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: ABSTRACT
)
A'STUDY OF HEAT PUMPS
; Brian McGowan ) ' S
. ( ' : I v
This report reviews the thermodynamic principles governing the '
operation of a heat pump and the var?%us factors which influence -its

efficiency. The performance characteristics and the operating pr%ncip]es

of air-to-air, air-to-water, water-to-water and solar assisted heat

0y

pumbs are included in this report. A ﬁumerica] model of a simple air- a/# ‘,;>

to air heat pump is. derived from eﬁuipment manufacturers data and
information obtained from pub]ishedirépdrts and papers. The report
concludes that f%at'pumps principally deve&oped in the U.S.A! havé a
reduced Seasonal Performance Factor when operated unaer Canadian climatic
cond1t10ns Also the'influence of the defrost problem and. the inherenf:.ﬁ

1nab111ty of heat pumps to ma1nta1n their heat1ng capacity as the source

temperature falls, have been the main drawbacks for.their acceptance as o

.a viable heating system in the residential market. Indications are that

Q

the trend to solar assisfed'heat pumps will continue to grow, because

of the un1qu advantagesyhich they offer over conventional hedt pump

" systems. However this growth will be slow particularly.in eastern Canada

where the high incidence of cloud cover during the winter months, requires
‘ 3

the use of an expensive heat storage system and electric resistance
: .-

- heating systems as a back up.

»
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1.

o the su1tab111ty of a specific heat pump system for Canadian’ c11mat1c

-

INTRODUCTION - e o
\The obJeet1ves of this report are to reView'xhé general theory
and types of_peat Qump systems commercially available. To reviey
the.performance of the different types of heat pump systems in °
residential, commercial and industrial ehvinonments and then
deve]opment of a modelling technique with a view of determining

’

cond1t1ons.

o

-

The heat pump is the name gehera]]y applied to a year-round
gpnditioning systemfuin which the refrigerat?on equipmeﬂ‘.;s
emp]dyed to supply useful heat to the space during the heating
cye]e and to/aeetrac%.unwanted heat from the space, during the
coo]ieg c&c]e. When the heat pump operates as a- heating system:M
the heat is taken from the outdoor air, water or other such low-
temperature heat source and delivered together with the heat
‘equivalent of the work of compression to the conditioned space.

' 4 , o
Conversely when .operating as a cooling cycle, the heat pump
abstracts heat from the conditioned space and rejects it together
with le heat equwvalent of the work of compression to an out51de

heat sink. ) : .
l

¢

There is no fundamental difference between the well-known vapour-

compression,ref;igefation cycle and the heat pump cycle. ‘Thermody-

namicd1ly, both_systems. are heat pdmps eﬁployiqg a'compréssor,

3



condenser, coo1dng coils”or evaporator, throttfing valve, controls

N

ang piping in order to absorb hegt at a low-temperature level and

reject it at a higher temperatute level:s The main difference

between‘the two systems is the primary objective of the application.

A refr1gerat1on 1nstal]at1om is concerned with the 1ow-temperature

effect produced at the evaporator wh1le the heat pump is concerned

w1tn\Both the cool1ng effect produced at the evaporator and the

heating effect produced at the condenser.

Wherever possib]eﬁin this'paper, S.I. uni;s'have been employed.
t [} ' .«

In Section 7 (Heat Pump Modelling) Bri;ien Units are utilized,

/

as the equations employed are based on specific equipment geometry,

for which data in S.I. units is not readily available.
' \

-



Thermodynamic Principle of the Heat Pump

Commercial refrigeration systems and heat pumps consist of a
cbmbressor used to raise thé‘pressure and temperqture of the
refrigerant vapour, a condenser from which heat is extr§cted,

a stérage tank 6r receiver, an expansion valve used to lower the
pressure from the high-pressure or condenser side to the Tow-
bngssure or evaporator side of the system, and an evaporator in
Qﬁich heat is absorbed by the refrigerant from some source.

An additionéj major component is the reversing valve, the function
of which is io reverse the flow 6f refrigerant in the ;ystéa,

so that the indoor coil acts as an evaporatorion the cooling
cycle and as a condenser on the heating cycle.

-

The defrost and cooling cycle of an air-to-air heat pump is

.

_-shown in Fig. 1 and a graphical form of the cycle is best

illustrated by the Mollier diagram in Fig. 3. Refrigerant is

pumped to a high temperature and pressure (isentropic compression)

and diverted to the outdoor coil by the reversing valve. A fan
forces oufdoor air over the coil removing heat and condensing
th; refrigerant, which then flows through the expansion valve

. (TXV) and into the Tow pressure indoor coil (evaporator). Room
air forced over thehindoor coil is chilled as heét is<absorbed
by the refrigerant in the evaporator. In absorbing heat the
liguid refrigerant boils, becoﬁes a vapour and flon to the

compressor suction, whereupon it is re-compressed and the cyc]e’

is repeated. .




2

.coils are reversed. Since the outdoor coil acts as an evaporator

n - ' - -4'_

On the heating cycle, the functions of the indodr@nd outdoar

‘ { Y
the leaving air is colder than the entering air, as illustrated
A

in Figs. 2 and 4. At certain outdoor temperature conditions, % ’E;;

frast will form on the outdoor coil impairing the éfficiency and . N
the operétion. To remove the frost, the heating cycle is

reversed back to the cooling cycle for a few minutes until the

hot gas has melted the frost. N ’ ¥

N )

In Fig. 3 both cycles are illustrated using the Mo11jer diagram,

N

beginning at A  the compresspf takes -in the gas which is all

vapour andncompresses it at constant entropy to B. Iﬁ.the proce§§'
it puts work WC into the ‘gas and increases its enthalpy. From

P

BtoC héat'is removed, i.e. rejected to the«sink by the pondenéér.

Y

This is the heat rejection (H.R.) process. Since hedt is removed
the vapoour is condensea~and is all liqu{a at C., FromC to B " )

it is throttled at constant enthalpy to»the.1ower pressure in, | s .
the eyaporator. It enters the\evaporatdr as a mixture of 75% . ’

1iquid and 25% vapour (approx.) From D to A the e&aporation . ~

process during which heat is added from the oﬁtsidg air. The

¢

change in enthalpy is the refrigeration effect (R.E.). -As the

. ﬁéfrigerhnt boils and absorbs heat, it vapéurizes and_enters the

-~ compressor as all vapour at point A, and the cycle is repeafed. ¢

. A

An index of the performaﬁce of the cycle'%s the qdefficient of ’ -

performancé (C.0.P.). By definition the actual coefficient of

performance of a heat pump, during the heating cycle, is equgl .

-
» »
A



=
-

‘s

to the total instantaneous heit output (H.R.) divided by the

il

heat equivalent of the net work required to produce the effect

(WC)-.  During: the coo]ing'{cyaé the C.0.P. i.s the ratio of the -

igstant.an‘eous re“frigerat'io'n’effect,(R.E.v) divided by the heat

equivalent of the net work done in producing-the efft—;dt (WC).

_ REAWC __ 4 RE
‘ C.0.P. (Heatmg) HR. = =g = 1+ W
. RE"
C.0.P. (Coohng) = o=
";Qt " »{C } '1 * \ ’\’
C.0.P. (Heating)} ==]+ €.0.P. (Cooling) -

8
Pl

4

Thus the heat pump operqting cycle ﬁasc the inherent advantag.e' of

¢ -

being more efficient than the cogling cyﬁe at the same evaporator/
condenser conditions. The C.0.P. can a’lso _be” exbressed‘by the

, L J ! <
use of the absolute temperatures at the various stages of the

cycles: . - ) ‘ ’
l o ‘9
. — _Th

P. (Heatmg)-—‘——-——w_ T

Tc

CO P. (Coohng)-—_, <!

A
o where Th -aCendehsation Temperature
'T‘c - Evaporg'tion Temperature C -
' * 1 '/‘
S

The ¢.0.P. is useful as a reference to indicate i:ﬁborén‘c
inﬂuencing factoiﬂs, but can never be remote]y.a'pproached in

pract1ce This is because isothermal - compresswn or expansion

l
£ann be accom 11shed practwal]y and the low temperature .
mp

grad1ent lgetween the refrigerant and the ambient results in .

:/, & .‘ . C‘;}: . o

~ . —

r
e
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1.2,

<

Factors. which Influence the Efficiency of the Heat Pump Cycle

“1.2.1.". Source Temperature

Iﬂi'the soufpe temperature is lowered, the evaporating
témperature would also be ]oweﬁed, which can cause up to a 30%
decrease in C.O:P.,of‘the heat pump) Hence the g}'eaterft‘,r/l;ek
spread between the evaporating and condensing temperatures the
poorer will Bé.thé pérformance of the h, t_pump. Control over

the source temperaturé is limited, as these are fixed by the

" application.

-

P
Howevef, to .some degree thg elevation of €he condenéing and
eyaporating tembfratures of the heat pump above the sink and'
source temperature is determined .by the performance of the
heat excﬁangers.‘ The condensiné temperature which'is determined
by the énergy balance between the éondénser and the room air,
which.is being heated, can be a]teréd by a modification of the
heat exchanger design. If considerably more heat exchange
surface is Brovided, the same amount of heat could be fransferred
at a Tower temperature dif;erence, which would balance out at

a r;wering of the condenser temperature. Conversely if the
efficiency of the heat exchanger is low (too 1itf1e heat transfer
surface) then the coﬁdenéing temperature would be increased,

thus increasing temperature diffference and thus reducing C.0.P.

The same argument applies to the evaporator performance, however,

this approach will fncrease the gost of the éhuipment and would

-

have to be justified on an economic‘basjs. An example of this

.79



effect is demonstrated in Fig.

1.2.2. Superheat Vapour, Subcb 1 Liquid

I% the refrigeran? leaving t evaporatonwof heat sink surface
is in 5 superheated condition as illustrated by points 1' or 1"
in Fig. 5, the refrigeration effect and the work of compression
arevﬁoth increased. The net effect is that the C.0.P. may
increase vérx‘s1ight1y and may decrease at higher suction
temperatures, however: for practical reasoﬁs this is necessary
so as to avoid damage to the Eompressor, due to liquid
entrainment. Increasing the vapour temperature bf the ¢
enteriné the compressor increases proportionally the temperature
rise in the compressor head. This temperature increase in the
compressor heat, caused mainly by the low transfer raté of the

/
superheated vapour, results in an increased discharge pressure

andyan additional load on the condenser. With hermetical]&

sealed compressor, a larger suction heating effect may result,
if the gas is brought through the crankcase or near the motor

windings. g

\

of sugerheat of the vapour may not be justified on the basis of

increased cycle efficiency, however, there are some app]icatibns

" which make the use of such a heat exchanger desirable:

-~

* The jﬁstqllation of a gas-liquid heat exchanger for the purpose |




(i) Installations using expénsion vaives require 8 to 10
degrees of superﬁ%at in the evaﬁorator }or satisfactary
performénce._ The use of a heat exchanger may make it unnecessary
to use the'evaporatdr for superheating the gas, thus increasing
the‘refrigeration capacity of the coil. The expansion valve
operation is'aqu improved by maintaining a better control

of the hunting of the valve and by reducing the amount. of

refrigerant carried back to the compressor by entrainment’. -

(ii) Many installations have uninsulated suction lines outside
the conditioned space. I% the heat gain of'sueh suction lines
cannot be avoided, a heat exchanger can be used to in;rease the
refrigeration effect by superhgafing the gas, which in turn
subcools the liquid refrigerant. Thus the necessity for
i{nsuTating the suction line is then eliminated.

If the liquid leavjng tﬁe condenser is supcoo1gd below the
éaturation temperature (froﬁ point 3 to 3 as shown in Fig. 5)
the.enthalpy after the throttling operation would be same pofnt
4. 1In this case the refrigeratin§ effect and the useful heat
output per pound of}réfriggrant"circ01ated are increased without-
any chang? jn the wérk-;f compréssion.. In contrast to the
disadvantages resulting from upérheating/the suction line, the
subcooling of the liquid ref;zgerant wi]] always improve the ;

~ hedt output and the C.0.P. of the System during the he;ting
cycle. Nith‘subcooling the horsepower per ton decreases and the

.

[y
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Cot -

C.0.P. increases as the liquid refrigerant témperature decreases.

J1.2.3. Compressor Performaﬁce

The type of compressor and the refrigerant employed to get~

«

rmaximum‘economcy depend to-a I@rge extent on }hé caﬁacity
required and the working pressures needed to satisfy thé desdign
"conditions. Heat bump compressors are either of the balanced-
compression or free-compfession type.. With balanced compression
the necessary positivg\d%sp]acement is generally obtained by
either 3 reciprocating or a rotary mechanism. In this type of
compressor pot all of the gas Teaves the cylinder. .-There has
to be some clearance between the cylinder at top dead cenfér\dnd
the valve structure. Hence on the downstroke this trapped high
pressure gas expands to the lower pressure occupies some'of the
cylinder volume, and 1imits the amount of suction gas which can
be taken in. fhis effect is the volumetric efficiency (V.E.)
‘and is primarily a fucntion of the compression ratio, (C.R.)
the ratio of dischgrge ta suctign gas pressures. }hg higher*fhg
C.R. the lower the V.E. which results in less gas'éeing pumped.
in addifion to this effect, as the eVaporation temperature is
1owered,,tﬁé specific volume'of the suction gas increases.
Consequently the mass flow rate of the refrigerant pumped, which
detérmines the heating and cdo]ing capacity of thelsyétem is

o

\owered; The positive displacement compressor is best suited -

for hand]ing smaller volumes of gas with large compressioh ratios, -

and are generally selected for all air heat source sink systems

L
o

& : | 1

r

LA

o

u

. -
P L eaiad



1
A

41

- heating cycle both the'refrigeratlng effect and the ‘correspond- -

also illustrate the importance of 1iquid sub-cooling on the :

.
P

- EE ) ’ =11-

and for'small and medium sized water heat source sink unjts.
In free compression a trqu-type or a’jet-type compressor is
used. A‘turbo_eQmpressor whether of the centrifugal’ or axial
flow typ€ is primarily suited for Tapge fluid volumes end

Tow compression ratios. Typical performance curves of a

T i

reciprocating compressdr at various saturated suction refrigerant
“temperatures-and outdoor temperatures during both iheﬁheatinga
and coolind cycles are shown in Fig..6. This compressor has a.
100 ton coo11ng capacity at a 35%¢ outdoor temperature and a 5°C

saturated scution temperature. It can be seen that dur1ng the

¢

~

ing heating output from the condenser reduce proportionally to

the drop in outdoor temperature. S?mi]ér]y'during the cooling

’

cycle the cooling capacfty and the corresponding condenser oytput

are also reduced as the outdoor temperature increases. The curves’

heating output of the heat pump.

—_— ) . |

1.2.4. Refrigerants ' , . PR + .

Some of the nnst 1mportant factors, which 1nf1uence the choice

» v M 3

of the refr1gerant are the1r phy51ca1 properties such as toxicity, ., -
IR

odor, acidity, corrosiveness, lubricating characteristics, ’ '
’réactjvity and danger from exp]osion:f The choice of the type
and design of compressor will be influenced by the compression
:ratio and the refrigerant volume factors. It is desirable to

‘have the evaporator pressure as high as is feasible, while

)
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[ :

keeping fhe‘condensing pressure‘és low as possible. The

-

compression ratio determines the volumetric efficiency of a

J; 4 LI .
positive displacement unit and in influences the number of
i - o P .
stages required in axial flow compressor. Also, the compression

»

ratio in centrifugal compressor§ is affected by the vapohr

density of the refrigerant. :The density is‘related to the '

- . . 13

molecular weight of the gas as well as to .the operating.-
. 2

temperature and pressures. N ' - S )

. | Co
Refrigerant characteristics change with operating temperatures.

v L4 . 3 2 i
Some refrigerants are advantageous for low refrigeration systems

( . !
between -40°C and.-BOC, whilst others are more- favourabie in the

. range of -8% toASOC. Common refrigerant 0ils break 30wn in

\

#
o

the 150°%  -~250°C range. Refrigerant stability at high

temperatures is a problem, consequéntly it is usual practice

‘to desi’stems for a maximum compressor discharge temperature
A

of 120° heat pump must be designéd within the ﬁéﬁstraints
described above, thus a system using refrigerant 22-in a
rec{procating hgat pump, could no£ operate between a 250°C tq
350°C temperature range if oil break-down is to be avoided. This

problem can be overcome by using a.centrifugal compressor, where

"~ 0il is not'present in the refrigeration circuit. However, this

A

type of comressor is de§igned for refrigeration tonnages of

200 tons or more. A ‘ : .
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refrigerant 1337 which has a specific volume at‘spc
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for low tonnage systems, whjch led to the dévelopment of °

13-

THus a refrigerant qith‘a high gpecifﬁc volume is desirable -

5

~ saturated evaporating temperature 15;t1mes‘that-of“refrigerant
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HEAT SOURCES AND SINKS

)

" The cho1ce of the heat source and sink is of pr1mary 51gn1f1cance

~ 3 )
.energy and industrial processes.

beca?se of the heat Pump s\dua1 function of providing heat1ng aqd
cooling. Under winter conditions; heat is abstracted from the
source and"de11vereh'to the cond%}ioned space: Under summer
conditions thé heat is removed.from thé condi tioned space and
discharged to the heat sink. The choice of the most bractica]

medium for a particular application will be influenced by mghy

factors, such as Yeographic location, climatic conditions, initial

-

cost, ava11ab111ty and su1$ab111ty Practica]ly any form of 1ow-}

level heat is readily app11cab1e to the heat pump cycle, but the
majority of the systems dre outdoor air, or well water as the

source and'sink. Othep possible media include the’ ground, solar

M

-\
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- 2.1, Air

One of the universal sources of heat, and perhaps the most .

'éonnbn for “heat-pump usage is the surrounding air. This medium

is used to a large extent on residential instanations’and\is
-fast becoming the principal gelection forthe commercial and
jndustri?1 applications. ‘The selection or design of the air
source heat pump componénts.}s affected by the outdoor

femperature variation in a given locality. Many localities
experignce wide fluctuations ié outdoor air températures and
" the heating requirements are always greatest when éhe outdoor .
-temperature 1is 1owe§t.

Fig. 7 shows the theorétical Carnot-Cycle heat pump efficiency -

for 35°C delivered air and various air source temperatures. .

While these Q.O.P. vaiygs are much higher than can be rea]i;ed

in practice, it does serve to illustrate that' the heat-pump’

cyclé efficiency drops ?ff rapidly is the source temperatur?‘

l

g
ncreases.

J

The sécond curve shows the efficiency céﬁéu]ated on the basis of
a 10-degree temperature differential in eqch of the heat exchangers.
,'fhis loss greatly reduces the C.0.P. of the heat pump. Since
heating requirements increase as the outside temperature drops,

the air-to-air unit requires increased size in order to make up

for this decrease in C.0.P. as the output requirements increase.

\

-« Where heating is the controlling load on the head pump and where

A
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low outside temperatures are encountered, the air-to-air unit

will require a larger horsepower capacity unit-than the ‘water-to-
air unit. - R C ‘

The air-to-air unit is basically larger in size than the wa ter-
to-air unit because the air heaﬁ exchanger is larger than the
liquid heat exchanger, and provision must be made to bring the

outside air to, through and from the unit. Because the temperature
r - .

drop .in the air from which heat is extracted must be kept low to

reduce frost formation on the outdoor air coil, which ultimate]y
interferes with heat transfer, 1arge volumes of\5{ Qrst be

handled as illustrated in Fig. 8.

This introduces noise problems, and unless the unit is convenient-
ly located to an outside air-source, it will require a considerable

¢

Qo - '
amount of power. Practical considerations would seem to limit-

the air-to-air unit. to outside temperatures of from -8°C - -3°C
However, the capacity deficiency of an air source heat pump at

the Tow outdoor temperatures can be neutralized by fully ut11121ng
all .methads of conserving heat, proper system design and by using

’

supplemental resistance heating for-the short infrequent cold

spells during the winter period.

. ‘ ;
» : . -
\
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2.2 Water . S

.+ Water from wells, lakes, Eivers and manufacturing processes
‘where the temperature is too Tow for direct utilization is
often a, very satisfactory heat éour?é s{%k. The genera1
advantage of using water as the source o? heat is the fact that

hit is at essentially the same temperature during the entire heat-

ing season, which ﬁesu1ps in a mbre compact unit. By having

a uniform source temperatuéé, it is possigle to buiid a unit X

designed to operate at capacity. As it will oper;%; at this

capacity indegehaeﬁt of heating requirements, it is jable to:

deliver at maxinium capaéity, when this capacity is most negdéd.

