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INTR ODUCTIO N

Industrial process cooling waters are our largest available source
cf  recoverable low temperature heat . A “heat pump” extracts heat ener~~
from some medium such as wat er, and transfers this  heat to a med ium at a
higher temperature. An efficient heat pump will provide three to four
units of heat ener~~r output for each unit of ener~~r input . This report
first familiarizes the reader with general concepts and cons iderations
applicable to heat pumps , and then gives the results of actual operations
of a typical installation. The objectives of the work were to provide
ener~ r—conservative and cost—effective space heating for the ‘building
shown in Figure 1, and to operate this system as a thermal waste manage-
ment demonstration project for the Cold Regions Res earch and Engineering
Laboratory of the Army Corps of Engineers.

- 5  
-

_  _

Figure 1. Equipment stor age and fabrication building,
~40 ft (12.2 m) x 100 ft (30.5 m) x i24 ft
(~~.3 m).
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A cost—effectiveness evaluation and the resulting recommendations are
presented. References are included which contain effective procedures
for establishing specif ications and design cr iteria for heat pump systems .

FUNDAMENTALS OF THE HEAT PUMP

The household refrigerator is the most cormnon heat pump . As with this
familiar appliance , a heat pump is a mechanical device which removes heat
from one medium at a lower temperature and transfers this heat to another
medium for delivery at a higher temperature. Heat pumps are now mass—
produced for a variety of applications . Reliable , competitively priced,
packaged heat pump systems are rece iving increased util ization, since
rising costs for energy have made heat pump installations attractive
alternatives to conventional heating and air conditioning systems . Space
heating and air conditioning, water heat ing, waste heat reclamation and
similar functions are common applications of heat pumps . The concept s
and considerations discussed here apply to common modes of operation
and most standard, applications of vapor—compression heat pumps. The
emphasis of this report , however , is placed on heat pump utilization to
provide building heat.

The Heat Pump Cycle

The thermodynamic cycle used as a basis for a vapor—compression
heat pump is the Bankine cycle. Figure 2 is a schematic of the refrig-
eration components necessary for the operation of this cycle .

Condenser

3r~~~~~~~~T1
Expons ~on~~~ 

Motor -

Evaporator

Figure 2. R efrigeration components of a

vapor—compression cycle
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The cycle follows this sequence:

1 — 2 compressor isentropic compression

2 — 3 condenser isothermal condensation at constant
pressure and temperature

3 — 24 expansion valve irreversible expansion at constant
enthalpy

24 - ~ evaporator isothermal evaporation at constant
pressure and temperature

Figure 3 presents the pressure—enthalpy chart for this cycle with
Refrigerant-22 . The use of th:.s chart to determine the performance of
an actual operating cycle is demonstrated later in this report (Sample
Calculations, App. A).

Major Factors Affecting Heat ?urlp Performance

The index of cycle operating efficiency is called the coefficient
of performance (cp). This is defined, for heating , as the heat output
divided by the work input. Usually electricity runs the refrigerant
compressor(s), driving the cycle, and also may power accessory equipment
such as air blowers , pumps, and components of the control systems. Thus
from the total electrical input , operating costs may ‘be determined.

The heat source, from wi’uch the refrigerant extracts heat at the
evaporator (step ~~~~~ Fig . 3), may be air, wat er , earth , or some other
medium. This heat is delivered by the condenser (step 2—3, Fig. 3) to
the heat sink, in this case a building . For heat to be transferred from
the source -to the refrigerant and from the refrigerant to the sink , tempera-
ture gradients are necessary. Vapor—compression cycles used in heat pumps
operate with a 100 to 20°F (60 to 11°c) difference between the refrigerant
evaporating t emperature and the t emperatur e of the heat source , and wIth
a similar difference between the t emperature of the heating medium for the
room and the condensing temperature of the refrigerant . These temperature
differences depend on the effectiveness of the heat exchangers and bracket
the range in which an actual refrigeration cycle must operate.

Pumping heat is analogous to pumping water. The physical system which
is described by the iocreased elevation to which water must be raised
may be compared to the increased temperature to which heat must be raised.
Pumping either water no heat to higher and higher levels requires more
and more work . This input , usually in the form of electrical work which

