEBEC (514)738-2191
MONTREAL 'QUEBEC (514)738-2191
MONTREAL QUEBEC (514)738-2191
MDNTREAL QUEBEC (514)738-2191

23.56 07 °

cos
cos
cas
cos

So

00-00:05 -~
OUTPUT PROCESSING TIME: 00 00:02 ! .
REPORT >COMPLETION CODE: 50 ' T
PAGES T0 BIN 3 N ) :
PAGES TO TRAY 1 ) . .
s PAPER PATH HOLES o : ' ' . ,
LINES PRINTED 88 . S e .
TAPE MOUNTS. 1 - . i’
BLOCKS READ: y .
BLOCKS SKIPPED - 0 Coal .
RECORDS READ s . ‘ ) .
DJDE RECORDS READ 2 .
MAXIMUM COPYCOUNT . 1 ' e i
) OVERPRINTS - . o,
¢ COLLATE YES o ‘
SF/MF: MULTI , _
SIMPLEX/DUPLEX | SIMPLEX : i 1
JDE . UDL USED; €516, 17FC .

ACCTINED JOB -5722/CXP3SCR2/CXP3000 /27.55 28 H 21 JUL 85/
INITIAL FONT LIST QMT10S |
oMT10B
(DJUDE MODIFIED)
INITIAL FORM LIST -NONE ' ¢
‘ I
INITIAL CME LIST: -NONE ’

e

COS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER
COS INFORMATION 5647 FERRIER

MONTREAL OUEBEC (514)73B~2191
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