-

o

Although water would seem to have some‘adéantages as a source of
heat, i} 31;0 has some distinct disadvantages. The water source
-must beikhemicqjly sttab]e, e.g. should not be excessively
;orrosive, and should not }equire‘extensiveﬂtreatment or the use
of expensivg_metals in the fabrication of the heat pump. - Well
wéter is often available in dependable quantities at depths ‘of,
46 - 180m anduat favourable temperatures, usually above 10%
Fhroughout the year. Howéver, it is becoming increasingly
difficult Fo obtain a debendabie supply of trddb}e-free water

in many parts of the country.

. The disposal of the water after use and the local codes and
restrictions do not constitute a difficult prob]eﬁa In many.

. cases, however, return wells are necessary or storm sewers are

“ 4
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subject to a user's'th. Such conditions-may make the system .

’

. - /.
cost prohibitive for the heat pump is-a %nce-through system and o

'~\Iarge quantities of water are required. The uncertainty of

e i A

finding a ‘sufficient quantity, at a given"]ocatioh, should not .

' '

~ detract from its use, however,, the cost of deyéloping a we]l\

~watér supply for rééidentia] éhd small commercial installations S
_— ié\pot economic, cohsidering the? return on inVestmeht.‘ In N
A . .
) certain industrialiapplications, use may.be made of waste water w
'., s a heat source, e.g. warm water discharge, from laundries to e

o o form large industrial condensers. Fig. 9 shows a plot of the

4

By volumetric flowrate of water used for various sizes of heat

? -

pumps for’a 5, 8 and 1% temperature difference.

d v
z \> .
2.3. Earth | ) . '

L — . The most universal sohrce of heat is the earth, the only problem

is in devising the necéssary mechanisms:to pick up the heat from

the earth. Fig. 10 fllustrgéps the large quantities of heat

=

available. This figure shows for example that a cylinder of . .

earth 9m in diéqﬁter and 30m in depth will give up 8,207kwh if ) "

its temperature is lowered only by §°C. This amount of heat is

sufficient for a five month heating season, with a heat pump

,
A : ‘

™ . delivering 9kw operating 30% of the time.

Many scherfes have been proposed for extracting this heat.from the
earth. QOne offthe first proposed is shown in Fig. 11. In this~ .
© e, sysfem a hole is drilled in the ground to a depth so that there *

will be a fluid level of about 60m. A closed "U"'tube as shown

2
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in Fig.12 is inserted into the well. ‘A pump is use to circulate

water .or other fluidfcthrough this pipe to pick/gp eat from the
' E p '

well, which in turn picks up heat from the earth. This system by
. : 7 . - 5 B

haé”mény advantages over the circulation.of tﬁeﬂkgter itself.

J o ST
The f?%ﬁd in the "U" tube can be inhisze%ifo eliminate corrosion

fy
in the heat exchanger system and powe réh irq@eﬁts are kep%‘to

i .

a minimum, since the only work to be done{js that necessary to

\

overcome friction in the system. One objection to this system
is the expensetinVOIVed in digging a well.. However, this

expense is offset by generaily lower opeka%iné costs. -

2

Another system adobtea was the embedding éf heat transfer surfaces,
e.qg. bundles/of horizontal tubes incthe earth. Refr%geran%sa

such as R12, R22 énd brine were pumped through the pipeﬁ; which
Qct as the evaporator of ‘the heat pump system. After sevefa]

years résearch work on this sdbject it was céﬁcluded that an-
average safe -selection would be 60m to 120m of 22mm to Zma'O.D.
pipe per ton of refrigeration effect. buried'].Zm apart at a

depth of 1.2m (])W To insurenconfinued contact between the coil \‘

and the ground material, the space around the coil was filled

' wWith sand.’ In spite of this precaution, it was found that after

several’ years, the §pade between the earth and the pipe increased

: until the surface was no:longer satisfactory as a heat'sink.

This.adverse effect did hot occur when the surface acts as a

heat éource, betguseythe moisture in the grduhd migﬁates and

4

freezes aroﬂhd-the pipe to fill the void.

g
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The heat transfer rates found for this horizontai grid of pipes
varied during the heating cycle from 1.68 to 5.15 Btuh (ft) (°F),
;nd during the cooling cycle from 0.64 to 1.3 Btuh (ft) (°F).
One ‘of the host important factors to be looked at when the earth-
is to be considered as a heaf sdurce, is the temperature at
which heat can be obtained. Fig..9 gﬁows the approximate
temﬁeratures of water from wells at depths of 9 to 18m. At thg?é
' de?ths,there is ;n geneval a seasonal variation of not more than
about 1°%c. Earth or grounH-water temperatures at these depths
* generally exceed the mean anfiual air temperatyre by H - °c.
It can be seen tﬁit large sectioné of the U.S.A. has ground
temperatuﬁes in excess of 15°C. With-this 1ﬁgh temperature and
a]fowing;a”reasqnable drop such as 2 to 5°C.between the mean earti
temperature aad the heat exchanger fluid, very efficient heat
pumps can be 6btdined. However, the initial expense in digging
deep wells or in laying piping in thg earth and the other factors
such as corrosion prétectionxothhe eéuipment, etc., ensure
"that this type of heat pump can only be considq{gd for very -

[2

specialized applications.

LRIy S
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2.4, ,S0lar Power -

Gonsiderable i;téreét’has been shown in 561ar energ;las a heat
source, on a primary basis or in combination with other sources.
FO( direct utilization of so]aé energy, numerous types of solar
c&l]ectors Have been usgd, howgvér, most suffer from boor
, efficienéy, as a resu]tuﬁf their;fnabi]ity to capture a large T
percéntége of 1oweg intensity radiation, which occurg on c]oudy__
days. The heat pump offers several possib{lities for overcoming
'some of the present handicabs, facing the direct utilisation ‘
cb]leétor, betause of it§ inabi]it§ to absorb‘the solar heat;at
a relatively Tow collector temperatiure. Operating at these lpws\\
cdllector temperatures reduces the/iransmission losses. The |
}eduction in turn materially increases the collector efficieﬁcy.
In pepera1 the principal attraction for usipng solar energy
in this maﬁner is the possibi]fty in providing‘a higher temperature
‘heat source than the other,more common sources. —

1

One drawbéck of .a solar-heat pump system is that an alternate heat ~

source or some means of heat storage must be used to provide hkat
during periods of insuffic%ent solar radition. The average number
- of hours of sunshine as well as the percentage of possible
"~ /sunghine hours, vary widely in the U.S.A., ranging in December
from 45 hours ﬁnd 16% for Erie, Pennsylvania to 254 hours and
82%:(14) for Yuma, Arizona. Even under the most favourable‘
cohditions, therefore, éolar energy can Be\expected to account

for only about 34% of the total heating hours.

]
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A typicaL'examp1e of a.solar-heat pump is shown in Fig. 14

During the heating cycle the compressor delivers the high

pressure, high-temperature refrigerant to the condenser—coo1er,
where it is Tiquidfied by giving up its latent heat of
coﬁdensation io the water in the storage taﬁk) The re%rigerant
liqutd then changes into a low-temperature, 1ow—pressere gas,

in the solar collector by obtaining the necessary latent heat of

vapourization from solar radiation.

The surfac temperature of the so]ar collector can be ma1nta1ned

at abdut 15\C- or 1ower and that of the condenser-cooler at

a refr1gerant condensing temperature of about 50° C or higher.

Warm water from the storage tank in turn is c1rcu1ated to the
condi tioner coil\to provide the necessary heatlng.

In summation it can be said that as a result of Ehe ehergy crisis,
a renewed interest arose in solar energy as.a heat source. Due
id the low cost of fossil fuel before the energy crisis, solar
energy could not compete with it, if calcualted on the basis

of cost per Kw produced. Moreerr, sihce solar energy produces
mainly Tow level energy, through heat conversion, this source

of energy became.iess attractive. .A significant amount of
research and deve]oﬁmenf.is-now being done to develop more /
efficient aﬁd less expensive solar-heat pump system components
which will allow selar energy as a heat source to reach a higW

level of uti]iza;ioﬁ‘in the foreseeable future.

) ¥
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2.5. O0Other Heat Sources . . : ‘ '

P

Heat pﬁmps can also be used to sxtract low level heat from ai},.
water, fluids, etc., which under normal ‘industrial practices
X is reflected as "waste beat". Examples such as theuse of the

cooling water on a thermal station has been used as the heat

)

source to supply low Tevel heat (25°C) for greenhouses in Russia.

. \ -

s R B -

In 011 refineries and chemigal plants, due to the high cost of

energy, low temperature fiuid streams, such aslcoo]ing tower ‘ :
Lo S water and final éroducts, are‘now being utilized to supply heat
‘ i to outbuildings on the site. .Other uses of the heat pump are
in the possjb]e replacement of cooling water céndenser; for o

heated products in ch§mica1 plants.

e
Some of the above systems and means of screening such épp]ications !//*7\-
.from an etonomical point of view is discussed in some detail in

5/ _ Section 5. . ' ' o S




3. ' AIR-TO-AIR HEAT PUMPS

3.1. Principle of Operation -

Air source systems are more common than water source systems
due to the availability of air as compared to the expense

involved in well drilling and water treatment. The major

drawback-to air as a source-sink is the inherent characteristic

that  the heat .pump has less heating capability and lower overall

efficiency during the coldest weather when the Targest quantity '
of heat is required. When a system is sized for the summér
cooling load, it will generally have insufficient heating
capacity to match the building load at winter design condition;,
pérticd]arly in northern climates. To make up - this deficit;

v

supplementary electric booster heaters are generally reguired.’

Fig. 13 and Fig. 14 illustrates the operation of an air-to-air

heat pump.

On the cool1ng cyc]e high. pressure liquid refrigerant (Fig. ]3)) ' , ‘
“ high pressure refr1gerant is fed to the indoor coil through an '
expansion dev1ce where it evaporates picking up heat from indoor ’
air. Energ{ng low pressure vapour passes thrbugh the vapour |
line, though the reversing valve to the compressor where it is
brough to a high pressure'vapo.ur' ‘and sent tRck thr_ough the
reversing valve to ihe condenser. This vapour gives up heat
.Vto the outside air and is condensed back into a 1iduid. It passes
out of the condenser around the expansion.device via a check

va]ve'ahd~into the Tiquid line to complete the cycle.

-
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To'operaté $n the heating cycle, the slide in the reversing valve

(Fig. 14) moves to the left as shown. The compressor then ) oo
delivers high pressure Qapour to the indoor coil where in

ébndensing it, gives up heat to the‘indoor air. The 1iquid /f
refrigerﬁnt hyrpaises éhe expansion ‘device via the indoor d n D

check valve.and is conducted to the outdoor expansion device

through the liquic line. Here it is fed into the outdoor y

coil where it is evaporated~at a low enough pressure and

temperature to absorb heat from the outdoor air. The
refrigerant emerges from the outdoor coil as low pressure vapour

where it is directed by the reversing valve back to the compressor.

@

As frost.accumulates on the outdoér;coi[ during the heating

cycle, it must be periodically removed to permit efficient

operat{on of the heat pump systeé; To accﬁhﬁlish this the J
four way refrigerant valve is reversed to the cooling cycle and

heat. is removed from the indoor air byvthe compressor anq '

dischgrged to the outside coil, whose fan is shutdown, until

the frost’ishremoved. During‘the defrost cycle, indoor supple=

mentary heate;s are generally energized at least partially to

prevent a cooﬁing effeqt’in the conditioned spaces for. the short

duration of the defrost cycle.
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3.2,  Cdntrols | |

The.cbhtrol system to be employed will depend on the operation
“~desired, the performance required, and the type, size and design

of -the heat pump. The operation can fange from maﬁual to

. completely automatic. A control system can materially effect
safisfaction and performanﬁe of the installation. It is very
desirable to provide a ready means of switching from heatin§ to
cooling, automatic defrosting when air is used as a heat source
and capacity modulation, particularly in the-Targer sizes of 20

tons and above.
When designing thecontrd]s.for a heat pump, the foliowing factors -

should serve as_guidelines:

a) It is ﬁeéessary thatﬁcondit%oned air_which is circﬁlated over
the indoor coil be maintained at the designed quantﬁfy for ~
proper operation on ﬂoyh cooling and heating. This is ¢
particularly trué of the heating cycle to achieve eponomida]

.operation and to prévent overload. The importance of keeping

-

| air filters -clean becoiii;fyitical to this operation.” * _

b) Many heat pump installations require supplemenfaQy he@tjtq
" match the heating load at low outdoor temperatures ana to ,
. temper indoér supply air during defrost cycles. In almost
all cases this Aeat is Eupplied in the form of electric
res{stange heatiﬁg and controls should be designed to

minimize the use of theé heaters for economy reasons.

s i,
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A common way od doing this is by controlling strip heaters-
from the second stage gf indoor room fﬁ:rmostats. The strip
heater is not turned on until the temperaﬂqre/félls sliéhtly
_indicating that ;he heat pﬁmp is not handling the Toad. . Many
times an outddon thermostat is ;lso addeé so that electric
heat cannét be turnéd 6n until the outdoor temperature. falls

below the balance point of the system.

Heat pumps using outside air as a heat source must have sonm{
means provided to automatically defrost the outdoor coil if
' it is intended to operate at temperatures be?ow about 10°C.
The most universally used method of defrost for air-to-air
heat pumps is to stop the outdoor fan and reverse the system
to cooling cycle. The defrost period may take from one to
six minutes, depending oniconditionsl During this period it
common practice to bring on suppiementary electric heat to
maintain the supply air temperature at a comfortable level.
A device is also necessary to sense ihe need for initiation
of defrost. Some designs use a timer, which calls for a
defrost at regular intervals. The 1ntervaiihil1 vary
depending on design, and some units provide a means of
adjusting the length of interval fo suit climatic conditions
ip a given geographical area. An equally popular method of
control is theuse of an air pressure switch, which senses
and increase in static air pressure across the outdoor coil

due to frost éccumulation between fins (22, 28).

SUTRPUP
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Another control ié needed to terminate the defrost cycle.

It is customary to'stop'the outdoor air fan during the
defrost.cycle, since continued 6peration'wou1d unnecessarily
extend the defrost period or even prevent it from terminating
entirely. With the outside circulation cut-pff and hot gas
from the cofpressor discharging into the coi1; the defrost
occurs in a matter of minutes. A cogvenient method for
tgrminating the defrost cycle is to use a pressure control
that will switch the system back to the heating cycle when
the pressure has reached a pre-detemined level, usually .
equivalent to a condegsing tempé}aturé of around 49°C.
Th;s‘temperature can also be instrumental "in terminating ,
fhe defrost period by use of a rapid response‘thermostdt

in the cpil tubes or line carrying liquid from the outside

coil.

-
\

Ventilation air requirements an@’controls used should be
very carefully considered in the design of any system using
heat pumps. Since a need for cooling must exist befqre a
heat pump can be cggsidered feaé%ble, the possibility bf
us%ng venti]atfon air for free cooling can provide worthwhile
economies in operating costs. This s especially true in
bui]dtiS“With high internal heat gains, where cooling may
Qé reduired even at Tow outdoor temperatures.

'é ‘
An automatic system of ventilation Eontrol is shown in Fig. 15.

It uses a mixed air controller to operate the damper motor,

ot
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thereby modulating fresh and return air dampers to matntain
. a constant temperature input to the heat pump. Controls
position the dampers so that only the minimum amount of
ventilation air required is admitted ddrihg times of cooling
‘demand when outdoor‘temperaturé is above 20°¢ or heatiné
démand. When outdoor temperature is be1bw_20°C and cooling
s required, outside air dampers can be opened to admit 100%
fresh air for free cooling. These damﬁe are also (9) ‘
controlled to admit minimum venti]a%?ﬁh air by the position-

ing switch shown.in Fig. 15 or by an end switch on the damper

motor itself.

1
I

Many installations require exhaust systems and»dampers which
may or may not be part of the package fo; proper control. of
_indoor pressure ievé]s. Simp]if%ed ventilation systems are
preferred in many cases for econoniy. Ibne of the simpliest
configurations is illustrated in Fig. 16 which employs a
spring return motor on the outside air damper. When the fan
“is started, the damper opensxto admit a fixed percentage'of'
outside aif. When the fan stops, the damper closes. A more
.complex system is shown in Fig. }7 where the two position
damper motor is replaced with a modulating motor. The amount
- of outside air is varied by a positioning switch 6n the control
paqei. This sysfem:allows the outside damper to be opened

100%, but the motor automatically closes it whenever\the fan

is stopped.

v i el o e
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For any installation pfoper location of the thermostate is

i

an importani factor. However, in large spaces with no
columns or where shelves cover walls, compromises have to
be made. The return aid thermostat is an alternative

solution where it is impdssible and impractical to mount'
a room thermostat. A return air thermostat should offer

AElhigh sensitivity, fast response, Tow mass and good repeat-

ability. Electronic cantrols are now preferred over re1éy

type, as they reduce the bu]ﬁ of the contro] panel, offer

a ‘higher reliability and an added bonus is remote temperature
reset. In the case of rooftop units, resetting return air
thermostats can present a problem, but a control panel with

remote temperature reset can solve it handily. .

e
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d 3.3, Air-to-Air Heat ﬁump Systems

° 3.3.1. Single Package Heat Pumps
Air-to-air heat pumps in this categofy may be classified by the
way in which the indoor and outdoor sectionsxqre oriented within,.¢
the cabinet. Generally speaking, a horizontal unit is considered
Vo , " one in which these two sgptions afe/§idé by side, while in a
vertital uﬁit‘the~two secfions are‘stacked.one above éhe other.
The cabinet may be designed wholly or partly weather—proqf

depending on how it {s to be installed. For units intended to _

\ be installed completely out-of-doors, as on a roof, the entire
‘ { cabinet must be designed to withstand the weather. Typical
arrangements are shown in Fig. 18. Some of the advantages of

locating the unit outdoors are:
)

a

Lo 1) Minimum restrictiir in the outdooy air circui@,»reducing initial

and operating cost, for the outdoor fan.

2) Ease of removal of melted froast from outdoor coil.
3) Elimination of need for installer to supply outside air ducts

and weatper louvres:

" . . .
\ . : .

Among disadvantages to be considered are: -.
. . Vs
1) Sefvicing‘during heating season can be yifficult.
.2)‘ The indoor seg;ion must be well insulated-and sealéd for . .
efficien; operation §1nce it js‘subjected to‘the‘outdoor

ambient temperature.




.
Sqme units are designed to be instai]ed as in Fig. 19. A uﬁixg
designed for installation as shown in Fig. EO require$ a b]bwer .
capab]efof produc{ng_high static pressures in the outdoon‘se&tion
to ovéhgome=;he extra resﬁstance of outdoor air huc}§ anq wed ther

Touvres. If a unit is installed within the building, but outside

the ;onditionéd space, special attention must be given to removal

of outdoor air condensate. In certain climates it may be necessary

to use electric heater cable on‘cqndensaée lines to-insure that.
the condensate does not re-freeze and block c%j] draining during
the defrost cycle. This proBlem can be solved by runHing

- "

condensate 1inesj%n heated areas of the building.

\
-

Vertical cabinet models are most often used for installation
. entirely within the’ conditioned space. They are designed to be
located-near an outside wall for ready access to outside air.

They must be used with a supply b{gpum and gri]le%for free ajr

delivery in certain fypes of commercial applications.