3
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?wo :ovc ctarit  c:.s~~ neraoinr.~, a f fec t  heat pump p er form ance.  ?heoe
a r -  s ta t ro  by An’ore. ;e° as:
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The b u i l din g  t o -  be beaned is a typical indust rial type , s teel—frame
structur e, sheathed and roofed with 26—gage steel. It functions as an
equipment storage and fabrication building, and as a fabrication area
for large projects. This vers~.t i e  building is representative of many
found on mi l itary in stallat ions , on industrial and construction sites
(incl uding the Trans—Pdaslca Pipeline), and nationwide in applications
from barns to warehouses. The CRHEL building is 240 ft (12.2 m) wide ,
100 ft (oo .5 m) long, and i2~ ft ~~~~ m) high at the eaves . The roof is
p : t - c h e a very slightly . Centered on each short wall is a large vehicle
ao’ ’ess leer , 12 ft ( ‘R .7  m)  high by 12 ft (3 . 7  m)  wide . Together w i t h  a.
pc- r - soL ’n el door, these are the only significant openings in the building .
F oir- smal l f ixed windows are located on one long wall , two near each
-‘r.d . There are no in te r io r  ra r t i t ions , the floor is a 6—in. (15 cm)
concr ete  slab, and the inside surfaces of the walls and roof are sprayed
with a 2—in . (5 cm) layer of “TCI— 75 ” spray insulation , a cellulose
fi br ous mater ia l . The metal skin and th e layer of this insulation h~ve
an overall co~fficient of heat transmission (U) of 0.085 Btu/h °F ft
(f i ~.8- ~ watt / rn  K ) .

Use of th is  fac i l i ty  does not require comfort—heating . Heating
systems in central New Hampshire must meet the design t emperature c-f
—20°F (— 2 9 ° C ) .  A temperature difference of 70°F ( 39°C ) was therefore
u~a’c1 is heat load calculations , to ensure that the building temperature
was held around 50°F (10°c )  as a minimum .

Heat- Hequirements

To estimate the heat requirements , the area method was used.
Cal cul at ion of t he heat transfer  of each area , (wails, floor , roof ,
doors, and windows ), showed an estimated heat load of 106,590 Btu/h
(31.8 kW) in the worst case of open vehicle access doors at —20°F
(—29°C), and a sustained heat load of 614,520 Btu/h (18.9 kW). Another
worst- case estimate was developed using the infiltration method which

-; as sum es that all the air in the building will be replaced and heated in
a given time. Consideration of traffic in and out of the building , as
well as inspection of the weather seals and the general tightness of the
tuilding, indicated two total air changes per hour . In the worst case ,
as mention ed , this would require 112,560 Btu/h (33.0 kW) of heating .
Normal load by this method , calculated with the large doors closed , was
estimated al, 70,580 B-t ,u/h (20.7 kW), which correlates with the previous
-i:; U im a te .  7(ie heat pump capacity specified for this demonstration
project we,s 70,000 iiau/h (20.5 kW)

U l - i i i t i r ’-.’s~~t-rn l escr ip tion

W i t h i n  i t s  main laboratory , CB?EL operates a refr igerat ion complex
wi th  ~t - a o a : -l t y  of 100 tons of refrigeration rejecting 1.2 milli on
P~na1h (~~5t ~W) ~nd discharging condenser cooling water an the rate of

• 6
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U— 5-00 r a d I an s  per mi nut e (0 . 0 3  m d / s )  at a nearly cons tan t hemp—
r l ’ o -L o i ”r of 55°? (1? . 1n ;) . Thi s c.l can io cu s nr i a o  discharge is tat:er : ‘r on
a :‘ - - - ‘I - ’c ling coin:: and pin ed  via a bur l I 2 — i n .  ( °i_ rrm:~ diameter F-’JC line
to the  :a--’i t -or: - in ~h -~ Lui ld , ing . A bleeder -n~ this nut-ply i~J ne runs  a

- call h i i t  “ O s l O O f l O  1 0 5 0 . 1  i n n -  t b -  :rain line to (c- n: - :- - 1 ’~’ - - .:o t o t - - - - ’
- n o  -:00101; l ine Ifl-OC: a sn~-w — : :’--e o a rc i : n  lot . 1i is we ’. en s y s t e~r. S

s i r on  oo meet - - x : - a o n o c - n  needs . The heat  rump - was chosen  ‘i - c  or or a te  -ci ,
- Ct—b , 3—phase , ‘:0 li z id ‘c I n i c a l  power source.

_________________________________ — -  -~~~~~~
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:- ‘ ig:ire 14 . Test stand for operation of the heat numr

heat ing  by s tem tescr ipt ion

A conventional  industrial package chiller , s imilar  to ’ those w h i c h
~- ra vi i o  air  c o n d i t i o n i n g  for small o f f i c e  bui ldings , was chosen t- ’:cause
of i t s  availability, simpl icity of instal lat ion , and in the  hea t  pum~-
mode , predicted economical operation . U s i ng  Ref r i gerant—Ct , the manu—

- . 
fn r t a r er  rat , ’-: -; t h i s  un i t  at 52,800 Bti/h (11.5 kW) of hea ’ r~’mnvnl
(‘ooling ) for 5 .7  kW of electrical r ower consumption . F i gu r e  14 is a

1) - C  the  i n s t a l l a t ion .  (- ‘i f - I r e : ;  5 am: I i  dep ict the refr ignr~~~i.
c o m n u o n en t s  of the un i t .  This system extracts  hea f f r om the 55 °? (13°C)
discharge water p iped  to ~h ’  eo’aI-ur a l .or and t r a ns fe r s  i t  to air wh~ cL i n

7
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blown int o the interior of the building at about 85°F (30 °C ) .  Based on
the manufacturer ’ s perfo rmance ratings the following calculation provides
an estimat e of the heating capacity , 72 ,250 Btu/h (2 1.2 kW ) ,  for this

machi ne:

Given : rated cooling capacity — 52,800 Btu/h (15.5 kW)
power requirement — 5.7 kW

Find : heat of rejection of condenser

5.7 kW ( 31412 Btu/kWh = 19,14149 Btu/h

52,800
19, 14149
72 ,2~4 9 Btu/h

Rated heating capacity — 72,250 Btu/h (21.2 kW).