3.3.2. Split System Heat Pumps

With an air-to-air heat pump the most commonly used af?ﬁngement

3

is where the outdoor section (consisting of compressor, controls,
outdoor coil and fan) is located remotely from, but coupled
directly to. the indoor sections; by means of liquid and vapour
refriggrant lines. The indoor fan sectjon may be Furnishéd in

either a horizontal or vertical cabinéf. Vertical cabinet models

o

are often designed so that they can be used for either upflow or,

downflow of indoor air. Indoor and outdoor sections must ‘be
) — e, 9

\
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“ 4 77 piped in the field with re{rigerant grade tubing, evacuated
' and chargéd. However, in §HP<sizes and below, some manufacturgrs
are. furnishing units designed to be conqgctéd with factory charged

tubing using”refrigerant connectors which may be coupled under

Kgressure. Installation can then be made with no field evacuation

‘

.and chafging of line f{ttings. | >

i

Slab or,éround-level installations of split systems are most

common for résidential' small commercial and apartment buildings

.with only one or two floors as ilTustrated in Fig. 21.  Such

installations place major sound producing components outside the

conditioned space and give quiet operation for the owner.. Since

heat pumps must operate year-round in all typés of weather,

protected locations should be used where possible to insure
e . N Lo .
reliability of operation. Orienting the outside coil so that it
+ C’\/\']
doés not face the prevailing wind Will often aid materially in

reducing the length of the defrost cycle in severe winter weather.
Snow accumulation can be detrimental to heat pump operation and
in climates where this is a factor, the unit should be mount@d‘in

a manner, so that the snow will not interfere withlﬁp%ration. On

3 " outdoor units, water draining from the coil as a result of defrost-

3

ing can refreeze and accumulate to prevent complete drainage and
;; partially block the lower portion of the coil. Proper elevation
| of the unit and provisi&n for water drainage help to ai1eviate

this problem. It shbu]d be emphasized that when split systems

are installed, that the vapour line connect%ng indoor and outdoor

— . sections carries compressor discharge gas on the heating cycle *

' -
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as well as }uction gas during the cooling cycle. Since there v
is more Tfke"f'y to be gas pulsations and hence vibration in a
discharge line, special precautions should be taken to isolate, o
5 ' . , c . ' s
this line from the building structure. Insulation is also .
: ' essential on this Tine and‘should be capable of wit,hﬁtanding,-"
_temperatures up to 120%.. - \ ‘
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. Perfprmance Char:acteristics of Air-to-Air Heat Pumps

The winter heat loss and summer heat gain of a home are generally
considered to be a form of linear relationship with the outdoor
temperature as shown in Fig. 22. (Both the heat loss and the

~

heat gain are based on a 20°C indoor temperature) . However,

'due\;'o in/ternal Toads from appliances, people and lighting,

heating is not considered to be necessary until the_outdoor

temperature drobs below 10°C. The ﬁedting and cooling re'quire.-

. ments of a home "increase as the outdoor temperature varies from

20°C, the ‘desired indoor temperature.
, ' f
Capacity and 'efficiency of the heat pump are also functions of

the outdoor temperature. As the temperature difference between

" thé indoor and 0>utd9r air increases, it becomes more difficult

‘to move the heat, thus thesCapacities decrease and efficiency is:,

i
y

reduced as shown in Fig. 23. By comparing Fig. 22 and Fig. 23

_as, demonstrated in Fig. 24, it is obvious that'theheat pump has

)

‘ ‘excess capacity during mild weather, heating and cooling.

+

The design basis for air-to-air heat pumps are in general as

follows :

1) Heat pumps are sized to handle the cooling load at

R R
design conditions.

7

2) Heat pumps require suppleméntal heating when the qutdoor '

temperature 1s below the hei(ting balance point.’ '

-
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*'
/ : 3) Combressor operation during low temperatures affects

segéona] efficiency.

~~

In a study carried out by General Electri in Philadelphia

and Minneapolis using a range of heat pump units, a seasonal

heating performance factor (S.P.F.) was used to assess the

SESRINPIE SRR

pekformance of thése units.

‘ o When calculating a seasonal heating performance factor, the

seasonal weather pattern for the particular area under study.

must be obtained. Fig. 25 shows the weather pattern for the

area of Philadelphia in hourg at various 2°C intervals of the

outdoor temperature. Fig. 25 also plots the electric”resistance T
value (i.e. amount of~glectric resistance heat required to heat

a home at each outdoor perature) and compares it with the

”\

power input requ?red for a~heat pumb. As the outdoor temperature ) |
decreases from 15°C the heat pump power‘input moves cons%derab]y ‘V j
below the e]ecgyic resistance equivalent showing the efficiency | 1
g of the heat pump. At approximately 2°C, however, supplementary - 4
heat 1is reqﬁired and the relative efficiency of the heat pump ‘ .
decreases. The same date is shown in Fig. 26, which shows the |

- heat pump cépacity decreasing as the outdoor temperatufe decreases.

- . . »

. The seasonal performance factor (S.P.F.) is a useful tool in
evaluating the performance of a heat pump from an economical
viewpoint, and an example of such a calculation is shown in Fig.
27. A'diagramatic representafion of this particular application

: f/ L ‘l' ‘ : . / : : \

/ ¢
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is shown in Fig. 28. Several sizes of heat pumps were tested

. s~
in the same residence and as illustrated in Fig. 29 increasing

the unit size above the size required for cooling shows a very
poor economic payback. When the same test was carried out in a
Minneapolis site, yhere the peak annual heating/year occurs
at -3°% and the balance’point occurred at O°C, the balance

point decreased as the size of the unit is increased as shown in
' -
Fig.iO.

It was concluded from thé studies that sizing the heat pump for

the cooling load is the best economic choice for thi consumer most
of the time. In northern areas of the U.S.A. such as New York
and Minneapolis, it may be moré economical to 1ncfease the unigf
size so that the balance point is ét or below the temperature

of maximum annual heat loss. Due to the growing popularity of
heat pumps with some uti]ities, another important factor which

must be looked at carefully is the impact of supplemental‘heating

on the utility peak load demand. The study of the Philadelphia  ~

.heat/pumpfinstallat{pn shaowed that the average power input for -

the compression cycle actually levels off at 002 and declines -
slightly with reduced "outdoor temperature (Fig. 31). Thus if

supplemenital heat can be accomplished by some other means, thé

—

utilities winter load could be made very stable.



3.5.

‘performance and giving a high degree of fe]iabi]ity.

Case Studies of Actual Air-to-Air Heat Pump Installations

3.5.1. The Carrier 50DR006 Air-td-Air Heat Pump C

This commercially available 5 ton, 3 phase heat pump was

=deve19ped‘by’the Carrier (17) Air Conditioning Company for the J

Bdison Electric Institute head pump improvement project. The v

objectives of the project were to develop heat pumps with high

The starting point for the development work was the 500Q006, a

standard unit in Carriers heat pump line. In developing an improved

version.of this heat pump the following hardware changes were made:
\

Refrigerant Circuit

uIn Fig. 32 the heating and cooling cycles are shown and seyeral‘
d%fferenceé from more conventional models are readily apparent.
Two liquid lines connect the indoor and outdoor coils. One line
is used on heating and the other on cooling, with the refrigerant
f]ow being controlled by the thermostatié expansion va]ves; This
featu}e eliminates the two refrigerant check valves of conventional
~cycles. A liquid receiver is included whicb holds up 1iquid on¥

the heating cycle and thus reduces the effective refrigerant charge

for this cycle. This results in improved heating performance.
The circuit also includes a generously sized suction line

“aqcumh]ator, which traps liquid refrigerant that approaches‘}he

compressor.
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A subcooling section is incorporated in the indoor coil to

provide additional heating capacity with no incfeasg in power.

An incidgntal benefit is that when changing‘from heating to
defrost, this subcooler boils of refrigerant and thereby,

prevents passage‘of liquid to the accumulator. 1
Several schemes have been proposed for modifying supplemental

heating systems and they are as follows:

1) Controls adapting a new or existing oil or gas furnace
with a heat pump are available. Th; heat pump indoor coil
is installed in the position of a normal cooling coil, which
., means the furnace and heat pump cannot operate simultaneously.
The heat pump can be shut down at the heating balance point -j
and all heating below the balance point‘is accomplished with
e fssil fuel furnace. An improvement is to cycle the
heat pump off with the second stage of the room thermostat;
once the second stage has been satisfied, return %o heat
pump operation. .
2) A more flexible and possibly lower cost scheme for new
construction might be to use a hydronic %¥§tem with eithet

fossil fuel.oﬂrogf-peak electric heat. Tﬁe stored waré
w;ter Qou]d\bg pumped through a’yater:to—air heat e§changer
with the second stage of the room thermostat. The heat pump
. compressor would operate continuously below the balance point

as normal, taking full advantage of the compression cycle.
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- . 3) The use of solar collectors to catpure solar radiation and
‘the storage of this energy for supplemental heating could
be the first commercially practical application of flat plate

solar collectors for space heating.

!
/

The refrigerant used was R-500, which gives Tower discharge
gas temperatures at low outdoor temperafures and has Tower

. system pressures than R22.

Compressor
The compressor was of the hermetic type and was provided with
a new 3-phase, 220V, 1750 r.p.m. motor. Use 6f a 3-phase
/;ompressor eliminates the necessity for capacitors and relays,
. d>WhiCh tend to be a source of trouble in single phase units.
*Problems in any of thé 3-phases are sensed and protected against
by two éurrent-sensitiée overloads and a winding tempergture—
sensitive oLerload. The latter is embedded in the motor windings
.and will de-energize thg motor any time winding temperature begins
" to exceed safe 1%mits. A low pressure cutout protects against
loss of charge and reeze up fo the indoor coil durihg the cooling
cycle and loss of charge during the heating cycle. A discharge

gas temperature sensor provides protection against excessive

__operating' temperatures at the compressor discharge, which could

o -
) 4 ‘ » a x- ’-
"« mesult from loss of charge or excessive voltage coincident with
1Ps suction pressure. To provide protection against pressures
resulting from fan failure and air or refrigerant restrictions
L

of any sort, a high pressure cut-out was used. Finally a crankcase

e -
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heater was immersed in the crankcase casting, which comes on

- when tﬁe pump is of f to warm the compressor crankcase and
prevent dilution of the oil by the ref;igerant, thereby insuring
against flooded compressor starts.

)
Time Guard
A time guard circuit was incorporated to force a delay of 5 minutes
before the compressor‘éan be restarted after anymshutdown. This
increases the life and reliability of the compfessor by preventing
short cycling due to such things as loose connections in the
wiring or c%ogged air filters. Since thg fan motors start ahead
ofl4t, the compressor starts in a more unioaded condition; Also
in.the event of a momeﬁtary power failure, the heat pump is not
thrown back onto the line with all the other loads, which helps

to protect electrical circuits.

Defrost System

Thexsystgm incorporated into th%s design utilizes both time énd
temperature to determine when defrost will take place aﬁd for how
long. It utomatically adjusts the length of the defrost cycle
to changing weather conditions. Normally defrost ié complete
when the outdoor coil temperaturé is 18°C. However, since coil
tempéiature might not respond in a high wind, a timer is provided
to override the thermostat and end the deforst cycle after 10

minutes.

The performance of this particular heat pump was démonstrated

B N £ 2PN
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W ¥w2iﬁ a residential ﬁome in Allentown, Pennsylyania; Figs. 33 and

. T -42-

* 34 show the se;sonal performance of the SODQQ06 and SODR066
i:{ heai pumps respectively. The A.R.I; cooling cqpacity'was
: increésed from 17.5kw to 18kw and the A.R:I. heating capacity
ratihg (10°C ou;dLor air and 18°C indoor air) was increasedii
from 17.5kw to 19kw. ATso the coefficient of performance at

/

these conditions was increased from 3.0 to 3.5. - °

Greater heating output results in a lower balance point’and the
higher C.0.P. reduces power input ts not only lowered,.but also
_ a much smoother input curve results with a reduction in .

supplementary heating power.

S v Vb -
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o 3.5.2. Westinghouse Hi/Re/Li Heat Pump

This 3 ton single phase heat pump was developed by°Westinghouse
(15) for the Edison heat pump improvement -program. "In the
. design of this unit, the emphasis was placed upon reliability -

and improved operating performance. -

In order to eliminate potential field 1nstﬁ§lation problems
iﬁ}o]ved in the charging of split system uni™Ns, the heat pump
was designe& as a sing]é package., To minimise outdoor noise

<

Tevel, centrifugal fans were used. A'multiple speed fan motor
was used indoors for adjusting to the range of .duct statics O
. which would be encountered. Plug in electric heaters and
S filters were located ahead of the indoor coil.
During the heating cycle of the heat pump, the compresgor
discharges high pressure gas to the conden;ér, where it
condenses to a Tiquid (Fig. 35). A subcooling control valve
then qpérates to maintainnapproxinwtely 5°C of subcooling
,/,/ﬁ” | of the Tiquid leaving éhe'condenser. From there the Tiquid flows
‘ through the manifold check valve and comes in contact with the
' ;ool suction gas line. A proximity condition whith drops the
. temperature another §°C. Finally about 10%C of supcoo]ing :
‘ occurs w@enhthe liquid passes through an accumulator-heat
exghanger and just prior to expansion by the subFooling cpntro]
valve. Due to the increased refrigeragion effectkgiven each

~

- pound of refrigerant as shown in Fig., 36, there is excess

et s o =
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refrigeraﬁt introduced into the evaporator beyond the evaporation’

rdtef:jThig is an inherent charactéristic of the system, since :
the r???igerant i high]ywsubcooied and pérmité the evaporator
to function with utilizing surface for superheating. -
- -
Liquid and vapour are carried over to the accumulator, where the\.
, liquid drops to the bottom and is evaporated by heat exchange
with the condenger liquid. The saturated gas in the uppermost.
sectipn’of the accumulator is drawn into the suctjon U-tube
’éﬁd returned to the compressor.'"The suction U-tuse within the
accumulator contains a small oil return bleed which allows a
mixtuf;’of refrigerant liquidland oil to be drawn into the
suction gas. The warm condenser fiqﬁid iﬁ contact with the
suction Tine boils o%f the refrigerant, white returning 0il to

the compressor.

LY

One of the most important aspects of this heat pump is the absence
'qf 1tquid storage in the coil operating as the condenser. Since
subcooling is effectively controller to hold minimum liquid in

the condenser coil, the excess refrigerant collects in the
acéumu]ator—heaf exchanger. This coﬁponent is sized to handie

the excess refrigerant, precluding the possibility of liquid o - .
floodback to the comﬁressor during a reversal from HéaEing to
cooling. Also the gas formed frdm the small quantity of

1iquid in the indoor coil’ first flows -to the accumulator, where
it immediately changes state due to contact with the‘1ar9eb
vqiume of stored 1\?uidx Therefore, there is no prolonged ~
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] during‘theAheating cycle, the programmer automatically picks up

* This system controlled well from a temperature standpoint, but

-45- e

expénsion through the compressor which can wash out the compressor
' cen R Rtk

Oi.‘.‘ . - [} - .

: ‘ : |

In the electrical system, the contractors for the compressor and

3

i

i

the glectric heaters were selected to have ratings approximately | %
A -
j

n ..
. twice that required for the application. Heavy duty totdlly R o

enclosed relays were chosen for protection against mechanical
damage, for long life and simplified service. A new control T
system for the unit was adopted, which included the following L

requirements:

-

w(}

1) E11m1nat1ng or reduc1ng mater1a11y the number of re]ays,

'

1nter1ock1ng safety sw1tches, starters and other such devices.

-2) Provide means for improving excessive short cycling of the

compressor. .

3) Make the standby resistance heaters\gutomat1cally energ1zed

‘wherever necessary even though compressqr is inoperative. ' Z

A}
v

Jo. achieve these goals, a programmer by -the thermostat was used

to prov1de sequent1a] operat1on of the compressor/and

eTectrlc heaters Excess1ve short cycling is e]1m1nated since -
the programmer does not allow the compressor to recyc]e until it
has been off for 2 m1nutes. If the compressor becomes 1noperat1ve

b

the standby heater. - ~ !

* « - ~

g

< -
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it could not.prevent unnecessary‘operetjon of booster heat

because the stepping function could not be made to differentiate

. between compressor and booster heater operatlon This

resulted in heat1ng kwh to be excessive. To overcome th1s

) prob]em, all the wall thermostats were rep]aced with ones having

two, rather than one, heat1ng stages which was a return to

convent1ona] practjce.

v

The primary thrust ef this heat pump study was directed towards

obtaining performance characteristics of geographically

°.scattered heat pump_ 1nsta11at1ons in a form, which would facilitate

compar1son of the energy requ1rements for the various reg10ns and

L

-t0 somedextent between the heat pump energy use 1eve1s and those

/
of other systems. Results of this study were based on 53 heat

_ pump installations (40 residential and 13 cpnmercaa]) some of

T A : . ‘
which afforded two years of acceptable data.. The ultimate -

comparison factor used for the heating function was that of

1]

"kjlowatt hours - per kilowatt of design loss per degree day"
(Kwh/HD/DD) and for the cooling funct1on "kilowatt hours per ton

of desugn heat" (Kwh/ton) Fig. 37 shows the -heating resulys

obta1ned for both the residential and commercial installations.

Commercva] app11cat1ons show no.trend towards uniformity w1th

~

respect to the heating function, which may be dUe to thé variation

. 1in such things as occupancy, 1nterna1 h@af gains and. resu1tant

W

requirements of supplementary heating. ‘Residential applications.

show a definite percéntile average}%t the Jevel of 0.17 Kwh/HD/DD.

W



- .& ( , 2 . »
Fifty five percent of the/installations were under 0.20 Kwh/

I . ’ | “ -}47-

\‘ \
HD/DD and these were regarded as sat1sfactory ahd acceptab]e

energy use levels for heat pump performance
* 1}

¢
[N

The 1nput requirements of 1 heat pump system are non-1inear with

respéct to outdoor éemperature In Fig. 38 which shows thé heat

inputs .to several typical 1nsta11at1ons, it may be noted that the

sTopes of input 1ines for both the cycle and supp]emental heatlng

are about the same up to approximately 3°c. Beyond that point °

" the supplmental heat input increases at a rapid rate wherea? tﬁaz
th

for tﬁe cycle trends donwards.' Thus the rate of usage of bo
the heat pump and supp1émenta] heat will vary as a function of
the temperature at each of. the several points experienced durina
a given interval as shown in Fig; 38. The conclusion reaehéd
was tﬂat the eupplementaf’heat was beingibrought into use before

the full capability of the heat pump cycle is exhausted. This

'facef may offer an area for further investigation with po{entia]

. v
improvement in economy of energy use. .

LA

Fig. 39 and 4Q pfésent the weekly energy use of the several load’

5

components making up the total use of an installation in New

Jersey and one in OhCO. The similarity of inputs to the heat

) / . » -
pump cycle is of particular interest especially when the marked.

, .difference in supplementary heat is noted. The New Jersey

installation had a reported loss of 16.1 Kw.compared to 13.6

for the one in Ohio. Héﬁever.zthe New Jersey degree days 4828

. compared t0»over.600b for Ohio. Fié. 4] pre§énts similar data

4

<

\\v
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for a commercial instaklation. The effect of the much greater
! / ~
' base load ln reduc1ng “the heating requ1rements and lncreaSIng

-the cooling requirements is apparent. In spite of the reported
design heat Toss of 21.8 Kw the heating use, particular]y that
i f

of supp}ementaf heat is of dramatic proportion when referenced

(: " to the foregoing residential data.

F1g 42 shQ¥s the §ame 1nsta11at1on as shown in Fig. 39 and . %
- ° attempts to reconcile the actual use of both the heat pum:/dnd
supp1ementa1 heating on the coldest day with an estimate of

requirerents derived from the reported heat loss. The outdoor

temperaéure ranged between 0% and -10%C and 'the output from the
cycle was stable and varied as a function of its input and C 0.p.
however, the total heat requ1rement is great than the ca]culated
requirements. At first it was suspected that too high a C.0.P.
was used in determing the qutput of the heat pump cycle, howéver, 3
since the excess‘heat supplied is about equal to the full heat

hpump output, this was ruled out. The most probable explanation

is that the calcuﬁated design loss was lower than actually

experienced. 1f then the heat supplied at -189¢ ydiysed as a s
base and/the hourly requirements recalculated, good compatibility '

with the heat supplied is obtained. ' Y
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. 3.5.3. Heat Pump Performance in North Western United States \

This:report was based on actual data obtained over a period of-
five years from an air-to-air heat pump installed in a residential

home in (14) Puliman, Washington.  The regidence was a six-room

2

frame of 106m~. A1l ihe walls and ceilin§s were insulated and

~storm windows and doors were used during the heating season. A

e

‘ N
basement of 56m2 located under the central part of the residence

‘ Was used ‘for laundry, hot water equipment and heat pump equipment

as we]]las for general storage. Basement temperature was maintain-
ed abovenlsoc andthe calculated heat load of the house at 20°C

temperature différence was 11.3 Kw.

_The heat load was obtained by shutting 6ff thé heat pump during
several ﬁEriods of the first heatiné season and supplyign all the
heat by electrical resistance heaters. Four ca]}bration periods -

‘toté]1ing'28 days were used for heating during which 2912 Kw/hr

. weée used for heating. The accumulated degree days for these

periods was 756 or an average of 27. A convenient cbnstanf was
derived from these results - 335 Kw-hr ﬁer degree day.
. day
*An analysis of the weather data as shown in Table I and II show"
L;hat'January, the coldest month, has an average temperapuhe of .

—2°C. The minimum temperature is -35°C, but -229C is normally

c -

used as the design temperature. Rather than providing a large
heat pump to handle the entire hegting load which would be
expensive due to the fact that its full capacity would dh&y be

used a few hours every.year, a smaller heat purp was chosen

3 K
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supplemented with electrical resistance heaters for usé in :

-

abnormally Tow temperature conditions. o ’

A 2 Kw heat pump was used which meets the heating requirementsz

of 7 Kw/hr when ‘the outdoor temperafure is -2%. The supplemental ' {
heat was supplied by three re§1spanceﬂheatens of capacity 2.4 Kw

(7.2 Kw total) which were controlled by a two-step thermostat.

o
Provision was made to connect two of the units on the first step
during exéreme]y cold weather. The indoor seqtioﬁ of the heat
pump consisted of the motor, compressor,'cohdgnser, indoor air
fan, \supplemental heaters, controls and defrogting system. An
evaporator and a fan comprised the outdoor secgion. The evapor-
ators were equipped with spreader type trays for a wet defrost )
systeh. A]thodgh the use of water flooding was‘considered to be

second best to a hot gas method, it was adopted on & trial basis.

" During heat pump operation, a tank of water is warmed by sub-

cooling the refrigerant on its way to the expansion valve. At'
defrost time, the water is pumped to flood the evaporator coils,
melting the frost. . Defrosting is controlled by an automatic .
switch, timed to cycle twice daily.

A-balance point of -3°C was obtained with the system, which is
just below the normal January average temperature. .This was ' .
determined during a period of days each year when the outdoor, >
temperature’rénwined sieady and no wind was present, which

normally occurred under conditions of thick cloud cover. Fig. 43



shows the heat output of the heat pumg plotted agdinst outdoor—

temperature’%nd the energy demands bf the heat .pump is shown in

Table III. - ' . . .

o . xo}g of the principal drawbacks to the use of heat pumps in this
region 6f the U.S.A. js that the supplemental heaters impose a
L ) relatively high load on the power supplies which during abnormally
cold weather already faces the maximum load of the year. In Fig.
‘ . 44 the outdoor temperature‘and total heati;g system demands ére
shown plotted against the three'co1dest days of the five year
. study period. It should be noted that the third step of the
T supplemental heating oberdied ohly intermittently duriﬁg the

Y

e Y systen peak hours of 4 to 6 p.m. each day.
. In Table 1V it'can be seen that the supplementary heaters incgeaseé

e the power demands of the residence. Comparison of the several

‘ years, shows that the supplemental heaters are re;ponsible for

0o - - the major part of the increase in demand. Comparison of the load
factors of the héat pump wjth that of the other residential uses,
shows that this heating plant, including the supplement heaters
is of the same®rder as the domestic use without the heat puﬁp,

| PR t
During the five year operating%riod, the foHowinE; problems Yo
arose with ;he heat pump system:

i

e o A e o
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| | 1): Fatigue Cracks in Pipe ,/? . ‘
. - Cracks occurred in the compressor suction 1ine, as a result of
jnsqfficjent flexibility in the pipe to handle compressor
I \‘ vibration. The pipe was re-routed and fitted with a f1ex1b1g/

v 3

‘metal hose. -

/ 2) Defrosting Cycle

When large snow flakes were carried by the air entering the'

evaporator, the snow quickly forme§ a blanket ovegfzﬁé screen
and stopped‘air flow in tbe evaporator.“ A hood was built over
the evaporator air inlet which prevents wet snow and rain from

reaching the screen surfaces, thereby p]iminating the snow:

removal problem.
- Due to the presence of dust and other air-borne materials, which

in 'this machine were washed'off the evaporator tubes and. returned

a tank with the defrost water. On subsequent cycles this

o

materjal was pumped with the water and collected on the water

N spreading Xrays above the separator, which in time clogged the

° ¢ trays. e installation of a strainer in the defrost drain.line
and smaller mesh screens across the evaporator air inlets eliminated

this problem.

o s

IR
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Fig. 75.
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3.5.4. Comparison of Heat Pump Installations in Canada
and the U.S.A.

Since most of the data available in journals on heat pumps is

» /
mostly American in origin, no direct corellation should be drawn {

for the performance of a Canadian installation due to the

¢
differences in climatic conditions between the two coﬁntries. {
In order to.determ1ne the effect the Canadian c11mate wou]d haVe §

\}' v
on the Seasonal Performance Fact6¥\(\vP F.) of a heat pump
presently‘’installed in a Philadelphia residence, a S.P.F. %

calculation using Montréal weather was carried-out as shown in

- -

The seasona] heating hours (32) together with the dry bulb des1gn
tempera ture (31) for Montréal were inserted into the S.P.F. ‘(,
calculation detailed in Figs. 75 and 76 lists the design conditions

for the two installations and manufacturers data on the heat pump.

~

-

Due\td'the 1arger number of degree hour$ experienced in the
Montréal location as compared to Philadelphia, the seasonal heat -
input of the resisfance heaters is increased quite substaﬁfia]ly.
This has Ehe effect of reduging the "Overall Seasonal Performance

Factor" of the heat pump by 18%.

]

‘!hus in order to lower: further the balancenoint and to duplicate

the Philadelphia performaé;e of the heat pump ‘system, a larger !

capacity unit would be required which has the effect of reducing

the economic savings generated by this type of installation.

P



_‘4. AIR~WATER/NATER-A1R/NATER—NATER HEAT PUMP_SYSTEMS

——

4.1. Principles of QOperation

4.1.1. Air-Water System

The air-to-air system 1is coﬁmon]y used'fn the tonnage range'up )
through 30 tons. This type of system is limited to a single indoor .
coil restricting jts operation to only one zone. . Multiple indoor

+ coils are not practical because of problems of liquid draining
and controlling capacity of condensers in‘parallel in different
locations. The main difference between the air-to-water system
and the air-to-air system is that the 1hdoor coil qoﬁlbecomes a
refrigergnt to water heat exchanger, This serves as a wa%er
chiller during the cooling cycle and chilled water is then
circulated to multiple fan coil units, which are individually

controlled to maintain comfort condjtions in each zone.

During the heating cycle, the indoor heat exchanger becomes a water
cooled condenser with warm water circulated to the same fan coil
units. The systeﬁ's cycle of operatién is controlled by an out- )
door thermostat which may bg manually overriden. Interiocks to
space thermostats are provided so that théy are always controlling

- for the same cycle af operation as the heat pump. For defrosting
the cycle is reversed to cooling, but the outdoor fan is turned
pff. Heat is removed from the Qarm circulated water and supp]e-'

mental heaters, 17 used.

o wt b m——— A v A v e b 4 i W
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Air to water systems range in size from 30 to 8Q0 tons. Their
big advantage over air-to-air systems is that multiple zones can
be provided on the ;aﬁe system. A1sd, where factory packaged
equipment is used, less refrigerant field piping is required.

A typical examp]e of an‘air-tq-water heat pump is shown in .
Fig. 45, «

N

4.1.2. Water-Air-System .

'A water-to-air system uses water as é heat source and air to
transmit heat to the condifioned space. Water used as a heat
source can be supplied from a well, river, lake, the earth or
other sources that have fairly constant temﬂbratures.- This type
of system operates with a re1ative1y'constant C.0.P. regardless
of outsiqe air temperature, hence it is:qsed in climates where
extreme‘temperature variations are experienced. This constitutes

its greatest advantage over a system using outside air as the heat

source. Heat pumps of this type are also smaller in size, since -

requiring only one air heat exchanger.
[ts disadvantages lie in the fact that éghndant souréés of suitable
water are.becpmihg increasingly scarce and as a result the app]ica-
tion of this system is rather limited. Frequently guﬁ;icient water
may bevavailable from wells, but the condftion of the water often .
wi]l either cause corrosion in heat exchangers or iy may induce

. scale formation. Other considerations to be made are.épsts of

» drilling, piping and pumping and means for disposing of used water.
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A typical.water-to-ajr system is shown ip Fig. 46. As with air
source types, the.refrigerant cycle must be reversed to alter-
nately provide heating and cooling. Thisvcyc1e is bas\ca11y the
same as }he air-to-air system, except that a water chiller-
"condenser is substituted for the outdoor.air unit. Water temper-
‘atures undengroundfvary from about 10 to 15°C depending upon the -
location. In Fig. 46, 12°C well water is circulatéd to the

chiller where it is cooled to 8°C and returned to anotherlwe]]

or more.suitable means of(gisposal. Héat extracted from the

water is rejected in the indoor heat exchanger to the mixture of

: \
outside and return air in order to satisfy space conditions. When . |

the cycle is reversed, the indoor coil becomes an evaporator and

the water chiller-condenser rejects building heat to the well water

sdpply.

As with air-tp-air systems, this typé is limited to operation on
‘a single zone. Capacities fange up to 30 tons and occpsiona}ly

as high as 50 tons. o P

] N "
e
4.1.3. Water-to-Water Systems !

Since water is the heat source, it has the same advantages as the
water-air type. It is used where an adequate water supply.is
©available for a heat source and where hot and cold water for an

industrial process or for a hot-water heating system is the final

3

product. .

'
i

\



Buring the cooling gycle source-sink water is circulated through

[

5

In a water-to-watersystem the water flow is reversed rather

than the refrigerant flow for economic reasons. In other words

both chiller énd candenser are non-reVersib]e and the chiller

will always provide chilled water, whereas the condenser provides

POVIPRUPPR Y

warm water, regardless of operating cycle. - -

PRV

reversing water valves to the condenser where heat is rejected

and the resulting warm wat;r is drained to a sewer or another well. |
f;r the heafing cyclﬁ, well water is circuiated directly to the
chiller where heat is removed from it and rejecfed to the

condenser which now has its water circulated to heating and 4

cooling coils.

=3
An example of a typical water-fo-water system is shown in Fig. 47.
The size range of these systems varies .from 20 up to 1000 tons. !

Its main advantages over the water-to-air system is that it can

be used"with'mu]tip1e zones, each individually thermostatically

controlled. Also, a standard packaged water chiller can be used
as the heat pump with modifications made in the control circuits.
On large installat%ons where the water supp]y.is limited, it is
sometimes'hdvantagequs to combine an air and a water heat source.
This takes advantage of thehigher C.0.P. when the outside air
temperature is higher than the wéteﬁ)temperature‘and also gives

a higher output than an air-to-air system at low outside ait

4
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temperatures. Such a system is illustrated in Fig. 48. When

! v —_—
the Outsjﬁe air temperature reaches the valve set on the thermostat,

the outside fan is shut down and the water pump circulates water

through the water coil which cafi be built into the air coil.

)

S

e
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4:2. Water Source/Sink Heat Pump Systemé

4.2.1. :Simultaneous Heating and Cooling

< o

In larger commercial and industrial buildings, it is often

- ' “necessary to provide heating in one areé and cooling in another.

. Heat’puﬁps which-utilize water to heat and coé] spaces within a

" building at the same time accomplish this task in two ways. One
way is to make provision for e*cessAfresh air to each of the air
handling units. The system is then operated to provide heatihg
anytime the outside air temperature is beloﬁ a pre—determined. -
valve for the most critical éone. Other zones which may require v
cooling obtain it by using large quantities of ohtside air which,

- for this cycle; should be at 15°C or be1ow,) At highgr outside

air temperatures, the system provides cooling, and no heating

should be required except where close humidity control is desired.

A better but more\expensiQe arrangemedt is to apply'a bgaf pump K
- ‘f . .

that chn simultaneously provide heating and cooling to the spaces,

regardless of season. Types of systems applicable to this hedat

pump are multi-zone, dual duct, induction unit, threé-ﬁipe and
. fourjpipe systems. Fig. 46 ;Pows a typical building load graph
e as a function of outside air temperature for an application where
~ simultaneous ﬁeating and cooling would be degjrab1e. The building '
‘cooling requirements are shown to be 350 Kw/at 38°Cuanq 88 Kw at
-18%. Heating requi?éﬁéhts are 800 MBH at -18°C and zero at .
25°C. Interior }ones Fequiring mechanical cooling, however, do

not make the excess heat available to the perimeter of, the

" . - . > ¥
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building, whére it 1s required, qg?@ss the heat is transferred
through é heat pump system.\

It can be seen that at 10°C outside air temperature, the cooling
requirement is substantially greater than thg heating requirement
asb all heat removed f;om the’inte%ior cannot be distributed to '
the perimeter. Where provision is made for up to 100% ventilatiéh

air at air handlers, the heat pump sy;tem can be unloaded to the
point where .it removes only enough heat from interior spaces
tolsatisfy the ﬁerimeter. Compressor capacity‘is regulated to

match the heating load, which is supplemented with heat from the '

interior érea, plus the heat of compression. At these€’ intermediate

‘ temperature levels, this system does not provide sufficient cool-

h)

ing, so the fresh air dampers are modulated to increase the

quantity of qutside air used for cooling purposes.

As the outside air temperature falls, to -3°%C, heat removed from
1nter1or spaces plus the heat pump motor gain is in balance,
theoretlcally, with perimter heat loss. At this point, fresh air
dampers<would be reset to provide air for ventilation purposes

o

only. At lower outside air temperatures, heat removed from

intérior spaces would be'suppleMented by the heat pump with heat

" removed from outside air well water, storage or supplemental

JDeaters. Uﬁuch a system is illustrated in Fig. 49.

< s

The ch111er and condenser shown in this system are both non-

revers1ble, as they respectively circulate Chl]]ed qater and-'

i)
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warm waggr“%o cold and hot decks with fndividual three way
valves; each contfol1ing desired temperature conditions. The
outdqor air unit becomes an evaporator when the heat available.
from the cold ;ir circuit plus the heat qf compression are not
great enough to satisfy the warm.air circuit. When éxééss heat
is available from inside, the outdoor coil becomes the condenser.

[
»

Hhen,}unning oﬁ'the heating cycle, the outdoor coil operates

e T P AT e e &

~
-

in parellel with the water chiller. An.evaporqto? pressure
regulator in the suction line leaving the chiller, prevénts
‘~water'freeze-upz On the cycle where excess heat is available _

? : ,
internally, condenser and the outdoor coil operate in parallel

as condensers.

, .
'

5 . “

1

a

For thg,arrangemenf shown separate fans on hot and cold air
circuits\pe;hit extreme flexibity in operation. Excess venti]ption
air is introduced to the co]d;air duct only, to provide econom{zer
cooling in areas with'h%gh internal lpads withﬁut affeéting the‘
héafing load in the warm air ciréuit. This pfrmits the systeﬁ o
. to operate at optimum effiéiency‘ahd follow the patternki11ustrate&
" in Fig. 48. S

-
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4.2.2. Exhaust Heat Recovery .

On most larger commercial and industrial buildings, it is
necessary to proviae positive exhaust t& induce sufficient |
Tow internal static pressures throughout an& obtain uniform

ventilatioﬁ. Since‘exhaustaair teﬁperature is frequently well
,above outside air temperatdres, it is desirable to remove heat ' ,

. . ‘
from exhaust air to permit more efficient operation of the heat

pump. A system for recovering heat in this fashion is shown

in Fig. 50. = - ]

&
An evaporator coil is located 1n the exhaust plenum and funct1ons

1n;para11e] with the outdoor air co11 to simultaneously remove

heat from both. ,During mild weather operation, the outdoor coil
becomes inoperative a%d all the heat is rennﬁéd froﬁ.exhaust air
resulting in very efficient‘opération. Where physiéwl]y practical, =
“ exhaust air may be ducted, into tﬁe outdoor coil direct]y;-thereby
raising the temperature of air enteriﬁg the outdoor coil to in;

crease the heat pump capacity and efficiency. During cog]ing'

cycle; the evaporator coil in the exhaust plenum is inoperative,:

but the 23°C leaving-air, mixing with warmer outside air entering R
the';utdéor coil, will further help the.capatity and efficiency : |

of the system, causing lower condensing temperatures.

_The iiquid refrigerantisubcooling-coil shown.in-Fig. 50 subcools,
. 1

the iiquid refrigerant leaving the condenser on heating cycle,
. ! .
while preﬁeating ventilation air, When practical to app]y this

princ1p1e, capacvty and efficiency of the heat pump system lS '

'

f !,s - AW
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0 * _ further improved and preheating helps to offset possib]e' freeze- .

up hazards of water he&ti,ng coils. «
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4.3.

Case Studies of Heat Pump Installations using Water-as the Sink
or Source or Both

4.3.1. Wichita School Water-to-Water Heat Pump .

.This heat pump system was installed in the Seﬁgwick County,
Kansas; whose campus style layout with air-conditioning and
heating ;as accomplished with a 700 hp water-to-water heat pump.
The school has acconnndati?n for 1,200 students on an 80 acre
site and all theoeducatiqnal facilities were housed in nine

separate ‘buildings, the details of which are shown in Fig. 51.

»
Total cost of construction was 2.25 million dollars (1960) and
the cost of mechanical equipment such as air-conditioning heat
pump, water wells, etc., worked out to $2.75 per square foot’:

\

During preliminary stages of design an examination was made of

the avqj]able{fuels for heating purposes and their related costs.

However, it was decided that a-water-to-water heat pump would.be’

economical, due to the fact that the\kch&o] was situated over an
unlimited su;pf& of nearly constant temperature water (16°C)
SuppIHed from the Arkansas River. A comparison of the annuaol
heating bills for the various‘fuéls considered is shown in Fig.
52. Factors which influenced the decision to use a heat pump
were as follows: S /
\ .
1) A study of fuel costs indicated that the cost of natural gas
would rise by 55%. o |

2) The cost of electricity would remain fairly constant.

3) Elimination of boiler installation costs.

B R Y [ \
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. 4) A smaller equipment roomﬁas a result of elimipating boilers- .
‘45) Lower insurance rates as a result of elimination of boilers.
6{ E]iqﬁnation of cooling tower installation. |
7) Lower operating costs for air-conditioning.” ﬁ

o
w

The -heat pump system consisted,of a 700 hp open type refrigerant
12, ceﬁtifugaI compressor With condenser capable of héating 1,775
g.p.m. of water (112 litres/sec) from 114 to 123°F (45 - 50°C)

plus resistance heaters to boost the water from 123 to 125%F

while 800 g.p.m. (50 litres/sec) of 60°F (15°C) well water is
cooled to 45°F (8°C) in the evaporator. During the cooling cycle
1775 g.p.m. of watgr for the building loop 1is cﬁoled from 53 to
45% (12 - 8°C) while 800 g.p.m. of 15°C water is heated to 24°C
through the condenser. Well‘watér was supplied through a 30 'H.P.

{22 Kw) turbine type pump from a 40 feet deep (12'm) well.

A heat pump with suppiementa1<e1ectric resistancg heater was

chosen over a straight heat pump installation, however, this cost

was justified by the re]ativeiy few hours during the year the

heaters were used. Total heét loss of the building at -10F '
(-2506) was 10.6 million Btuh. At night this load.reduces to | -
8.9 million Btuh by elipinating much of Fhe ven;i1atin§ air.

The Heat pump produces 7.75 million Btuh leaving only 1.15 million

Btuh to be produced by thsresistance heaters at -10°F (-25°C)

outside air temperature. . '

‘g [
e
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- below above which the supplemental‘heaters are not required for
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During the day the heat load required was 10.6 million Btuh,
however, this was reddcad to 9.5 million Btuh as a result of

internal heat gains. It was found that the outside air temperatures

an indoor design temperature of 70°F (éloc) was 0°F (-18°%)

at night and 5°F (-12°C) during the day. Since only 60 hours

of temperatures in the range of 5 to -4°F (-15°¢ - 20%¢)

were experienced during the heating season, the resistance heaters,
were rarely in'operation.

: B /
Classroom heating and cooling units were of the standard year-
round unit ventilator type with coils. for either hot or chii]ed
water, drippan and damper controls, capable of handling 100% ‘
outside air. On some days whenuthe central system was operating
on the heating cycle, cert@in rooms required qooling due' to solar
heat gains. This was solved by usiﬁg unit ventilators with
pneymatic damper control, which automatically positioned the
outside air damper to bring in enough outsi%g air to maintain

«

the desired room temperature. ‘ ‘

4.3.2. Water-to-Water Heat Pump in the United Illuminéting
. Company Building, New Haven, Connecticut .

X

This application\was particularly interesting since the heat pump
was located in a regfon whqu mst winters are severe. ‘The
installation was a water-to-water design using an unlimited supply
of underground water at 58°F (15°c) as the source of heat. It is

located in six wells in the basement of the building and is pumped

’




.~ from it. .This heat is transferred to water circulating around

b7~
through a sand-settling tank which has a cabacity of 4001g.p.m.,‘
(25 }itres/seclvunder maximum heat{ng conditions. The,fotél i
capacity %f the wells are 600 g.p.m. (38 litres/sec) S0 that“on]y‘. ;
four wells are in operation during maximum conditions. This o i
arrangement allows the water from the evaporators to be returned

I3

to the two wells not in use and gives a higher pumping level for

fhe wells that are in operation. A1l the well punips angqcontrolled
by electric float switches located in the se£t1ing tanks, thch " o
allows any of the pumps to be ‘Controlled by.any of the float

switches. \\L

A simplified d}ifram of the system as connected during the beating ’
seasons is sﬁdﬁn in Fig. 5;. Water from the sand settling tank

is pumped through the heat pump evaporator where heat is removed

the condenser coil, which is used to heat the building. Fig. 54'
shows the piping arrangement for summer opefﬁtioﬁ, in which water

from the settling tank is pumped through tﬁ evaporator of the
heat pump where it is chilled. It is then(:umped to the building

for cooling and is returned to the condenser of the heat pump

where it is used to cool the r§frigeﬁant and is then returned

. /
to the wells. ‘ . . ~

e

¢

The air-conditioning system is .divided into three circuits as
shown in Fig. 55. One gircuit contalins both heating and cooling

units, another'heating_units only-and jhe third cooling units only.
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A central” ventilation system, which operates only on outside air,

\
supplies all the air-conditioned rooms through a duct system.