CONDENSER COIL , ,..

1

~~~~~~~~~~~~~~~~~~~~~~~~ —~~———— L IQU IDREC EIVER

FAN MOTOR - -

- , - 
. 

- 
- CONTROL BOX

:-, -
- COMPRESSOR

CENTRIFUGAL FAN 
- -

L IOU IDCI-II L L. ER 
-

Figure 5. Refrigeration component s of the heat pump .
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CONDENS ER r I

DISCHARGE NE - 
_ _ _ _ _ _

- SHUT-OFF V A L V E  - - ,

CLOSE TO PUMP DOV~N ‘stu — = -

.1 
-

J~ 5’~~~~ -5 ~~~~ _ I  HI A D PF~E S S U R E  ~~ b
CONTROL V A L V E —  - -

_______ ( OPT 10 N AL ( i~- , 

~
‘:~~ I~ ‘H O ,  GAS - R E C E I V E R  V A L V ~ I t

MOTOR C OMPRESSOR ( BY PASS Li
V A L V E  l~ ‘— 4-- d ~~~

SUCTION LINE —...
‘ 

~~~~~~ JS ION V A L V E  L~ Q U I D L~ NE~~~~~~~~~~— - - -  R E C E I V E R

- LINE - V A L V E  - -

w -ir

~

Figuc e ~~. Refrigeration system layout of the heat pump

______________ 
IT y st en,  -: n l  Pinam-’-t t :5s Obsei~~ed

Ti’s rec-~-. c-or-co specif ied was ~isod to satisfy the normal locating
requir~cn~’-ots oh’r th e  builii~~g,  ensuring a full rsnge of test c-onii ’nions
as the worst ca:~ situation was approached. Mechanical and f luid
fr i c o c a r ., amoramt—oi heat transfer , motor ineff ic iencies  and other
losses c o n t r ib u t e  to an increase in entropy for all real r ef r igera—

- 
‘ t ion OT ’cle.5,  a: inciieated oy the second lay of thermodynamics. Dividing

the system into i s  corn-moments can indicate these losses.

l o p  I: :s - c o n s  of the  ~r~n -t r~ment ation are shown ir~ i-’lgou-o 7 .  The
f l aw  sate ~f c-ne water n:ed a.c the heat souroe was neasurco with a
3ad c, -’r Fecr- r-~~ lT . b-~;i~ l 115 water meter.  Thermocouples inn-crier ,  an th~

an i at s-charge ~io-os indicated the respect-iv water t emp—
~‘rat-nu- e~~. :- . :b-’~ :- rc~ rt . t -tmp~’racoaros were also ca - r c rd e d  at epe -c if :  c
~~- I : - s  ~ -~~~~~ 

-- :ic-io to 1’ - til t ad~ u :t-memt to optimum perf-  ~‘c:t:.~a; ant
n-n ga in  ce ” o~ : - ‘-~ .o ~‘~camic informat ion  about- the cycle  r~ f .  ~~~~~~~~

oil ‘ he mo,,’ ,~~le  r e a - : c r .~~, - were eon w i th  a Fluke 0T_-ccie . bE1&~ Cig i ’t a l
‘i L - -mi ‘~ -upl - To  ‘-rn- sooT . er , t h e  “o- .c- il;s b e ing  made wi th Thermne ect r i c
ln p f’ - -r — ol - T0.i T-ar ~t 1,i . : ‘ ‘rm ooou .- -; wire . 

— . ‘tb : . ,~~~ 
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1ll~~-ct n ic ’il b o b ,  war :“ :.‘J:’O-: w t t r .  a 1:111 -w a n t — our intE ’ : i ’ , “-c:’:~
:01±-ic by ,0i r,ban c hi ‘~- c- t i’s Cc- . - ~~‘, : :‘ - -eor  sc ar Ce :_ n-± - .- - -t  - 

~~~ ~~~~~~~~~~

WPSC iner t t o n e d  w I t  - -  ci a en;,- ,3 , as w on -  w~ to r rup in ly  ann 111. -
ro r e ssu rec.  ~ —t’ ni e ;ntnt cor-~-ss uros  were mc ;t s-jrtoo wi th  b~ct-i
low presence gages; wal er p± - c ssur - - ’s w”ti r’-- ~d or. A sr~crc , ft. 1l-~ ’~- I
gaf o~

; . hj ~nt- ’ was :-erarde- : w i th  a Jurnor± , ,t ccowatcs.  Table : ii 50:; a 1 1
pa roin ’T ~crs  o b s er ’~’e O an-c t ; , t -  o sra r  assoc iated  witn  t± :e accunno —’ of

- i c V i C’ - -’ and the  accuracy at’ the c-r at ings.

Water

~5 F  (I 3~C)

i
_I

• M Water Meter

Chec k ValveBypass (closed) —r
To Drain—4 -—--—- —t”~ ~ —1

• Z 
~~ Gate Valve

(~
‘) (~)Pressure Gauge

kWh Meter T 
J T

ThrotI hn~ 
Evapor a t or ,_ ,,.L .

Contrc (~ _ _ _ _ _

I Reft -~gerOflt Syste m
V-t..~ 

~~T• /—
~r:\ 

A
1_L_.( t5

,
~~~~co mpressor 

~~ 
ST

r~~
4 _ _

~

- condenee r
L.

.1

(T)The rm oco u PIS (A )A m p s  ( V ) V o l t s

F-i g~ r’o ~~. bch-ncoa’o i c  c-f instrument locations
or . heat  bump

4
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I . C:t~’~~ c ’~~~f5  ‘c:, : - -SV(- o ar, a uncer ta in ty  (~~ 
full scale) assoelacoca

w i t h  t u e

i-’ros:urc ~~~~~~ 
+

Supply , da~char g~ T-~rr.perat~~rc (° Y +
:~ate (gal + 0 . 5 % )

REF~ IGhRAN T

- . - ?rusr~ r~ (~~r,~ + 5% )
.Dncop iy , discnarge I -

~enperatur e I, + , i .~~. )

TIME Minutes (4 0.2 s)

ELECTRICAL i CWh~ ThFU - Kilowatt—hours (+ 0.1 kWh )

FAI~ POWEb~ INPUT Volts (+ 1%)
Amps (+ 2 . 5 %)

AlE TEIV~~ERATtJEES Outside ambient (°~ +
Inside ambient (° f + 1 . L°~
Heating air (°F + l. L~°)

Test Frccedures

The heat pump performed all necessary heating in. the equipment
storage and fabrication building during the winter of 1975—76. Tests
on this unit were performed at steady state heat load , ar.~ ranged from
30 inittutes to 90 minutes duration. Water flow rate and supply temper—

0. ature were constant through each test . At all times, sufficient supply
water was circulated to keep the evaporator above ~0°F (14.140C). The
following parameters were also monitored and recorded for the duration
of each test:

— temperatures at indicated points in the system (Fig. 7)
— amperage and voltage for the compressor motor
— amperage and voltage for the fan motor
— amperage and voltage for the entire machine.

Tnis information made it possible to opt imize the performance of the
unit and analyse the cycle (ref. 11’)). For each test , an operating
range was imposed by fix ing  the air t emperature passing through the
condenser . A test run was termjnated when this temperature increased.
High and low refrigerant pressures were monitored and recorded to yield
directly the operating limits of the cycle.

11
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- - i s  - -f Pe ’rfurrn ar ,  -cc

:~ ~~~~~~~~~ to the econceriac e-valuation which may be- nate once-- the
Cr ’ :c- n.s been ea 11~’ui a t e - a , a - -- -sinpaf ~ 11oi. of test runs demonstrates important
oharou’o~-nsstsc: - of near pc-sops. Table Ii present s information obta ined  

aoL test.

111. Su~~~ary ~o:’ results  of performance t e r t r.

High ’low
C? teinc - ( °~~l ,‘,~~ ~°c , press-are (p.~ig) th(~~ei~-

I 3 .7b 13.39 .0 250/60 ,90

11 (c - - i - i )

15.26 7.?  250/60

• 3.73 13.20 ~~ 225/60 165

13.20 5.6 200/59 ibI

6 L.o6 15.55 T .2 230/62

Avg CF ~.3

Test s  I tao L o e o -a t-ca W ith  n~ a;’11y cone r ain - co e b b ic i ent  c-f -
~

.~~~~O.l bgd test  11 oat warmer supcolv waoe-s ari d t ,here fcn-e greater  c~ pa’- :c
f c r  n ear- ta- -a n ,cf-~-r in  the avaporatcr , the-- treasure d i f f e ren c e  wa~ ,‘.n - n:
t ,nan ~n nest — , and this disadvantage effec tive ly  canceled the  ef f e ct  of
the warmer supDly. Test 3 had the henef11t of ~9

0
~ ( : . 5 3~

-
~) 51101—I’- -

water, as did, -test 6. But test 6 operated with a lower press~rs ti:’fer-
ence than, did test 3. Test 6 had the higher CP. Altha-ogln the supply
water temperature is the same for tests ~ and 5, the lower 1? in t eSt  0
yielded a higher ~P.