Heating cooling and control of humidity are accomplished by
/

water-to-air heat exchangers located in the duct system. din
i / '
addition to the central ventiiatjhg system, local heating and

o- ' , - /
-cooling units were placed in each small office. These local units

consistednof a fin tube heat exchanger and a fan assembly to
/

recirculate the room air and providé'the individual heating and

cooling requirements of the office. In addition to the local

. uniis,/convector heating units were installed in the offices on

the north side of the building, which have a high heat loss and
a 1ow heat gain, and in hallways, sta1nways, small to11ets and
service offices not air-conditioned. The garage was heated with

ventilators and convectors, which operate with secondary water

from the convector heaters and central heaters. This arrangement

decreased the temperature of the water fed to the heat pump

»

condenser and thus aTlows maximum performance of the heat pump.

v

The heat pump consistedlof eight condensing units. Each unit is
c6mposed of a 40'H.P. (30 Kw) Westinghouse vertica1'e§ght cy]inder
compressor, a two-pass horizontal condenser and a vertical shell
and coil water chilling unit. Al1 the condens1ng units were

mounted on Korfund adjustable spring supported based, and piping

"to the bui1ding‘uas connected using flexible vibration eliminators
to prevent noise transmission in the building. A1l eight evapor- °

ators of the heat pump were connected in parallel in the water

circuit, with.a capacity sufficient to cool 400 g.p.m. (25 litres/

B et - N - < st gt
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~ higher C.0.P. than ff the condensers were connected in parallel '

‘thermostats located in the condenser exit controls the operation

~heat is supplied by a booster heater. These heaters consist of '

=

»

: -69-
sec) of water from 55 to 40°F (13 to 5°%).° The eight condensers
are arranged in series so thdt each is required to raise the,

temperature of the water only a small amount. This gives a

e ahtpnir e Focteen ANt i %

and each operated at the final temperature.

{

Temperature control is maintained by an outside thermostat and'

program switch, which controls the operation of the condensing

L. N

units, and thermostats located oh the-local unit heaters. The

’during(;he heating cycle and starts and stops the compressor as

needed. The controls are cdnnected so‘that the water to the

evaporator flows only when the compressor is in operation.

~ Temperature control for the local heating and cooling units

is maintained by a ‘thermostate which by-passes the wﬁter around
the heat exchanger, when room temperature reaches the valve set

on the thermostat.

The heat pumﬁ was designed jto.supply heat for -5°C minimum

temperature, if the temperature falls below this valve, additional

a 480 kw heater and a 7,000 gal. storage tank. , The heaters were
connected through a time clock switch so that they qperated

from off-peak electric power. At'night the storage tank is .
charged to 350°F (177°C) and discharges to 1500 (66°c) under
maximum requirements. An auxiliary etectric heating system 4

which is a duplicate of the booster system was installed to.be . .
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. theérmostat located in the condenser exit to a thermostat ._

/
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[

"used as a spare for the booster or as an auxiliary for the

compressors.

The change from winter tb summer operation is actomplished by
changing the position of sever&] shut-off valves and changing
the pq§ition df the control swftch, whichachanges the action-of
the heating and cooling thermostats located on the local unit

heaters and changeg\the(contro1 of the comp;essors fﬁom a

located in the evaporator exit. BN

Figs. 56 and 57 show the electrical energy consumption for 1941

<

- 1943 ané the operating costs over the same period. With electric

energy costs at that time 1 cent per kilowatt hour, the heat pump
compared favourably with other heating.systems under consideration:

for the same installation. . _ g
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5.1.

LARGE SCALE INDUSTRIAL HEAT PUMPS . o
. o

-

Factors Governing the Use of Industrial Heat Pumps

The heat pump is a special kind of heat gfﬁerator, for it allows
us to use the heat contént of environment&] air, water or soil
and a]so’ allows the recovery of low level ‘waste h produced
by technigal industries, which would otherwise be rejected.
‘Heat puxr;ps have been used for up to 50 years in con!nercia:l
buildings, swimming poo]s,'etc., however, their use in industry
has been curtailed, due to some limitations of Rankine Cycle

[+

machines. . ) -

The most impov:tant of those limits at present is the tempe—rature
which can be attained by a hedt pump process. Domestic space
heating requiresl a tech;n’que i:hat guarantees mainterance-free and
: safg operation. Under these circumstances, however, terk'peraﬁures
of more than 6009 (]40°F) cannot at present be’ exceeded while
on the other haﬁnd, conventional hot water‘heati ng systems require
a maximum water temperature of 90°¢ (194°F). To replace an oil-
firgd boiler for instance, by é heat pump, it is necessary tlo
en]ar?ge the radiators to correspond to the lower maximum‘gtem‘perature.(
This is not a problem of heaf, pump technique, but a problem ~that‘

'

limits heat pump application.

| This- example shows that only low temperature heat demand can be |

-

covered by heat pumps, but {t means that the lower the temperature

[ .
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needed, the more economical -the heat pump can be, especially

a —

‘when there is at the same time a small difference bétween the
temperature needed and the temperatﬁfé of the heat source. In
general, one cannét'simply replace any other heat geperator by
a heat pump without at the same time, modifying the energy
consumption. This means, f?r instance, the installation of y
ceiling or floor heating or of convectors with an additional - |
fan, because these heating systems need a Towergfemperature
than radiators. |
Dgring recent years, combined s;gtems of heat pumpg and boilers

rhave‘been develpped and paria]]y.operated.' Spéee heating is
done completely by the heat pump with outdoor temperatures

:d;wn to -0%¢ (32°F), where the water/témperature attainab]e_‘
by the heat pump is stil1l sufficient to meet the total heat

. 'qemand. At'lower outdoor temperatures, the heat.demand is
co&eréd by the‘boilers, which means that the boiler capacity

; has to correspond with the maximum heat demand at the lowest

outdoor temperature. With such Eystems, it is possible to cover

up to 90% of the annual space heating consumptioﬁ by the heat

- . " ~ pump, if the heating water temperature is ‘governed by the

\\~ outdoor temperature.a ‘

-4

Another 1mportant point regarding 1ndustr1a1 heat pump app11cat1on

is the temperature of the heat source, which is 1mportant 1f the

" to evaluate and to select from the various- heat sources, the

~-\
'

1 o

} ¢ : + system is to be evaluated from an economic point of .view. In order
!
i
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"Ut111zat1on Temperature" of each heat source is obtained.

Fig 58 shows various ut111zatton temperature ranges for heat
pumping, direct space heatlng and storage, and for cooling and
heat1ng The "Ut1llzat10n Temperature" range was defined as the
optimum range at which heat ‘can be absorbed and rejected for

provwdlng heat1ng or cooling swmu]taneously.

L

It s evident from Fig.,58 thatzfor temperatureé between 120°F.

to 300°F (49°C to‘ISOOC) that even if it is available as a free

o

source,. heat pumping is not required.and not economical unless

.a higher temperature uti1ization is needed. Bank 1 50°F to- 120°F

(10°c to SOOCX is suitable for heat pumping and can be elevated
to the optimum utj]ization temperature by heat pumping for ‘
heating or can be used directly rif it.exceeds 120°F (SOOC).
Bank I utilization temperature range for heat pumping can be

obtained from interral heat, building yentilation exhaust,

outside air, sewage waste, solar and waste heat from heat-producing

b
equipment.
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5.2.

2

Case Studies of Large Scale Industrial Heat Pumps i

5.2.1. Heating of Greenhouses by Waste Heat of Power Stations

\

In order to meet food demands of‘ihe population, espgcia]ly
vegetables and fruit in countries with very harsh winter
conditions, a great number-of greenhouses have been,built. Most
of them ére heated by conventional means’(oil, gas fired heaters) )
-and due to the large heat demand, the opeéating costs for these
dinstallations are very high. For this purpose the Soviet and
Hungarian governments (4) developed a greenhouse, whose
conditioning is furnished by low temperature heat rejected from ]
condensers of power stations. The-heating and conditioning -of

the whole ;ystém is supplied solely by waste heat from tﬁe
condensers of the power station and the power station uses the air

heaters of the greenhbuse as air coolers for. the condensing

system. In éddition to this, by means of a 1;rge heat exchanger,

. A
. @ much better vacuum was produced for the turbine,.resulting in

a higher output of the power station, even during the hottest deys

of the summer period.

For the growing of vegetables usually 15 - 25%¢ (60 - 77?Fl air n
temperature and 80 - 90% relative humidity is rgguired. To main- ’
tain those condftioqs;in a greenhouse, whose average heating demand’
ig 600 - 700 Kcal/m2 (ﬁ.S.S.R.) means that the yeér]y consumption

of such a greenhouse is approxiha%s]y 66,000 tons of crude 0%1.

The new heatgng concept would utilize the 35 - 40°C from the power —

station condensers and use i; to heat the greenhouse of area 34

o e AR ey B et S5
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’ . ) hectacres s0 that an air temperature of QEtween 15 - 25°C can
» ]
' - “be ma1nta1ned L ,. ‘ o \\\ .
h [ .« - -, ' . - '\\\ W
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A

. L e .~ Thé operating schematic of the greenhouse heating\systen is |

. ' ~ .shown.in Fig.’ 59.

/” iy D '3 s
From the condenser warm water is delivered

< by fieans of circulation pumps %p the hegting system of the

’%E%’ " N t greenhouse

\&\*\ steanm quantity gets del1vered by the condensate pump through low

The annunt\gf water’ corresponding to the exhaust

pressure pre heaters to the feed pumps and through the high- .

. -pressure pre heaters to the boiler. ‘ ' ™

- ! . { . * ‘
L » 4 ; . (-
e . ) oo A
: ’ — . N 1 N = - *

The cgndenser water flows through the finned surface heat
‘/' Lo .- exchangers'at the “two ends of the ‘greenhouse where ‘it exchanges’

] f'f_:f‘ R its heat to a1r wh1ch is re- 1ntroduced

. .
N ‘o I .

into the greenhOuses via
‘ Touvres. The power p]ant is equipped w;th two steam turb1nes,
. | each of 200 M capacity Raaected heit of one unit gets trans-

| ferred to the_dry.cooling tower, while the heat of the other one

passes through;the heat exchapgers of‘the greenhouse. With- this

set-up the hedting of the greenhguse can be ensured even if one
turbine ynits is out of service. In this case it is

) of the th
Iy . “ . : . * o s -y
G only necessary to connect the warm water pipes to each of the

C et S
N
L

. - condensers, in thls way the waste heat of the power stat1on 1s
Arejected by the heat exchangers of the greenhouse and the dry

. ') \f j . h coo]1ng tower can be shut off. . As the heating of the greenhouse

T ' .°i 7 had to be ensured, e%gn in the case of unexpected breaKdown of

-

the whole power station, certain p1pe11ne conneotxons within

\: . N . " the installation had to be cofgpleted. These connections ensured

-75-
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that even in the case of an emergency shutdown, steam can be

.

supplied by the boiler to the greenhouse. .

e

A detailed-study of the economics involved in this operation was
c;arried out which included the thermal investigation of the

operahon, as well as stud1es with regard to the agrote,chmca]
‘r
part of .the greenhouse. The r'esults of the economic evaluation

of the pmJect is ﬂlustrated 1n F1g 60. These results, refer:

) toA a 34 hectars greenhouse operating under Soviet climatic

conditions. As can be seen from Fig. 60, the combined operation

- of, the power station and the greenhouse offers app°rdx1'mate1y
66,000 tons of fue] 011 savings overa separate power station and

‘greenhouse . Referring the economy to the production costs of the

*

goods ~produced in the greenhouse, it was found that in the case of

IS v

* the combmed ‘operation, the prnne costs of greenhouse products

were apprommate]y 25% lower than in the casg of conventwna]

greenhousesoperated with separate heating. , "”
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“5.2.2. The London Tower's Heat Pump Installation

R -77-

A particular case history which illustrates the substantial '
sayings that can be achieved by the use of heat pumps is the

system installed in the London Tower's copp]ex (7) in London,

Ontario. ijs consists of 22 floors and‘an 18 storey tower with ‘

a total floor area of 339,000 ft° (33,900 metres’). It contains
220 deluxe apartments and 51,000 ft2 (5,100 mz) of commercial mall

area, and requires 700 tons of cooling. After three.gdhrs of

closely mon{tored energy costs, the complex used 24 Kw.h/ftzlyear
substantially less than the average-75 Ku.h/ft?/year for a
similar building. . |
The savings are accomplished through tmmersion e]ectric elements
w1th controls. wh1ch maintain a thermal storage heat sink at the
proper temperature to supply temperature contro]led water to the
bu11d1ng system and the heat pumps. Monthly sav1ngs on e]ectr1¢1ty "
bills by contro]]ed 10W§ factor, plus an initial reduction of 50 -

75% in the connected electrical load for water heating, were the

" major factors whlgh cqntrlbuted to the energy saving. .

hY ) ‘ ' o

The thermal stdna§e3heat sink that supplies 67°F,(293C) water for

the building comprises of two Model H31-600-70/70 Megatherm Units,

" fitted with three-way valves on the by-pass. The total storape
- e . ¢ C

capacity of the hot water system is comprised of two 3,100 Imp.
< . X v
. (]1.8m3) tanks. The total cdpacity of the heat exchanger

tem is\B\litresﬁéec. e - v



s

: T8

_Heated water fﬁbm ‘each un1t is m1xed through a three-way valve

_and the 62° (17° C) water from the return main in the system {s

mixed with the 11Q°F (43 C) water from the. storage tanks, result-

At ER

ing in a supp1y temperature of 62 - 70°F (17 - 21°9¢) in the'feed

main. The peak temperature of the water in the tanks is 280° Fo

(138°C) and the minimum is 130°F (54 C). This ensures a 110°F

(43%) supply to the m1x1ngvva1ve. M1x1ng in the by-paSS'pipe‘ ' )
is at a ratio of 6:1 for 70°F (21°C) water *in the system.' At this" | :

" temperature .the pipes do not require insulation which p$ovided a

saving of over $50,000. -

4
nl

The Toad control of the 600 Kw of power ih each 'space heet{ng unit

and the 175 Kw in the domestic water units were controlled by a

"Gentec" load controller. This is a solid state minicomputer,

which maintains a stahilized condition in the total use of kilowats

and the monthly kilowatt use demand., It automatically detects hhen‘
essentiq)lioads come on and tekes'off non-essgntial loads, thus . ,;
}educihg energy consymption at peak load peﬂgods;l Ano;her energy
canserving feature of\the peak load controller is that it can detect
availab]e’eﬁérgy‘dﬁ the ut%fity'system. If 40 Kw are available from
theigrid, tﬁe controlier can cycle this power into the complex's .

s&stem for space heating, domestic water and ventilation. . .
- T - . . . .

« - &
’ ¢ - v

The total installed cost for the comb1nt1on heat pump/therma] .
stor;gelload control system was $1. 24 m11110n which works -out, to ! e
approximately $3.661ft for an‘energy saving of more than 50%.- -




6. SOLAR ASSISTED HEAT PUMPS
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6.1. Problems with Direct-Utilization Solar Collectors |

The sun is the gouree of energy of our planet. It supplies us

0

K tevery year with an amount of energy which, if atcumulated and

saved in a useful form, would be sufficient to supply the energy
needs of the world for thousands of years. However, since the
/

energy reaching the earth is very diffused and comes.only during

the daytime, and even then changes cgnstantly according to the "

a ‘ day and the season of the year, this poses great difficulties

in attempting to capture so]ar'energy for use in our daily lives.

-

.Considerable interest has been manifested in solar energy as a

S\

heat source either on a primary basis or in combination with other

) T sources. Many direct-utilization solar collectors for comfort

heating have been developed to provide maximu retention of the

heat and to minimise heat: 10ss to the ambient air. However, only

o g e G Ry e
‘

o . a. relatively small number of these collectors baveﬁ been installed

3

because of their complexity 'and high capital cost, and és a \

3

h i -

i ‘ result so]aruenergy obtained from this source tends to be expensive

o e

. aé compared- to conventional energy sources. This’type ‘of inéta(‘l)‘]-

o . . ation tends to be very large, because the intensity of solar ‘
"readiation is low and thus Ia/rge cp]]éct’ion areas are required ' i

Cf ' i‘n order to harness a reasonable arnount.} Moreover; the sun is ) f
. ‘not present at night, nor} during qloudy days and, therefore,, a ‘
storage system is necessary which rendergf the system even more - " . : |

. expensive. The option of using a b;\ck-up heating system for




\v

“the othér more common’ sources.

2
A .

o - -80-
R | |

-

. , 4

N .
.n'ights“‘or cloudy days is also expensive, and increasesxthe cost

of .the energy ohtained.
/o :

]

The heat pump offers Several possibﬂit?‘{es for overcoming some of
the present ﬁandicabs facing the direct-utilization collector
because of its ability to absorb the solar hgat at a relatively
blow coﬂector‘ temperature. Operating at these lower collector

températures reduces the transmission/losses, which materially

Jincreases the collector efficiency. At the same time, these

low collector temperatures permit obtéim'ng a larger percentage
of the lower intensity solar-energy occurring on cloudy days and

during early morning and later afternoon hours. The principal

- , 1
attraction for using solar radiation in this manner is the

possibility of providing a higher temperature heat source than

/

A
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6.2. Problems with Air-to-Air Heat Pumps

5

. The greatest problems associated with present air-to-air heat
pumps are performance'and reliability.” Due to the newness of
the industry,’several Zo;rrect_ab‘ft problems have arisen, such as
skimping on the heat exchanger size at'the‘expense‘of decreased
efficiencj, poor‘installation and maiﬁtenance procédures have
given rise to heat pump fai]ure rates of up to 30% in military
"base insta]latioﬁs. ‘Undoubtedly, the economic reality of
expensive energy‘wi11 cause a premium to be placed upon good
design and energy efficiency, and a rapidly expanding market
develéps a competent service industry, and as a result improved |

seryice and lower maintenance.costs are likely.

) A . Y v .
However, there are other problems with air-to-air heat pjmps, which

are inextricqb]y bound up with the device itself and the,way it
is presently used. For example, it can be noted from F%é. 61
thqt the-C.0.P. decreases as the source temperature drops, thgs

a heat pump.which must extract heat from a low te@pgrature source .
ﬁust néceséarily have a low C.0.P. Besides being économicaliy
unpleasant, the low C.0.P. means that the capacity of the heat
pump'drops,with the ambienF source temperature. Since heating .
demand increases 1linearly as the ambient temperaturev4ecreases, |
there is a, temperature called the "balance poipt" beTéw which the
heat pump capacity is not adeqdate to meet the heating demand.
This causes two prdﬁlems. First, auxiliary heat must be supplied,

€

which“is uEua11§ an eleqtrié resistance ‘type with a clo.p. of 1
. ,. ] ¢ o *

L}

L |
-




pump.
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and is, therefore, éxpensive. Seconh]y to avoid using supp]ementgl

" heating the balance point is kept as low as possible. This {is

done by increasing the capacity and hence the cost of the heat

Another interesting point to note in Fig. 61 {s that the C.0.P.
of the héat pump Tevels off for temperatures above 40°F (5°).
fhat is to abtain a low balance point and good efficiency below
40°F;(5°C) most air-to-air heat pumps facrificé efficiency above
40°F (SOC). This is not very desirable if the heat pump is to
be used in conjunction with Tow cost §o1ar co]]é;tors which are
generally designed to co]lecf solar energy at temperatures of

7

4a%F (5°¢) to 120°F (50°C). - o - - .

Another major problem with air-to-air heat pumps is the defrost
cyc]é. When the ambient temperature is in the range of 20°F

(-5°% c) to 40°F (5° C) water in the air freezes to the outdoor coil

.since the outdoor heat exchanger coil temperature is about 30°F

(17%) lower. Frost builds up and eventually blocks the air flow
across the exchanger which prevents heat from being transferred.
Ffost removal is'accomplished by temporajly reversing the refrigef—
ant flow in order to use heat from indoors to heat the outdoor coil

and melt the frost. During the "defrost cycle” the heat pump is

'draﬁing eléctrical energy, but is ndt“providing.heat.' Typically

a heat pump can spend up to 5% of-the time in this mode when the

n

/
ambient temperature is be]ow 40°F (5 C) which cqyses a correspond~

ing decrease in the performance of the heat pump. "ﬁ ok .o




w

" The reyerse cycle défrost technique causes severe-ré]iabi]i%y
problems with hermitic type tompreésor units. Ubon defrost super- °
heated refrigerant gas from the indoor coil now'flow; through
an accumulator which is a storage device for liquid refrigerant. ‘
This b§ils the fefrigerantﬁin the accumulator and also boils thg‘x

refrigerant saturated in the lubricating oil in the o0il sump.