Tic-p OP of test 6 war, aigher oriar. that of test 5. This  seems to-
rh~ arevious analysis becaas~ the  ~P for test  6 t~ t b :  greater

of to e  P~irt- of the ex ’olanac:-:-- : -  It es wi-tn the ir ~o’reasca Water
supply t erntenst ,ur e hut t O P  L~~ 

t or cnot r~~out iOn was the n igr ,  r ae-tic:.
p ress-an - , wh :c ’ro -0 i f ~ e~ the-  operating limits. A though t:c- prec-scre--
difference is emphasized ~: ‘ ‘the water pumping an~~o~~ , it is clear thaT.
t,i-o e operatir~ ige is crt-:i~’a to optimum performance of a heat p-rrt~ .

Eboonomlc AnalLsio :

By ‘1Cf’ ii~ rio:: ;f ~r c - e : ’:sa lea ” c -f  perf-: rrcan:o - , tb~’ c-at l c--strO
operatic-as resu ’cn in 3.5 to ~~ ,t t i nes  :c-,nre ‘neat ant i- so  thai ; th e  heat

- —— .  ‘ ---  —
~ 

- —. . .

k— - . - .--- —- — . — , -.- 
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-~ -d - I~- c- ~~— -~ t-ly 1-c. - T O e -  c l ec tr sca l  snpu ~. . T I n t s  ce-er’ a ’c-ra ic r .e—
~‘arwarc too very a t t ract  arc . Jiec t r ical  energy , however , is more costly

fc-~i ”i :r c-rgy . A careful analys i s , therefore, is necessary for
- t f e - c - ive  C a n a l o i c  :va uat aon .

A w~-~~~—n a : :t a : o e a  house-halo 1-arnace can operate with 75~ steadyst at s  e f f t c i e -n cy .  This  e f f i c i ency  will be used in companisar. with tr .e
heat pump operatic-n. A gallon ~o.oc~ m 3) of number 2 fuel oil contains
l~.0,000 Btu -or ~~~0 kWh (1.5x108 J ) .  Delivery c-f this energy by a
SyateIt  ~ 5T e f f: c ien-s  y teld s  105, 000 Pta  ( .1510t C ) ,  t ne energy eo,oi ’ralent
ef  ~~~~~ a rS.-[0, . Ilc:.tr tar tLir e--c’-irsoori fue-l sarcOa~~e- : in t nj : tOe - 00W ac-ou t
-~

)-I/ya1 (iO.6j/d) or l.3~ /kWh delivered at 75% efficiency . E ,ectrical
power cost was 3.7~ /kWh during the test period. Thus, for the same
heat ir .~ job, it is nearly three tines as expensive to bnii electricity
f - c  r e s ist ance  n - -ane-r s  as it to on burn -o: . Jaw to he-a”- ce~oic- s cc”- are?

For an energy consumer to “break even ,” the heat pump Inc installs
must operate with a C? high enough to at least equal the cost of operating
a t.~rpieal oil—fired unit. With a higher CP, of course , the consumer
r--- ,~ L ; ? - ,-e: a -oV - :.~~c - .  I c - e -  CC-SI c c-L~~o’~t i r, :  cIt- c;t —t ’ :r  -~~ cy ,o- -rT . ,

p:’e--;iou. ly, is -c ,~:vul-~:,t on 1.3~~~-~ - o . h’~~ :n- ~ ele--o -ra:al
energy at 3.7~~/kWh means that the heat pump only “breaks even” with the
ofl. system if it returns 3.7/1.3 = 2.8 units of energy for each unit of
energy purchased . Since the output/input ratio is the definition of the
coefficient of performance, the minimum acceptable CF for this situation
is 2.h. At an average 0? of 3.8 for the machine used in the demcnstratior.
project , the cost of the heating was 0.97~/kWh . This represents a 25%
reduction in -cost compared to heating with oil.

Being mindful of the second law of thermodynamics , we must always
consider putting energy to the use which minimizes losses. The elec-
tricity which drove the heat pump to produce heat was generated, as
usual, at a power station which burns fuel to produce heat to generate
electricity. Each of these energy conversions has associated with it
unrecoverable energy. It is therefore necessary to determine the minimum
acceptable C? of a heat pump with respect to energy conservation, not
only the economic break—even point discussed above. The 75% efficient
oil- -i ir e c t  heating system capable of a specific task, sa~j  providing four
units n; heat, may be represented as follows:

Input energy Output energy

Heat No- 2 oil Heat

5-33 units 
_
~___s.f 

~~~ 
4 units

Heating system

r

- .-~~~~—- ~~~~
—‘ “

~~~~ ~~ 2~’ .~~~ 
—,,_ ‘ - - 

- “~~~‘-1, ,~~ _ .
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Power ,idnt Heat pump

-00505  2.~ i i,~n ios  tO 1 . cat -:11, on r c ’ :uce — ‘anita cf  heat . 0:-r one
cc .t t :.1;, th e -’  S T - - l O O t  sy:-. c-cit 0 ’l - , t i  o -~~- less cc-i to cc bc-.c’ae-:. The-

—~aersy cc’-ca.--.— ‘v— n per:’c-rmaoc - i--v-- ~ can be ott-ac-ned tv tet -c r i t l a t a g  toe-
cy -t ’  ‘c t o  wh. .. 5. ;~~~ 

-, n h c s 0: oil. :O s’ .~T a re-  r ,ecessar),’ ‘t o  rn - c- c , - e-
I. of net ’ n~~ , a~ t o ’  o-~~ si~~, ‘

-‘ .1 burner system:

no,e- ~rrie rg y Nc’ , t  source Output energy

He t N 2 o I 2 un,tS Heata 

5,33 units _
~~~ 

3 0

~~.:
13 

~ 
2 13 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 ur Is

Power pl ant Heat pump

The .ast diagram shcvs that a he-at p’sia’p With C? = 1.9 uses
- c - s  a: 2:: :ool  tO ‘ n e  cower r -nar ce  as woul d ‘be used by a fire-n healing
I . ’ - T - - r t  -‘~~ ~ c - - -  t ’~Ito’ e-r’~i s i t e.  The U .S .  Army Corts ti’ Engineers , ic- owe- ,’y r ,
,.s a ‘iv’s ~-:—- ‘v ec. cr’i 0-er t on  wh ich  is tar -ed m a r  a ~c-ucoe ensr~y cc:.—

c-n ” :- ‘ ‘2~~-:o:icir-y , at. teas tItan ~~~ efficie-acy, apo-itoable to
1 : -r s i ~ f t e i e i  pc;~e-r c- a~ tr  11011 ~ r an sn c -r s i o n  lo.;s~~s. t o r  eac h

, Ic’.sj; ” — :’c i’ ’ — . l~ :- oc - i ; - T,Jvc~rc- i , 11,600 Btc-a ( .2x 3 C)  must be
- x e --a : - - .. T h t s  calm , :~ ,6s~ Pta/~~oI~ Etu = 3. L. is thr . “~~e-c~ ~ e - T  minimum
‘P 21 0 0 n,~’ot : - ~itI s:/5T. e-:T. be e~v’r~~ conservative . Thas re~uirc5 a

c r :’ :‘e-r-~,- , ’e 1-- rot t ;:a:, neat suxsp system , whi ch  is merely less
- xpeasiv-: 0’-- o r--m o 00i-e- . a f u e h — l , . r t - a  heating system , for which the

h’ was eastt-cli  ~he0 :Trev~nu : Iy no be 2.i.

-
~~~~
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-i :, I ‘,- ,r n, - :-i’ ’ , ce -f  2- rro.n.-~’ ‘tite- dc- a-c- oump reve-a l€- d ‘c-out c-he
for’ a neat p~~sc can be expected to far exceel the-

Ti:,:e- :‘oq’at re d by the tiring unit of -a fue led  heat r’Iar:t ,
ac-cause- t Oe -  2otT,~ r c-s closely matche --d to the Ic-ad , w h i l e  fuel ‘burrJ roy

a:’ : ~o aliy oversi ~~a. :t is impo~~~ant , tIne-re-fore-, to ~-r -a cu r n
-:i~ i. qaa: ~t I  ,:s:c-vnt :eot s f-s r the  ::‘Jsterc- because it wi l l  c~I :erate rn-ore
100 c-r s per ye-ac than a fur tiace. Alloy this  l i n e , the  C? i s i:fe-at,ly
‘ : f l”a tt e -O  cy carsct’eSsor are-,i mot~-c e f tc :enc ies , since thi s is where ‘ado-
cn st.tc,’ Input  energy ll use--i. The- diyne-r the efficiency of the motor—
‘-o r acre s-sor , the  more economical the operation of the  heat pump .

0pc ra~ Inc  oorc - -n i t i o r .s f,,r the- ::aa”. pi~vr. oyster.  should be carefully
T::e e~uiprneno coic_me-’rcially availacle today orerates  wi th

C?’s ‘c- ri e-ce range of ‘
~.C to ~.O under the  t emperat ur e conditions encour .t—

‘~ ‘~ ed. in ‘ th is  temanstr 11nl;r.  pro , ce--t , wc-’ah most system: ‘m o :Ie-r r . 5  ( r e f .  I t ) .
A oe - -rT . cur t’ y :;fern must be matched c-ar e- -fu l ly  to the c-:r.aI- : c -  crc- s ‘-snoer
whi co  it will  ate-r un e- . Unlike a foe-I— fit -ed heat m y  ry .  ‘as-nc - , a he -a:
05,- r at eS ~-- c - s  e-ffc-c:scrc-m.y, t he re-fo re  crcduc :~c-g less neat  - a’~ the