This causes "foaming" which drives off the ofl with the refrigerant,

Al

and when this occurs the compressor is inadequately lubricated which '

can rgsu]t in severe damage to the compressor.

/ . i
The defrost process proceeds slowly because .the cold outdoor
temperature produces a'low heat pressure. Thi§ means that only
a t}ick1e of liquid refrigerant flows back into the indoor coil to
pick up| defrosting heat. So during defrost, the low ambient
temperatures causes the liquid phase of the refrigerant liquid -
gas phase equilibrium to be favoured in the outdoor céil and |
1iqﬁid refrigerant gathers there. At the termiﬁation of defrost,

refrigerant flowﬁié reversed and this liquid is sucked back towards ,

the com ressor. The presence of an imcompressible liquid in the

" compressor cylinder can\cguse'tremendoqs mechancial shocg and also
break vdlves. To prevent this the "accumulator" is installed to
catch this "flood Lack“ of liquid before‘it can reach thE,compressor.

Although the accumulator eliminates this problem, its presence in

»

the line during the defrost cycle leads to the additional probiem

’

"~ of,foaming as discussed above. -
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6.3.

are the parallel and the series systems. The parallel system is

.1s at a high enouéh temperature, it is used to heat the load.

. In the sgries system, shown in Fig. 63, the solar -energy is provided

- ' C -84-

Solan Assisted Heat Pump Systems

There are two major designs for solar assisted heat pumpé. . These

|

shown in Fig. 62. In this system, solar collectors provide heat

A

energy which is placed-in a storége device and when the storaée

If not the ambient source heat pump is used and if this means is

inadequate, electrical resistance heating is used. This system

R

can be regarded as a solar energy system which uses a heat pump

Q

for auxiliary heating'instead of fossil fuels. It is subject to
the unpleasant ecggpmic realities of the solar sy;tem and also to
the perforﬁance and<leiabi1ity,difficulties inherent in ambient
source heat pumps. As both components function best during Qarm,
sunny weather and wérst during cold cloudy weather, they do not
complement one another, and as a result, expensive electrical

resistance heating is often required as a back-up system.

[}
'

“ 5

e Y

to the storage dévice which heats the load when possible, as in the

PR

parallel system. When this is not adequate, the heatﬁpump removes
water from storage and delivers it to the load. For two main
reasons the series system has better performance and cost .
cﬁaracterjstics than ﬁhat of the parallel system. Firstly, cheaper
solar collectors can be used. 'The dominant economic factor in all

solar energy systems is the cost of buyfng and installing the

.solar coltlectors. In fhe series arrangement, the collectors do not

{
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have to have to deliver heat at high enough teﬁperatures to
_carry the load to be useful. Relieved of this distribution
requirement, .cheaper collectors which would be inadequate in’
the parallel system can be used. Secondly, .the system
efficiency can be greatly increased. If the storagertemperature’ .
can be maintained above ambient temperature, the heat pump can "
ope}ate with a higher temperatﬁré source and a corresponding
hjgher'effjciency. A secondary benefit is tﬁat‘the solar °
co]{ectors also operate at a fRigher efficiency., This is because

. J
the heat pump removes heat from storage, which lowers the storage

!

temperateje. The fluid which is then circulated through the solar

collectord is thus also at a lower temperature. All collectors

. have the property that their efficiency increases as. the average

circulating fluid temperature decreases for given ambient temperature.

- Storage losses are also reduced because of the lowered storage

temperature. R

[,
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Heat Storage in Solar Assisted Heat Pump Systems ’ '

Practical storage heating systems must employ thermal storage

‘ experiencing insufficient solar rad1t10n Systems us1ng air or

water te transfer heat between the energy source ahd the storage
unit are generally used. Where air is the heat transfer medium,

sensible heat storage consisting of a h1gh dens1ty material such

- - as beds of crushed rock have been emp]oyed When water is used

as the transfer medium, water is also generally used as the storage

medium. In many cases water is the preferred choice over air as
a water storage system occupies less space than is required for

rockbed storage and water refrlgera?t heat exchangers can obtain

smal]er "splits" than are possible with air-refrigerant exchangers.

Thus, the heat pump source temperature is effectively increased

which raises the heat pump C.0.P. ’

-

)

Due to the potential value of a compact, high capacity, econbmical,e‘

storage device a large amount of work has been carried out in the

field of latent heat storage. On the average, liquid-gass phase

chagers involve the most energy, however, due to the containment

problems created by the production of gasses, most efforts towards

_ latent heat storage have used the solid-liquid phese change.

Materials of special interest include salt hydrates, various

paraffins and other organic chemicals. Typical problems presently

common in Tiquid-solid phase change devices affe:’,

. together with an independent 100% back-up system for those periods

e o
Y

LR NN



'improve the performance and recue the initial cost of such a system

C ' . -87-
1) Supercoollng - The 11qu1d contlnues to cool below the nominal

free21ng tempereture 1nstead of free21ng Nucleating agents

~

s

have been used to rectify this problem.

2) Incongruence'Q‘The two phases separate due to gravfty,
which reduces the heat transfgr rate. i

3) Complex Meltin; - Repeated eycling results in less materials
’undergoing the phase change after repeated cycling.

4) Reduced Energy Dens1ty - Var1ous schemes to a]]ev1ate the

above problems, resu]t in enlarged devices whwch are no 1onger

smaller than-equivalent sensible 3torage devices.

o
<&

When water is used as the storage medium in a series solar heat
pump system, there is eyidence to suggest that the introduction

of thermal coupling between the storage'tank and the ground can

The ground acts in two roles to achieve these improvements. When
' . . . I
the storage temperature is below the ground temperature, the ground

provides heat and thus.behaves as a buffer to help raise the storabe

i

temperature. This smooths out the storage tank temperature |

fluctuations and raises the annual minimum storage temperature.

As a result of the latter, resistive heating is reduced or e]iminated.

The ground is also used as a quasi- annua] storage dev1ce, wh1ch

permits greater usable energy collection and storage’. This mean§

'that sma\1er co]lectors can be used, which reduces the cap1ta1 cost

Ay

_of.such an installatlon The annua] average storage temperatuyre is.

1 .
also e]evated, which makes more direct heatlng posslble and raises

the hegt pump C 0.pP. : Lo

————r "
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6.5.

1w

- Case Histories of So]ar Assisted Heat Pump;lhsta]laiions

6.5.1. The Performance of a Residential Solar*Assisted
Heat Pump in’ Colorado Sprinds

The hgating system of the house was classed as a solar boosted

(12) hedt pump system which was located in Colorado Spfiﬁgs

6,730 feet above sea level. The house was designed to

.-were R and RlS«re;pecﬁgvely.

accommodate a family of five and ﬁad a cdnfigmed heat loss of
55,000 Btuh. (16 Kw) at an ou?ﬁoor témperatdrecbf -9% (-24bC) wi th
a7 m%]e/hou} wind (3 metres/sec). This: heat Toss' corresponded

to a 24 hour heating load per degree day (§5°f base,. 18°C) .
of 17,838 Btu/deg. (5.22 Kw hr/deg). The house pe;k aiﬂ?conditfonr
ing 1oad was 42,000 Btuh (12.2 kw). R o
System utilizes a flat plate pressurized fluid sotar collector,
a large variable volume uninsulated, underground storage tank 'and

a heat pump for space heating and cogling. The house is oriented

south with two banks of collectors fixed at a58° angle. In addition

the roof was covered with white quarty to reflect sunflight falling -

on it, 1nto the upper bank of collectors. All the windows were

double g]azed and the insulation value of the walls and the ceiling

* e~

ow

N

Fig. 64 shows the components of the system, and the operating of the’

system when solar énergy is being collected and transferred to

storage as hﬁ%tlenergy: Whenever the air temperature in the collector

is higher than the water temperature in storage, pump A operates

\

and transfers héat from~the'col\eétotltb the storage system.

.
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PR Heat energy is stored both in the corltained water and the ground
. >
\ " around the storage tank. ' Fig. 65 il ustrates how the syst%uf oper-
. - , !
. \" \\ ", ates when the house thermostat calls for heat. Pump B.circulates

\ . hot water from storage threugh thévcoﬂ\ in the house air duct
' while the holse air fan in the heat pum;a circu]aj:es air through
thev house. This mode always opérates when the s“tonige ?;emperature )
; .+, is above 100°F (38°C). Figures 66 demonstrates the,sysi‘:EQ
b ioper'ating mode, when the house thermostat calls( for heat a;\d the ..

storage temperature is Tess than 100°F.(38°C).
]

- ) e . “ \ >
. The object is to have the fieat pump always operating with an ideal
, - . evaporator ‘temperatuf”e, or to 'optimise the heat pump. In this

T system, the heat pump utilizes outdoor air as a heat sink, wheh the
xoutdoor air is above 45°F .(7°C) the storage system is utilized as
a heat sink fbr the Heat puimp. ,irlhen the heat pump operates using_
: the stor'age system as -a heat sin'k/ the 3+«way valve in the céﬂgctor- o
.'to-storage piping system diverts the flow of heat transfer‘ﬂuid,
) so that it is circulated betw'eén the heat exchanger in the stbrage
A system and coil B on the evaporator side of the heat pump, thus’
) ,: i simulating a fluid-to-air heat pump gonn\ected to the storage system®
Dampers are closed in the outdoor a%r ducts during this operation.

[ P o .
., The heat pump is equipped with a house air stream electric

1]

by resistance heater, and the stordge system has two electric immersion /

heaters in it as a back-up system.

- ) . .




-collectors have performed in a very satisf;ctory manner, ‘with

" generating capacity of 88,000 Kw can be achieved. With an antici- . —~

Since the system went into operation in September 1974,'the

the_upber‘br reflective boosted collector collecting 30% more
energy than the lower collector array as shoﬁh in Table 5. The f
séj;;;EX§ystem with a capacity of approximately 2,000 u.s.g.

(6,050 1litres) has a large thermal inertia, so it takes a long, 3

time to heat hp The storage system ‘was used extens1ve1y from
January through May 1975, to act as a heat sink’in optimising

'the heat pump. Fig. 67 compares.the net energy of the storage PR

N

system to the stored water temperature while the storage system

is being used to optimize the heat pump. This+figure demonstrgtes

- how the inertia of the storage system becomes greatly beneficial

in optimizing the heat pump, and its long range .capacity to
perform this fuhctioﬁ due to the ground acting as an additional

heat sink. ) - @

Fig. 66 shows the performdnce’charaéteristics of the heat pump 'versus
evaporator temperature and the heat Toss of the house versus outdoor
%jr temperatures. Uging thigadata,for E?e optimised heat bump
sysgem, a comparison was made between the energy requirements of

all é]ectric.Hegting system additions and for equiva]eht heat pump

systqziL}for all the additional resident%al|custohers of Co]orgdo o

\SbFings‘from 1978 to4985. This information shown in Table 6

illustrates that by using the heaf pump system a saving in new -

pated plant constructlon cost of $530/Kw generating capac1ty,

savwng of $46 million would be realised.
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6.5.2. _Comparison of a Number-of Heating Systems for'a 4
Philadelphia Residence L

In this paper the performance of six space heating systems for a -

— s

1,500 ft2 (140 m ) Ph11ade1ph1a s1ng1e family (20) residence were(
compared.— They were: E]ectr1c Res1stance Heat, Combust1on Furnace,
Direct 'Solar Heating wwth Auxkllary Combustion Furnace,‘Convent1ona1
Air-to-Air Heat Pump, and two different Solar Assisted Heat Pump

!

Systems. . ' ) *

3

-

The home located in Philaﬁelphia at 40°¢norfh Jatifude'was.choosen

as being repreﬁentqtive of cufrent construction in the north eastern &
United States. Iés design heat Toss was calculated to-be 53,000 °
Btuh (61 Kwy and fts design coo]1ng pa\\%gs 32,000 Btuh (1B?ED9
The performances of the six differen heat1ng sy$tems for th)
residence were ca]cu1ated each day and compared for an eight-month

heating season from October 1, 1972 through May 31,,1973. These

{systems were defined as follows:

13 Electric Resistahce Heating, 16 Kw Capac{tx. ‘ .
2) Combustion. Furnace, iO0,000 Btuh (30 k@) input, 60% seasonal -
- efficiency assumed constant throughout. '

3) Direct Solar Heating' Vertical, South Facing Solar Collectdrs
two glhss covers, f]at black absorber. ‘x p= 0. 95)
Collector Areas of 375 500 and 750 ft (35347,70 m )
Thermal £nergy Storage Capacitiéé of 0, 100, 250 and 500
thousand Btuh (0,30,75,150 Kw-hours), |
Auxiliary Heat: Combustion Furnace 60%\efficieﬁty.

,
.

\ 7



6) Solar Assisted Heat fdmp (B) (See Fig. 70).

n

v

4) Conventional air-to-air 3 ton Heat Pump.

t -
N

5) Solar Assisted Heat Pump (A) (See Fig. 69).

o

The conventional systems 1, 2 and 4 were operated in their
conventional modes, based on instantaneous demands. For Syétem
#3, the dai]y heat Toad was multiplied by the fraction of 'the day

dur1ng wh1ch'the sun shined, i1 order fo gotain the average heat

load which can be supplied directly from the solar collector to

the residence. Solar heat co]]ected in excess of this amount is

transferred from the collector to thermal energy storage, until

the storage devicencapacity is reached. -

1 Any sélar heat exceeding storage capacity is dumped. Next “he

" an evaporator coil inside the thermal storage unti. The temperature

rematc1ng heat load of the building is supp11ed from the thermal
storage until it is depleted or unt1l the heat load is satisfied.

If the dev1ce 1s depleted prior to sat1sfy1ng the heat load,

supp]ementary heat is supplied by a combustion furnace. System #5,

as shown in Fig. 69, operates as a convent1ona1 air-to-air heat

pump when the amblent temperature is .above 45%F (7 C). For lower

amb1ent temperatures, the refrigerant c1rcu1t rece1ves energy from

I
of that unit is meintadned above 60°F (15°C) either by solar energy

from the collector or from auxi]iary combus tion heat. Supplementery

electric heatlng in the supply air duct was also provided in
conditions when the heat pump capacity was exceeded Therma]

storage of 200,000 Btu '(60 Kw-hr) was effected though the latent

v

.2

~
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heat of fusion of paraffih wax. Systeﬁ #6 as shown in Fig. 70.

pérmf;s'direct sgldq heating from a 600 ft2 (56 mzf collector or
from the 10,000 1b‘water/G1ycof thermal storage unit (4,500 Kg)
provided the storage temperature is above 105°F (40°). Below
that temperaEUre Qﬁe heat pump is used to boost solar heat from |
storage to a tempefature level sufficient to heat the Iﬁwingc;obm.
If the storage temperatufé drop;‘below ambient .temperature the
refrige;ant evaporation is 'ﬁtchedﬂto a conventional ambient

air evaporator coil. Suﬁp] mentary heat was sdpp]jep by electric

resistance heaters.

*
T

The results of thjs cemparison is shown in Figs. 71 to 74. In

s

calculating thesf/results a conversion transmission of 31% was

" assumed for electrical eﬁergy from fuel to the circuit breaker at’

~e

the residence. Electric resistance heating was assumed to be 100%
- K . b Y ‘ 3
efficient and' the energy consumption of internal fans and pumps was

[

not included.. '

/

Lo
System #5 consumes 64% Less resource energy than electric }esistance.
heating, 30% less than thy combustion furnace and 18% less Ehanvthe
conventional air-to-air heat pump. However, it cqnsumed,]SQ’more
than the direct solar heating system. This is caused by the ‘
depletion of thermé]-storage from heaé pump'operatioh and the
inability of the system to Qti]ize the direct solar heating mode
on warm, ‘sunny sgring and fa]} days. It was because of this draw-

back System #6. was designed in order to eliminate this probiem. ,,

As a result the system consumed 71% 1ess resource energy than /
LAY o 3

i

-
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electr1c resistance-heatipg, 44% less than, the comuystion furnacg,

A
.. 34% less than the heat pump and 15% less tham direct solar heating..

The- decreased heatjzg'capacity of a conventional heat pump during

periods of low ambient temperatu}e, when th; heating load is
{arge,‘cahées’greatéﬁtpropontiogs of the load to be met by R IL\\
supp]emenia] e1eétr?c resistanée heaters in the early and late
moriths of the heatihg seasqn F1g 74 illustrates this sharply
peaking electricity demand dur1ng January and February for the
conventional heat pump. The solar assisted heat mep System A
w(fnnstrated a smoother e]ectr1c1ty demand curve.. The electric
Toad factor for heat pump System B was 0 57 which was 10% bettef
than the conventional heat pump.. It should be noted that these,
values were manthly averages, which are not directly comparable
to the instantaneous load peak used by.utilities to ca]cu]afgﬂ '

load factor and demand charges.

Iﬁ was concluded %hat electric resistance heating'requires°the
least capital iﬁvestment, but had the highest odéféting cost aﬁﬂ\ .
resource energy cons&mpt%on The ‘additional cost requrred to go
from electric heat1ng to a conventional heat ptmp could be amortized
in five years through savings in electrical energy alone, However,‘

the additional investment in a solar augmentation system for a -

conventional heat pump, producéd an annual saving of only 1.5% for

‘an electricity priég of 4¢/Kw-hr. This concluded the author was

not sufficient to entice the homeowners to invest in this type of

system.
4
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7. MODELLING OF A SIMPLE REAT PUMP N

7.1.

1 ot

» A , 1 '_95..‘
. . N

*by the machine to the work absorbed by the machine.

I3

Introduction - ) ' !

The heat pump is a refrigeration machine that is designed to
extract heat from a sink and delivey it to a load. The useful ;
eﬂ”ect is the heat deHvered' 'rather-than' the heat extracted as . g
for a typical,ref{"ige‘ratiﬂo;\ machine. Refrigeration machinés |

have normally been compared with reéard to their e'nergy efﬁeiency - ' ‘o

' ' A}

-

through the magnitude of their coefficient of performance or
C.O/'l’. For a heating machine the coefficient of‘per‘formance
heating (C.O.P.H.)‘is defined as the ratio of the heat- received

from the machine by-the load (sink) to the net work absorbed

E)

by the machine. \ ’ N
‘ u H | D"\l d d ‘
] ' — Heat Delivered.__ Q (1Y _ e .
Thus: C.0.P. = Work Absorbed — W . (1) ‘ |

> . : ! ’ - s,
. .

(‘ .
The ,co‘efficient of performance for the .cooling function can similar-

1y be defined as the ratio of the heat extracted from the source

. . Heat Extracted _ 'Qe _
Thus: COo0PC. = Work Absorbed — W (2)

[

*y

’ o

A thérrmodynamicaﬂy reversible heat pump has a heatinti coefficient

of performance.

C.0.P.H.

I

o T .y,
A+ o = wewn O




machines and:the,unity'term is the.driving energy conserved and
(13 , ¥ )
“Zransferred to the heating-load.  The ratio of the attained *

B - ’ cooling €.P.0.C. of a machine to the term THI%;W: is a measure
| ) ‘ i of the thermodynamic performance of the macﬁi;ex Thus the
‘ . .excellence of a heat pump 15 measgred not by the C.0.P. H but by

the C. 0 P.C. For examp]e a heat ;ﬁmp with a C. 0 P.H. of 2.0 is

. . not merely twice as gqu as a (es1stance heater (C.0.P.H.=- 1.0) .-
. ! . . - v R N
(3 3 1 3 . \ A : A
but is infinitely better. ’\
A . »
- " 3 e ( ‘
. - o . . . ]
. ' e . ) '
- . (
N I3 L ‘ - ’ ki
‘ . ,
'\\ , v \ B
b - i ‘ ' ® [
)’l \
. . N ] 4 \ . - :




AN
7.2, Heat Pump Circudt

The hea£ pump.un{t to be deelled is an a%r—to-air unit as
shown\in'Fig. 75. Both the evaporator and the condénsers are
multiple pass heat exchangevs whose tubes are finned and cross-
f]bw air is forced through the excﬁangers shell by fans. An
accumulator has been~included in.the circuit, since it is being

\
used by more and more heat, pump manufacturers for vital compressor

3

protection. Most common heat pump systems use the reciprocating

,ﬂ\\\\\\f;mpressor, mainly because their available capacities are below
t

economic flow range of centrifugal and axial compressors.
<@
a . f
N \ . .

7.2.1.. Reciprocif*ﬁh Compressors
’ \

‘In compressors handljné refrigerants, the capacity depends on
piston disp]acemen£ per miﬁute and on volumetfic efficiency. The
volumetric efficigncy is defined as the-ratio, in per cent, of

. the'actual de]iverea voluyme flow 'rate (measured at inlet conditions)
to the piston displacement. This va]ye is used to compute the
actual capacity of ancompressor, based on its geometry. Volumetric
efficiency may be estimated by the following equation (26).

!

Nv:100E'r-L)—C(r° T (4)
where Nv z Volumetric efficiency, per cent .
C - Cylinder c]éarance per cent; it is ekpressed as

a decimal fraction of the piston displacement per

stroke, and is dimensionless.

4 . N
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S ' ) L = Loss factor, diﬁension]ess. L 5; eskjmated in
. . ‘ . different ways by various compregsor manufacturers.
Howevé} an* accepted value for L is 2r.
‘ r - Compresson ratio, dimensioniess
K K = Ratio of specific heats, dimenSiqn]ess
Since the cbmpressor selected has non-cooled cylinders, thé

discharge temperature will be higher than that corresponding to

simple isentropic compression, by an amount caused by the extra

ratio imposed py valve pres%ure drop and by;jrreversibilify.
The cooling effectiveness of the cylinder and therefore the
discharge tempgratyfe are influenced by many factors, which'are
not adeqqate]y defined during the design phase, thus it is not . B 1ii> |
practical to estimate discharge.temperature on any rational basis N

other than simple isentropic compression,

‘

(i) Ty=T, (0" | ‘ e (5)
where T, .. Discharge Temperature | '
T, = Suction Temperature - : "

In orgér to obtain the adiabatic horsepower inbyt réquired for the

compressor, the following formula can be used.

W, - 0.OlDQ1 P1X ’ ....i(6)
where X = X factor, which can be obtained from tables
! ’ - r0-283 -']

*

]
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Qy = Gas flow rate, ft3/min
| d o= 2.292 (K- 1)/K
. ]
The size of the compressor required -for a particular service
. cdn bhe determined by .equation 7;
3 U “Va o= VWr L (7)
, . Nv
where Va = Actual displacement of the compressor, (C.f.m.)
v = Specific volume of .refrigerant entering the

compressor

»

 Wr = Mass flow rate of the refrigerant, Tbs/min.
' -~

The compressor shell heat loss can be calculated from the
follow{ng equation: ) T '
o Q shell.loss, = Hcm Acm (Tem - TMBCH) eve(8)

Effective shell surface area, (ftz)

where: Acm

Hem = gffective shell héaF transfer coefficient

2 _ o0

- (Bth/hr - Ft F)

Tem = Avarage shell sdrface'tempera;ure, (°F) »

Tmbem = Average aﬁbient temperature around the compressor
’ 8
’ shell (°F) _
: ' In general, an estimated value of 'Q shell loss is normally used

| .
in any calculations, because little manufacturers data is available
. for evaluating the actual shell heat loss or the average shell (/A
temperature. '

+




'7.2.2. Suction Lines and Accumulator Pressure Drop

ANl refrigerant piping may be classified as 1{quid Tine, .,
low-pressure gas line, and high‘pressure gas 1fne. On heat

pumps these 1ines‘often/serve dual purposes, for.example on units
that intérchange for fu%ction of the two heat exchangers to
reverse the cycle. The piping to the heat exchangers carried
low-pressure gas on one éycle and high pressure gas on the
alternate cycle. The size o% the refrigerant piping is critical,
especially on long lines, if the piping is too small, there will
be excessive Eressure drops whicﬁ will impair the efficigncy of
the system. On the other hand, jf‘the piping is unnecessari]&
large, a greater amgunt of refrigerant is required. This
together with the §ddit10na1 cost of the piping will result in an

unnecessarily expensive unit.

\For the prediction of the pressure drop in the piping from the .
evgpd?a;or outlet to the inlet of the accumulator a modified
fanning equation can be used. As the flow of fluid in this
piping is essentia]iy two-phase, the followiﬁg equation. was

propésed, to cover such a situation (29).




L] -

AP - 4 f'gL PgViq

2 gD L o , _
, - y
N where: AP = Pressure Drop, P.s.i. J ‘
R L = Pipe length, Ft. o .> //,;W\‘;

Pg' = Gas Density, 1bs/ft° | \ -
Vg' = Gas Velocity, Ft/éec
D ‘= Inside Diameter of Pipe, ft.

COf Mod%fied Fanning Frictioﬁ‘Facior,

obtained from graphs in Reférence/29'
e

o

e . o L
! v

The pressure drop in the compressor suction.piping can be estimated

_\ :’-
using the fanning equation,
AP - FX(@ o, ., :
wo= 30,302,351 X D X Pm X A . ]
L s ' :
‘ +
where:  Pm = Average pressure in the pipes, p.s.i.a. "

) ‘ 4

= Volumetric flowratefof gas, c.f.m.

= Inside dia. of pipe in féet”

X" Ared of pipe in ft

- > o O
n

= friction factor, for pipe

- s ¢
-
+ . ¢ hd

In order to estimate the pressure drop across the accumulator,

'hatﬁe fbl]éwing equation will provide a value which should be "~ A

accurate enough for modelling purszes (30).

v
.
Iy
. -
. v
1 N -
. . t . ~
.
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Head loss, feet or fluid L.

£
-
(1]
-
m
-

.
-
s

-3
"

Velpc%ty of fluid, feet/sec. -

»
»
Fa

11

Empirical resistance factor, varying with the
- type of fitting '

' '
< , “
! *

. ~ For the accumuTdtor, this is approximately the exit Tloss "
~ ) , ‘- . . .
e ' . analogous to a pipe entering a receiver or large volume.

T 4 . . '."

' | " Thus: K= 1.0 Lo S

. 7.2.3. Evaporvc“xtor.a{nd Condenser . C K

‘ N
. . [

An aiy-to-air heat pump when operating on ih? heating cyc1e‘ r‘eqhires

.~ the transfer of the heat from-the outside afi;r to the refrigerant .

vapour in-the evaporator and from the high temperature nef;igerant >

vapour in. the corflde.nser to :the a¥r being conditioned. 'Such a system
involves tv}o h°eat‘—t'r_'§nsfe‘r surfaces under conditions of relatively
poor heat t\ransfer. Asaa re’s“u.lt the heat transfer sur‘fac/es o o J
required in a heat pump are 1a1;ge, w;n‘ch contributes to the cost, . |
%ize and the :uel'ght 6f the unjt. Cons_equent]y consic_ier;':ble—

ingenuity must be employed in the design of these heat transfer

units, in order to keep the size of the heat pump system moderate.

-

The ca]cu]a'ticn of heat transfer rates in finned tube.heat *
. ) 0 .

!

- * exchangers involves consideration of both conduction and convection 2

]

e a2y e
\
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~

| S f ; heat transfer. Heat is transferred from the refrigerant to the

‘ - o walls of the heat exchanger and %0 the fins principally by
conduction. ‘Convection then transfers hqat“from’the walls ofwkhe
tubes~and Ehe‘fins to the air, passing through the heati‘

exchanger. The rate of heat transfer of the heat -exchangers can

be_expressed in general by’ the equation:

v

L
]

AU ATm - L (12)

, ' . ~ where: q - Rate of heat flow, Btu/hr

A - Heat transfer area,

/ perpendicular to the air flow, ft2

U = Overall Heat transfer coefficient, Btu/hr/ft2/°F
ATm '

Log mean temperature difference, F = . ) . }

+ —

]

In order to determine-the heat exchange area required to transfer ‘
\ , ]

a certain amount of heat, there are certain conditions which have

to be fixed such as teqpérature difference, air velocity/
R ° ' ' @
refrigerant velocity through the heat exchanger, number of rows - J

of tubes, and fin density. /The conditions. in the refrigerant side |,

are more complex in thai - the refrigerant goingito the heat exchanger *

A

will probably be.supérheated and the refrigerant eaving the heat-

exchanger will probably be subcooled. Since, however, most of

o ,' the heat picked up by the air comes from the latent heat of ot
. . v s . )

&

v, cpndeﬁgatidn, the temperature.of the refrigerant entering %he

_ Condenser can be taken as that of the,saturat{on temperature of the

refrigerant, at the pressure éf which the refrigerant is suppliied




to the ;ondenser.

£

- The air velocity is a;veyy important factor in, the selection
of a finned heat,e§changer, sinde this determines the heat
transfer coefficient, theé Hoise equirement and the fan perr -
requirements. Where space permits, air velocities of 600 ft/min . :
are used, if higher values are required, proVi516;\¥64§noise
ébsorptfon must be made in the case of residential units. Heat
- transfer.coéfficients based on transverse fin heat exchangers . i
4 \Qse Co]ﬁums heat transfer factor tq deterﬁgne values of U, \ . K
\ which coupled with heat excﬁanger manufacturers data from '
condeﬁsing refrigerant 22, and based on the log ﬁean temperature

differeﬁce, give the following eduations for a txpiéal‘(6,13)

, ]
condenser.
B ’ ? . \
.374
o o 15 (CEMC .59 -
2 Row: ° UAC = 2015 (FHG) (F_gl) ¥ (1-SF)(AFE)
) p /
- .376% .59 | ,
3 Row: yIUAC - 9.29 (g—%@) “x BT x (1-sF)(aFe) : ~
..... (13) ] '
’ . chc, +383%  ppp -89 \
4 Row:  UAC = 6.95 95 (i) x (BEL™ x (1-sF)(Are)
o , 3688 .59
5 Row:  UAC = 6.0 (CF”C) C xR x a-share)

y = AFC
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' where: UAC .« Fixed condensing condenser surface area X overall

. ‘ corivecting heat transfer coefficient, Btu/hr - Op

CFMC = air volume through condenser, C.F.M. N
 AFC = 'condenser coil’ face area, th
FPI = fin density, fins/inch of condenser coil
‘ ' SF '; fraction of condenser area devoted to subcoo]1ng

. 0.24 MAC = mass air flow through the condenser X specific
' © heat of air (Btu/hrOF)

i
/

For counterflow finned heat exchangers, the condenser temperature

can be estimated using the following relationship: (27)

v

™ = AL+ § e (e‘ UC/O2AWC v ey

where: Td 'gf Condenser Temperature, OF

TAI = Air temperature leaving the subcooling
portion of.the condenser, OF '
:n . ‘Hsv = Enthalpy of refrigerant vapour at : )
compressor discharge, Btu/1b
\ A ’ H] "= Enthalpy of refrigerant at exit of cendenser, Btu/1b
: i ﬁéfrigeyant mass flow rate, 1b/hr

2
- =
1]

.

. TAI can be computed from the following equation:
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. TAL = TR4 (TD - TE)'X C.P.R. X MR/0.24 MAC ..... (15)
where: TR = Return air temperature, °F - vV
o - CPR = Specific heat of saturated liquid leaving
the condenser, "Btu/16°F. ¢ — ?
, , ‘ |
i | Z X CPR X MR X TE - ey . "'
_ = TR/(1+2Z X PR X MR)+ {17 RCPRXTR) oo (16) | .
) YX= XeY/(1 - Y) C . an
_0.24 X MAC - CPR X MR (18)
= 0.24 X MAC X CPR X MR . Copttene
o UAS/0.24 X MAC “ '
- . UAS/CPR X MR ‘ Ceveen (19)
.505 7 .
‘UAS - 5.29 (%E—E‘Q) . X (E—%’—” X (CNR) X (SF) X (AFC)
T (20)
Where: CNR = Number of rows in condenser coil
UAS = Surface area of condenser used for condensing
X overall convection heat transfer coefficient
! ' based on log mean temperature difference

(Btu/hr - 0F)

a

-

Based on data obtained from heat éxéhanger articles and from

*

N manufacturers data for evaﬁorating refrigeﬁanthZZ, the overall

’ heat transfer coefficient for the evaporator (6,13) can be

[N

"estimated from the following equations: /
J

1 3
Y ’ ’




372

2 Row:' UAE = 20.44 (gggE) X (—gf—q X (AFE)

3 Row: UAE = '31 0 (5%}- -3638 Eg-—a X (AFE) ..... (),

Row: URE - 38.2 (2:?5) Y (—%}——) 7y (are) &
)

- 4

where: UAE - Evaporator area X overall ‘heat transfer
coefficient, (Btu/hr - °F)
0.24 MAE - Mass air flow ihrough the evaporator X ‘
specific heat of dry air, (Bth/hr - OF)

CEME ' Air volume flow rate through the

evapofator, (CFM)

.AFE - Evaporator coil .face area, (Ft?)

EFPI

Fin density of evaporator coil, (fins/inch)

The ambient air temperature can then be calcu]ated from the

fo]low1ng equatvon (13) ‘ ’ |

"

UAE ‘
0.24 MAE

0.24 M (e"*¥/0.24 ma - 1)
Note: See Fig. 75 for Tg .

It should be noted that thé above equations are -applicable to

- dry coils only. However, they have_been used consérvatively

to estiﬁate the heat transfer for wet co1ls, but are not

‘applicable to heav11y frosted coilss

-
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It should alsp be noted that the equations governing the

condenser-and the evapoiat&r assume that the refrigérant Tiquid
]eaving the condeﬁserhis sﬁbcooled'by 1Q°F £§.6°C) and that the
refrigerant vapour leaving thé\evaporator is superheated by 10°F
(5.6°C). However, since the changes in enthalpy brought about
by thésé,assumptigp§ is small in compaﬁison to the tpta] change
in enthalpy, these enthalpy contributions will be ignored and

the vapour leaving the evaporator will be assumed saturated.

5

.7.2.4. Pressure Drops Across the Evaporator and Condenser

«

Using information obtained from articles and manafacturers_data;
thé following equations estimate the pressure drops across the

evaporator and the condenser: (6,13)

S

6 ,CRM T
2 Row: AP - 3.8 X170 (ZEH T X (0.235+0.0638 FPI)
- & el :
3 Row: AP.= 4.94 x 108 (¢ x (9.235+0.0638 FPI) ....
o A X

. L % T

~ W Row: AP - 6.26 X100 (S T x (0.235+0.0638 FPI)
, | 1.7 ,
5 Row: AP = 7.49 X107 (Y™ x (0.235+0.0638 FPI)

"be added (2).

>
~ |

N e

To compensate for velocity head loss and cabinet loss in the
outdoor coil, it is good practice to add a further 20% to the
pressure drop value calculated using the above equations. For

\

the indoor coil the following additional pressure drops should

“ :’ ] ()j . '
/ e - -108-

o
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’
v B : -

Cabinet Loss! AP = 135 x 1077 x (cPm? Sl (28)
1.84 ‘
. buctwork Loss: AP = 5.5x 107 x (CET w1 o),
4 D - . ‘
p ) J ’
 Where: AP = Pressure Drop, (inches of water)
\ . L = -Duct length, (Ft) '
\ ~ - D = Duct Diameter, (FE)'
£y : / % '
‘o _ , -
7.2.5. Fan Power Requirements o
\\ 'Using the equations set out in the previous §ect16n‘forxpressgfe

drops across §he evaporator and condenser coils, the fan motor

shaft power can be calculated from the following equation: (2)°

~ »

-4

S SHP = 4.6:X 107% X CFM XAP S (26: .

‘ i ®

i\‘ L - ' |
\ where: SHP. = F aft horsepower, (H.P.) S
, \\ \ : ,
Permanent split capacitor motors vary in s1ze and eff1c1ency, and
. - us ng ‘manufacturers data for this type of motor, the eff1c1ency
can be—est1mated using the f0110w1ng corre]at1on (2)
\ .
ix; _.S_HTE_“attS input . 10004 2000 X (0.6 - SHP) ..... (27)
\ N2 RS . ! .
\ \ ,
o NOTE : Ta\i equation is‘only applicable to the f5110winge}ange of
; .
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' . o . -110- , -
”:' i ’ - ‘ ’ ' ) - . 2
1 1, o ' Yoo
SH .
. - | . ]]2 < rP < /2 ' - :
‘ «n -
where: P - Motor Efficiency L
R -
The fan SHP is then multiplied by P to obtain the input watts :
\ v ’ N
as follows: (2) .
Fan Motor Watts = P X S.H.P. : e...(28)
h L .
‘ 3 3y i
. . B ’Jv
! ‘ P
' - N :
¢ » ., ,“
* '
& ¢ . ¢
\ 3 -
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7.3. Stepwise Performance Program for a Simple Heat Pump Circuit

1

Details of the heat pump equipment must be specified, in order
that certain parameters such as heat transfer coefficients, air

Y

flows, fin densities, etc. cdn be definéd.

[

Step #1 : o L
Assume an air vélocity of 600 ft/min and a specific heat trénsfé}
capaé?ty, se]ectnan evaporator which will meet these requirements.
Manufacturers data list the face area and fin density for gach
coi],’thus the heat transfer coefficient for the coit can be

found using the equations listed in Section 7.2.3. The volumetric

{

air flow can he found as follows: (23, 24, 25)

il

S.C.F.M. = Coil Face Area X Air Velgcity (600 ft/mip)....(29)

) L)
. In manufacturers data, for each coil there is a wet bulb
—*f*‘;f;mperafure listed for the enfering and departing air. If the
enthalpy difference of the air entering and leaving the coil is .

_—  calculated, the capacity of the coil can be determined as follows:

Capacity of Evaporator = Enthalpy Difference X S.C.F.M. X
Density of Air
Btu/min 4 ....(30)




¢

" This capacity value-should approximate the heat required to be -

transferred\by the heat pump circuit, which could be obtained
from heat loss calculations for a home “into which the heat pump

is to be installed.

NOTE: The heat loss for,a%particular home will assume a specific

. ‘ \
value for the ambient temperature.

Step #2

Assume .a value for evaporator pressure (a good indication can be
L ’ .

found in manufacturers data).

Step #3 =,

Select an initial value for the refrigerant mass flow (MF).

<

Select an initial value for TAI (Air temperature leaving the sub-,

cooling portion of the condenser)..

. - “
.. /- ’
Assume a value for the édndepSing pressure. 9 *
Step #5 ) : , .
Using equation (9) in Section 7.2.2., the pressure drop from the
oJ?let of the evaporator to the entrance of the accumulator can be o

calcu]ated. In order to determine the'pressure drop, the vapour
leaving the evaporator must be assumed saturated. A nominal pipe

diameter and length must be selected, upon which AP can be found.




o

.Step #8

. obtained from manufacturers data).

Step #6 o o,
Flow through ‘the accumulator is assumed ,to be gaseous only.
Thus the pressure drop across the accumulator can then be v

calculated using Equation (11) listed in Section.7.2.2. J

Step #7

Only gas fldw exists in the compressor suction piping as a
result the volumetric gas flow can be calculated-assuming a

nominal pipe size, using equation (10). B .

L4

The pressure drops calculated in Steps 5, 6 and 7 can be chgcked

against manufacturers data or.this data can be used directly.

-

e

SteE #9 ’ ’ ¢ , ., »
Using the pressure drop values calculated in steps 5,6 and 7, the h

pressure at the entrance to the compressor (PA) can be calculated.

Step #10

Assume a trial value for the condenser,tempeﬁature Tb (since a

condensing pressure was assumed in Siep 4, a vatue for TD°can be

Sted™#11
Assuminé a specific length ‘and a nominal diameter for the piping : ‘

{
connecting the compressor outlet to the condenser, calculate the



Qo

. SteE #]4 ) v “s

i

\' . -114-
pressure drop in the piping using equation (10) outlined in

Section.7.2.2.

Step #12
From, the estimated value of P2 and the piping pressure drop
calculated in Step #11, the discharge pressure of the evaporator .

(PB) can be found. ' o L °

Step #13 .

Since the pressure ratio of the compressor is now known, ysing
equaEion (4) in éection 7.2.1. the suction temperature can be
found. This allows the points A and B as shown in Fig.,JS?to be
fully defined (temperature andjpressure) and as 3 result the

enthalpy of thé fluid at these points can be defined from tables.

n

If a particular compressor is specified, the displacement (C.F.M.)

is known.” The mass flow rate of the refrigerant can then be

¢

calcanlated from equation(7) in Section 7.2.1. and the reqdired

horsepower from equation (6).

'

NOTE: Steps 13 éna 14 can be éombined and fhé.capacity-and
horsepower calculatéd using calometric compressor curves sdpplied
by manufacturers which only require the points A and B to be

o

defined (Pressure and Temperature).
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Step #15

If panufacturers data is not available éo calculate the-shell

". heat loss of the compressor, a speciféc fraction.of the compressor

" an important factor in the'selection of this fraction (e.g. |

capacity can be used. However, the suction gas temperature plays

4

Trane F-230 unit at 40%F suction temperature, shell loss is

~

approximately 2%).. - .
. Y
. ! © W 4 . - . . . ;;C’ ‘
. Step #16 - . .

3

“Assume a value for TAI (air temperature leaving the sub-cooling

‘

portion of the condenser).
Step #17 ".