: d — ~~~
-,v-a ~~e-a soace approac.:~-e - toe l:we-r te;nn:rat.r-a limit c - f

-e’ e-r at i o y  mao -c- . o:ai s -c--:’:’ec-:,, c -€rno r ,s tcat&t  in. t e st s  aol ~~, occurs
T O n ’  - c-CIv tr . n - r e - s c o r e -  ::C io5 ‘ta fall TIff , r eciucc -r.y 0 :01:0 -:

€‘f f c - c i e~ , - ’c- . The absolli mi, c- c-rur~ O,caI cur - cu- , of ‘ad1~ type -  :~f  heat pc-.rc-:c-
I s  the s-c~~i ’saler,’a of toe  d le cor : , -ca l 1 , ; ’. c - o . This  shou~ d no: occur c-rn a

system hec amr , e it imulies  T hat no r e f r l fe ra n con  is be rag cone , ar.a
pre-Ter’tic;, ee c-rices on all : tacri -~,r:: -,~n.I::s w c a i m  normally shut off elec-
trical power to protect the rec- clyr-ratior. components.

P 1 0 0 —  toe- ’ c f f i c len , ” ’olrf c.’oa.c -c -’ 0tOe-~ e- of ho-ac- l-’unr~. c-s so :c-srr-ow ,
I . : eI/ ace- n ’ ’. -~

‘nT’ l l— S O lè~~ to tO -t I t c e - : :  ‘.r,: whe cc room temn e tourer
-v :- - 1r. Tic-i’- 0 0 , 0 e 1 , a ; , ce n t ’ - : i n y  n wh ich  to-_- -l - c-.c’-n , s’ir-c - t i : r ,

p r -’~: - e ’l, W .  ‘0 0  ,‘~-~‘ - - : v - ;  r o e ’- ’ ;- ts ‘ :‘rv:s-’: arm -cc-v . c-ta , arroe-
too: it ’ - .’r , ’ ,: - : - - - a , ,- ; ,  c - .  dr — ct ‘o: : c-~~,;:;-c

1, -t st,~ nc - Ii:- - T O e  :,,.I r Io - :  temrera0’o:’-~ -an.: cycle
‘ f t  ~~ ‘t I c -c - c - c t - -In ’ . ,hac~ - ’ - ,’, o mma . b a-s t~~rcoy.c - ‘00 -c- Wc - .c- ’T r c-’

- n e -  ~~~~~~~~~~~~ ne: ’In ,t ; -c’n ’ ‘- - :c- - I n c i  far  t os s
Ot ~~~~~~~~~~~ ~~~ I, . ~ 0’ ~ O . I tlTU . ~
of  - sto . -‘‘~~~~-t ’a t c~ -c l -h  oil is I. ‘t -~~!i<~--Tt . F fficier.l or-erat i or.

of ÷
~~: ‘ : , ; -‘ 0  ‘ c-:’ ‘..o.o - - r.- - m . n - ” ~ e-; - :‘ t ’ es’,, tec in  25~I c - i c - c o  ion 

~~ ; l : ; - .~:.-n fc -c-ot sa’i:ny~
- . I : - :c -e --c - 0 0 0:ur: ’n : . ’. ’a-: rh’-

‘- ‘ oils , a’ t c -~ -1. ‘ a n’ ,-~ ’ ou: i s  ‘ O e- o l , e -f  t I c - n .  3. ’- . at  Is less cos tly
T O O  c - ”c - . - ra t - - , ’n,- ’ F ,  i a ’ , - ” , . : -  2 :‘ -~1 :o’.:c’aey . too -c -his  p c ~c-~ sct , a Th’- of

— 5

-- as. - -. • - . • _, - 

—---- -“—---
~~~~~~
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’ T , ~~~~~~~~ _ : l ~

- - a- :, c-c. ’ fl , , , ~c) ac-Tie-tO-s-I’ tOe- ne-marco ann sic-ace cont1’~~ -: ’~r.s ar e-
- -t c-- c- - - - - 0 0  - c - TO ,  -

- r ’ :mco c--ca:: I on o-eo ,~-:-ct5 abc -old  sh:-w cc-s c-it:- Il - c’ :I :n o c
110’ . ‘ ‘i vOd  wo ti’ a-aro:uo c -p c - t e rn .- tc cr o v a t e-  sc - - I c - c - a r c -  con.  c - - :

on- s r - ’ o , c o O t l C :r. c- oL ’ cr _ c e ” c- :.~ :‘~i O 5 ~~ cna:’acterc- s tc-cs
- ‘ 1  a c - :  :0 - -c-e-rt rc-eats:,: oiraao: cc -nc - .

- . Ioo ” ac- l a t ion  -‘-co-I -c- -: -c’~ o -zc- C:’ oc r -.’ - r , n i - -o -~~ ‘e-a:~~ayr ’Q
- - c - 0  . I- P lI ’~e-T i c - , , - e-nc,~~~;

’:i’ c-onco,-: ‘c -’- -: eco ,a , :c-c - -oal l y’ f u’-e- ro~’ile-  aol
- :  f ,~,,y’ 0 I~ :- e-r V c - t I V n  if t he -a r  oo’-:t:’Icc-c1r:t or c-e-r for ::,ancc ’ - :X O e - ’.:~~ 5. ’ .

_ _  

- .