.Check the condqnser chacity,kto see' if the heat loadA(MR (H3 _ H]))
can be transferred to the return air with the condensing temperature
of T.D‘ This is done by\'using equation (14), in Section 7‘.2.3.‘
Calculate the vaiue of Ty Qémpare_ﬁhis value with the value
as;umed in §teé 10. If they do not agree Steps 2 through 16 are

@

iterated until agreement is achieved.

Step #18 ‘
\
Compute the value for JAI from equation’(15) in Section 7.2.3.

. °

If this value agrees with the initial value assumed in’Step‘#B,
proceed~fo-Step #19.° However, if agreement is not achieved, =~ ~

review the initial guess and repeat Steps 3 to 17 unti] tolerable

agreement is achieved. .

" .X .
¢ ) L .
i . '
, a
J M ' ! . o~

\
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L Step 419 - y S S
- . The ambient air temperature TA is calculated using equation (22)
) in Section 7.2.3. Cqmbare. this value with the desired value,
: if agreement is%gchieyed proceed to Siep #20, if not revise the
. guess for Pl and return to Step #2. .
s ~ . . ' ’»‘ R .
- : . Step #20 g " .-
| Compute the C.0.P.H. of the heat pump, accounting ‘for shell heat
loss in the compressor, and the heating effect 'of the fan motors
using equation 1. ' ’ .
. - \ oy 7 Lo
I3 K _ « / ‘ .
1
v “ '; - °
- ‘ - x . .
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7.4,

v

Defrost Cycle -
.7.6.1. Defrost Problems of Heat Pur;lps : . .

The heat pump defrost problem can be sumarized-by the fact that
air—to-;ir heat pumps having an excellent steady state C.0.P.

for average winter teﬁlperatures- have poor seasena1 berformance
factors. The C.0.P. is degraded by - }ong defrost cycles cancelhng

out the gain of heat extracted from the .outdoor air. Long defmst-

cycles with their functional problems have convinced some dealers

. that an air-conditioning unit }ﬂus straight electric heat is a

more practical service free anS cost-effective Reating and cooling

system than the air-to-air heat pump (22, 28).

. 3
- P

Frost dép051ts on the outdoor coil surface under weather conditdons,
ddring wh1ch the surface temperature is be]ow the freezing point

and below the dew point temperature of the entering air. Frost

does not accumLﬂate uniformly on the fin- tube structure since

it is not at a umform sur‘face temperature. As the air passes |
through the coil, it is cooled and the convectwn tdwerature

difference between air and refrigerant declines as does the heat

exchange per Square foot of fin surface and thus the average fin

temperature. ‘However, if the coil is frosting the specific humidity

“of the air declines also, so that the gross dew point depression

of the surface does not change significantly from front to back.
As a result, frost deposits rather uniformly in the gross sense,
but prefere'ntial'ly near the tubes as opposed to far from the .
tubes. The frost surface is relatwely rough, so that as frobting

progresses air flow #fs res’émcted near the tubes and is d1verted

e
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| . | vto'the space betweep the tubes: The'héat gxchangg;burden movesy / 8 h
\ . i;ay from the tubes and must be conducted in fin metal, through 3
a larger average path, so’ the effective %in efficiengy declines. -
P S /As-é result the coil friction factor increases slowly at first,
| then more and more rapidly forweach ifcrement of frost laid
- . down. Thé céi] thermal conductance (UA) increases at first,r i AN . ; :
‘because frost is rougher than a clean surface, then declinés‘ i .
’ oo rapidly because of the foregoing. A1r flow falls off as a

result of equ111br1um between the coil flow resxstance facter

and the fanAP versus air-fiow Character1st1c ’ . T ‘
| y . .
Most texts whichlatteﬁpt to model the perférmance characteristics {\
' of a coil using the "Number of Transfer Units", and "Exchanger
; ’ Efféctiveness"'approach, show that the refrigérant temperature
r»f N ‘ ) : - (TR) and the ambient temperature (TA) are related by the following -
F 5

equation: (6, 13) -

i . ) ) Q K , ' .
; \’ TR = TA. - 0-24[NA - e-UA/.24 Iﬂﬂ o e (31)
K
r . ) :
. < \ twhere: Q -~ Heat burden, (Btu/hr) , . .
l \i o . . . ® "
° Early in frostfng MA decreases, but UA increases and the eXponent§a1

» kK term dom1nates the denominator (increasing) so the refrigerant
temperature rises. As frost build-up coiitinues UA will peak j
o . . and-then decline. When UA has returned to its cléan coil value , -

| ' , - both air flow aﬁd conductance effects are in the same direction
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and the refrigefant temperature is slightly depressed and drops _:_

rapidly with further frosting. This event marks the critical

frost loading of the coil, sinée it is the now rapidly declining

TR which reduces the system capacity. In densely finned coils,

this occurs at about 85% clean coil air flow and with.wiae fin.

apacings at about 80% clean coil air flow. ‘ )

7.4.2. Frost Penalty Modelling

The driving force for frost formation is the saturated humidity
at ambient temperature times the-actual minus the critical
relative humidity (defihed as the R.H. at ambient temperaturé at

which the surface temperature equals ‘dew points). The mass

. coefficient (for frosting) is the heat transfer rate divided bw

the product of the specific heat of air and the ambient to surface
temperature difference. Thus, the frosting rate is proportional
to the relative humidity excess over critical and the.ambient
sqturgted humidity. Because the latter factor rangés over a

6/1 ratio (72% at 40°F tp B4% at 0°F) and the évai]ap]e range

for the former over neafly a 2/1 ratio, high'frpsting rates are

only possible on relatively mild humid days and the problem ig\

. ‘acute in the 30° to 40°F—ambient range. .

. I
Calculation of the critcal fros# deposit time h?s been cited in

literature and is based mainly en the Prandtl model of boundary

layer heat and mass transfer (28).

I *




By the first Iow:Q

]—’3:

LMHD

’ : C Qy = 0-24 MAE' X'LNTD = 0.24 MAE (EDB - LOB)

E
by the Mass Heat Transfer Analogy:

- LW

EW :
BN . o ieees (34)

EW

_ EDB - LDB
= LMD

- SH

LMTD ~
LW

LW

EDB

EW - (EW - SW)

LF X Face Area

] L MTD ' Y dee e

/

u

LT

“where: QH
LW
W

MAE
LMTD
— LMHD

EW
TS
LDB

MAE'

™, -

. Ambient dry bulb, (°F) )

QH (EW - SW)

Heat Burden, (Bth/hr ,

Coil leaving specific humidity, (1b/1b) .
Saturated épecific humidity at TS,.(]b/]b)
' b
Air f]oy (1b/ hr) | ’
Log mean temper#ture difference,*(oF)
Log mean specific humidity differ ie (1b/1b)
Critical frost loading, (1b/ft5) |
Frost rate, (1b/hr)

Aﬁbient specific humidity (1b/1b)

Coil temperature (°F).

Leaving dry bulb (°F)

Equilibriated boundary layer air flow (1b/hr)

Critical frost deposit time (hr)

{

»

~ 16 ( O deees (35)
EW - Lwp (EDB_-. LOB)

QH .
0.24 MAE (EDB - 15) vav s+ (37)

LF X Face Area X 0.24 (EDB - TS)

o
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B - By-pass ratio (defined as the fraction of

y . "the core flow which has not entered.the

boundary layer)

The critical frost loading is obtained from the fan characteristic

and the flow impedance versus frost loading of the coil. Data

e’
@A e g s e L AN

compiled by Stoecker, which is based on a coil of 3.14 £t% face

area, 5 rows on 1 - 7/16“ square pitch, §/8" t“ﬁ?s and nine fins

per inch of 0.0011 inch stock correlates fairly we]] to (28)

AP = Kx (¢t ‘ o, (39)
) )
, -7 -7 I RN 3
where: K = 8.4 X 1077+ 3.589 X 1077 (F)+ 3.178 X 1077 (F)
+8.19x10°°%R)8 ... (s0y -« '

3

F
AP

Frost load, 1b/ft2 face area

Coil pressure drop (inches water)

A more usab1éqform of K which is valid for 1 X 0.86 inch tube
pitch with about 0.005 inch stock is as follows:

\

k= B.96 x107% 1.00 x 107 (¥ x D1

[0.234+0.085 Fp1] S (a1)
) ‘where: F - Frost deposit, 1b per row per ftz face area
‘ R N - Number of rows - ’ *

FPL - Fins per inch
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A stepwise procedure to calculate the energy consumed by the
defrosting cycle during a typical heating season, can be carried

.

out as follows:

Step #1 ’v

From the fan characteristics ;alculate the pressuré drop across
;o the clean coil.
g ) Step #2-
Determine .the pressure drop)at 85% of the clean pressure drop.
Calculate K from equation (41) assumed F.P.M. = 600
Solve equation (39) for F.
Step #5 =
Calculate the critical 5rea frost loading as fo]!ows:
o LF = N x F(critical) 1b/Ft?
Step #6 | |
sing data which can be cbtained from Ashrae Charts, for a
Z:articu]ar Iocgtion;'calcu1ate the number of hoyrs during the
heating season for which conditions of~temperature and humidity

) are ‘conducive to frosting of the coil.

Step #7

) . .
* For each new condition of temperature and humidity at which

frosting-occurs, find QH, TS EDB and SW. Calculate LT for each

new temperature, humidity condition.

—

e




-

Diyide the number of hours spent at a particular set of frosting/
‘condi tions (temperature and humidity) during the heating seaséna

by,the frosting time LT and the defrost cycle length, to find the

. number of defrost cycles. In order to obtain the net energy for -

that number of defrost cycles, multiply the number of defrost‘

cycles by the kilowatt hours per defrost cycle, which should

include the net energy applied to the coil plus any ‘energy used to

heat the homenduring the defrost cycle.

R 14
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CONCLUSIONS I

‘In view of the foregoing, the follgwing conc]usfons can be drawn:
e

el

- Bue to the larger number of degree days, the seasonal- performance
factor of a heat pump principally developed fbr -the Uniféd*States
is reducéd, when operated under Canadian climatic conditioné.

One of thé‘greatest prob]éﬁg associated with heat pumps is
performance and rel{ability. Due to the newness of the industry (
several correctable problems such as ?nadequate system design,

poor installation and maintenance protedures have -severely

hampered the acceptance of heat pumps n the commercial market.
//

°/

—
Decreased Héating capacity of conventional heat pumps during periods
of low ambient heat, when the heating load is largest, causes (
greater ﬁroportions of the load to be met by supplemental electrical
resistance hea£ing. As a result on a cold day, the electrical
demand for a heat pump is virtually no, less than it would be for

éh electrical resistance heating system, which reduces the C.Q.P.
of the system and makes such a heating system less attractive from
an ecoromical viewpoint. Only if electrical demand is penalized
will this encoﬁrage fuhﬁher development work on lower balance point

systems.

—



‘over conventional heat pump systems. However, this growth will
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In the ambient temperature range of 20°F (—SOC)]to 400F

(5°c) the C.0.P. of air-to-air heat pumps is degraded by 16ng (/~\
defrost cycles: Thus air;to-air heat pumps hé&ing an exce]lenq
steady state C.0.P. for average-winter,temperatﬁres have poor
Seasonal Performance Factors. '

The "Series Solar Assisted” heat puﬁp sgstem is more cost

effective than the "Parallel” system under northern ¢limatic

. )
conditions. -

. v
\
L)

Indications are that the trend towards "Solar Assisted” heﬂt pumps

will continue, because of the unique advantages which they offer

be slow particularly in eastern Canada, where the hiéh incidence

of cloud cover during the winter months requires the use of

an expensive heat storage fystem, electric resistance heating

systems or both as a baék:pp.
Y

S
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FIG, 1

\

BASIC AIR-TO-AIR HEAT PUMP SYSTEM, COOLING AND DEFROST CYCLE
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BASIC AIR-TO-AIR HEAT PUMP SYSTEM, HEATING CYCLE "
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HEAT PUMP_CONDENSER AND EVAPORATOR PERFORMANCE
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HEATING CAPACITIES AT VARIOUS OUTDOOR AIR AND SATURATED REFRIGERANT .
TEMPERATURES FOR HEAT PUMP HAVING A 100-TON COOLING CAPACITY
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-+ AIR-FLOW REQUIREMENTS
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FIG. 11
WELL SYSTEM FOR EARTH-HEAT RECOVERY

wareR rww? l WATER PUMP
. .
= b

F3
o
-

SO

NN
N
ARG

\ \'\\ S\Q\:\\
s
[ S— ]
\\\\\

AN
N
SNCNNNIEN

!
NN
N
N

v
\
- 2( »
’
'
B
N
A
o
"
e - R oo, ,
( ! {
! -
. -
‘ ‘ . ,
4
s
t
.
v mn s g 2 e ot , e e R

-136-

~

T e R T el



SRR SN

e L~

i

_ FIG. FIG. 12

. .
SUBMERGED EARTH SYSTEM.
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HEAT PUMP ON COOLING CYCLE
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* Overating Costs or Hear-rumr System® )
! - < 1 Costof . .
electricity | Operating| Main-
* Kwhr | it cent | labor tapardet | * Total
s per kwhr
' Heating season, 19311912 | 384,600 | $3,896.00 52,5351.52) $ 701798 7,110.20
sooling season, 1942.. . . | 118,800 1,188.00{ 2,116.%5 214.70 3,811.25
T 508,400 | $5,084:00 | $4,956.05 | $ 910.49 | $10,050.51
Heating season, 1912-1943. | 395,000 | $3,950.00 $2,806.55 { $ 85690 | $ 7,703.45
Cooling senson, 1913 ..., [d 19,200 1,192.00] 2,8090.16 | . 2568.5( 4,310.72
Totl.,...... 514,200 | $5,142.00 | $5,705.71 { $1,115.16 } $12,053.17
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'ECONOMfC STUDY OF THE GREENHOUSE PROJECT

Investment costs

. ! A
. €
\ Separate power
., station and

greenhouse
. 1. Wet cooling towef for the
power station 200 MW - 120
2. Greenhouse 34 ha, ,
without heating - 358
3. Heating _plér&t + pipeline ‘
- to the greenhouse 338

4. Heating installation .
ingide of the greenhouse * 119

Combined condensing
and heating installation -

106 Fex

S

Power station
and greenhouse
combined

Total investment costsa: 935

QOpérational costs

bl

\ , . . ~ 106 Ft/year

1. 13, 5% of the irivestment l
costs T . \26. 00, 110. 20
2. Fuel consur;\ption in the -
, greenhouse 80. 00 -
3. lvf-consumptionvof\
lectric energy 23,9
4. Make-up water for the .
power station -
5. Maintenance -
(surplus to A.) : 3:97 |
LN >
—
Total annual costs: 21 3.%0 138.07

8. .
%Ft = Forint = unit of Hungarian cnrrenc%.
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. THE SERIES SYSTEM
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- - - ' | FIG. gs . | _ .

' DIRECT USE OF STORED HEAT ENERGY FOR SPACE HEATING
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. USE OF THE OPTIMIZED HEAT PUMP FOR SPACE HEATING.
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" STORAGE S/YSTEM NET ENERGY AND TEMPERATURE
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FIG. 71
ENERGY CONSUMPTION OF THE DIFFERENT HEATEING SYSTEMS
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Heat Pump Design Conditions = -

Area.qf/Hdme, th (mz) q
N Inside Design Temperature, °F (OC)
Dutdoor.Design Temperature, Of (°C)‘
‘ Temperature Difference
. Heating Load, Béuh (Kw

Nomihal'Capacity of Air-to-Air
Heat Pump, tons '

Degree Hours

¢

' Seaéona] Resistance ‘Heat Input (Kwh)

Seasonal Performance Factor of
L Total Heat Pump System (S.P.F.)
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- COMPARISON OF THE PERFORMANCE OF AN AIR-TO-AIR HEAT PU
' LINSTALLED’IN.PHILADELPHIA AND IN MONTREAL

-

Philadelphia

MP |

13

Montréal

—

2100 f£% (195n°)
70°F (21%¢)

5%F (-15°C)
65°F (18%)
52,424 (15Kw)
2.5

118,917
2,887
'1.94

t

210077 (195n%)

0% (21%)

-10°F (-23°%)

80%F (27°%) \
68,553 (20Kw)

2.5

167,553
10,638
1.59
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TABLE |
ANNUAL NORMAL DEGREE DAYS

Cities Degree Days
Spokane, Wash, .. .. .. . . 4852
Woells Walla, Wash, .. - 4848
Lewiston, Idahe ........ ... 5483

Pullman, Wash. ['53.'sg only).. 6628
Pullman, Wash, {50 yr, average) 6938

—— - ——

TABLE I
WEATHER DATA FOR 1954 TO 1959
FISCAL YEARS FROM JULY 1 TO JUNE 30

Year 1954-55 1955.56 1956-57 l¢57:58 1958-59
begree Days a
Weather Bureau 7194 7137 7026 5843 6292
Recorder on Site . 7381 6882 6626 5890 5183
Minimum’ Temp. F 0 —i2 —24 +f7 -1

- Heating Season Start Sept.9 Sept. 2l 'Oct. 7 Sept. l'Sepf. 14
Heating Season End - June5 June 10 June 9 May 18  June 28
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T *BLE 11
HEAT PUM# PERFORMANCE
| Hgl’ump enly  Including Supple-
, Biu per hr mentation Btu per hr.
Capacity at 45 F O.D, Temp. 29,000 53,200
30 F Q.D. Temp.” 24,100 48,300
10T O.D. Temp. 17,700 41,900
—10F Q.0 Temp, 13,300 37,500
Coeflicient of Performance — By Seasons
Bued’on ‘all power for heating inclyding fans & lupplemcnia_l
Heating Season ¢ C.0.p,
1954.55 2.10
1955.58 2,12
1956.57 217
1957.58 \ 275
1958.59 . 267
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ENERGY RE
""FOR FISCAL
SEASON 1954.55
POWER ="
Heoat Pump kw hr 12,220!
Supplemental . k.hr 904!
All Heating kw-he 13,124'
omestic kw.hr 10,358*
Ts¥al Residence kw-hr 23,482
DEMAND {15 min}
Hoat Pump kw 38
All Heating kw 10.6
Total Residence kw 14,1
+ Domestic, no heal® tw , —
LOAD FACTORS )
eat Pump % 36.7
Supplamental % 1.5
Heating . e 14.1
Total Residence %o 19.0
Domestic, no heat % —
Lorrected valve nfter thermal ealibration
“Summer Value
’ »
L 3
) hd
/ I

TABLE 1Y

1955.56

10,425
. 2,083
12,508
11,104
23,612

3.5
108
14.0

53

340
33
135
19.2
(239 &

1956-57

9,665

2,084
11,749
“9,833
21,582

36
10.1
5.0

53

06

3.7
133
16.4
21.2

QUIREMENTS — ANNUAL
YEARS, JULY 1 TO JUNE 30

195758

8,238
4

8.240 4

2399
17,639

v w

26.8

17.4
22.4
17.9

oconin

™

1958.59

7.622
476
8,298
1163
19,481

3.5

1.7
14.0
10.2

24,
9.
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5
3

o




3
)
o
-
0
.
[
i
<
3 -
N -
1
“
k]

. g -

>
[

¢
.
1t e,
¥
P
»
.
N
-?"‘(
i‘
.
4
o et b

o

Ay

\o

TABLEY AVERAGE DAILY HEAT ENERGY
COLLE.CTED AND STORED (Btu/sq ft of collector/

day»)

Month

Year

Upper- Lower Average

Array

Array

Total

January*
February
Mirch
Apnl
May

-
t

1975
1975
1975
l‘)75L
1975

-7

255
127
296
iy
241

43

193
292
228
238
192

’ .

2

12

224
292
262
279
%6

0

Upper Array
Yield — %
above

Lower ppray

$¢

.42 -
2743
w82
14.03
25,52
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TABLE VI COMPARISON OF PEAK GENERATING_
CAPACITY REQUIRED FOR ALL OPTIMIZED
HEAT PUMP HEATING LOAD ADDITIONS VER-
SUS ALL ELECTRIC- RESISTANCE HEATING

R S T

LOAD ADDITIONS FROM 1978 THROUGH 1985

Kilowatts for

All Kesistance

Kitowatts for
All Optimized

3>

Kilowatts
Generating
Capacity Saved
with Opuimized

“"Year Healing Loads {ref. 2) “Heat Pumps* Hcat Pumps

. 1978 50.000 o 22.000 * 28,000
1979 93,000 52.000 ' 41,000 .
1980 140.600 80.000 « 60.000
1981 170.000 96.000 74.000 -
1982 200.000 120.000 ROLOO

v 1983 - 228.000 140.000 K8.000

1984 254.000 . 170.000 R4.000
1985 192.000 ° RO

o

%y

275.000

*Optimized heat pumps with a 3 to ! coefficient of performance.
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