~~~~



~~~~~~~~~~~~~~~~ --‘
- -

11’. ~~ . l-,U-IIPIE.

~~~~~~~ .‘ :, oa- i :~ :- : c c I e- calf.: -c-t i -c - ni ;  . c - , - :-e nc- ’ar a’ae the  mo -c- cf tb-
h . 1 - :  ..ile- O:Lt. to 11000r:,:te-ii ’  ce-: c-r at e -  tn~ Cc-~ of a nea~. c- u r j .

r I o, ’ rco:l a c o c a  :c-f-)c- ’a~eT , O ~. c- ic- u lc-cr ’oI, i io”  coraract er i  st - I cc - , c-Pc-c c-pc - item
‘l yoec roar c- i - - f - - c r c - c -  ::e- i: a c-c-root wi .l I :-ro-duce beat eff i c i e n t l y  a,’c-d
,n c-0 , 1fa~~~f w :,:I~: op -orat ing :‘anye to be imposed.

- - - - —- - -  - - - -  1 - - “ - ‘5 - —.~‘ - ‘ O ,~ - - - -:‘ c - :O , - ,  t n e  ~
‘ - -:~~~~~~ - , , ,  C. ::e- _ 

~~~, 
_ -v, - - : :  , - a: -s:. . ~~. e- , ~ e - 0 -  ~~~. - - ~r.

a, : .  - - x o r c - i r - -  c--c :It--t. - : r:, c- i c -c t.~~ ,.- cc-cl ~~
‘
: ‘ c - - f  tr:e actual appr_ s’aa— c c , and

sc- -s omoar ilor ,  Wj tc -c -  the - e~ t irnac -~eu or reported C?.

— - 1

Time
l i e-ct .  met er S-to-p 13859.2 1350:00

Start —T,3~ ’tI, .1 —1 31 1- : 110
0 .1 k’Pln ~0 min ’co -s s

elaroed t ine

Plod tot al electrical  power consumption of the entire macai ::e
for 1 hour.

L~~ l .eWlc for ~0 r:l ri’coei:
(60/1,0) ( i + . l )  = b .l 5  1W Total Power

2. F in- I  far crat er tows:’ (rated at l 1-c-c-c- or 3.. TcST 1W.
Power 2~~tor = pf ~aue to ~~ source) eas.~re

o~ u watts can ~ower

Worse Case pf = 1.0

3. Compressor electrical power consumption . 61St W Compressor Power
—830 w
5320 W

t ind heat tr ansfer  of wat er Time
meter Stop 522623.0 1e-OC:C0

St-art —522210. 1- —1315:15
~4 l a . -,c- gal ~4 i4;4 5

= .23 y~ za

(-i t rn /Ic - ) (b . ~~-- ’c- lb / gal ) = i4620 lb /h
-. ~ c -~1C- c- ’ ‘-il c-’es I Etu/ °P = )-4620 B tu/h /° F’ available

I.— - .~~a .  - 
.~~~~~~~~.:-

“t
~~~~~~ --. ~~~~~~~~~~~~~~ ~~~:‘
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5. ‘~‘r:: -e ‘ erri : ‘c - .‘_ T _ . - i _
( - - v : o : o Sli ’ e-~’ )  

-

13.°°C -
- .9 °C c - •  -r IO

13.0 (. 6  (1 . -.

6.-) 6 .0
3 .O  4 .9  (.1

13 .5  7.1 ( - . 1,
‘ :1’ ‘ 7 Q

11 7 3
=

P ar;. ~T = ~48.7 Average iT = 6.c-sc°~
6. 96°c = 12.53°F

0 . ? r’ : oT. steps 1, and 5, finn n eat irc-p ’mt to ev~_ ral,ar

(P620 lb/Ia) ( Etu/b/°F) (12.53°?) =

37 , h9-l B’tu/h-

or

(57 ,.~~o ito/ h )  (2.931 x l0~~ k~~ /Bt a)  = Heat Input of l6.97k~

— 
‘ l l t r l  Tt - c- t bc-: — C orn~- mc -o- ;c- r S - c - t  + lvao-c-ra -’ cr Ho

C. - -  - - -seat r~ ;ornpressor neat

to-on steps 3 and 6
5.32 n V  + 

~6.97 1W 1, ‘95.32 1W

h . Find C? ( includiny  fan motor )

C? w/ far .  = 
‘ ~ ~~~~~~~~~~~~~~~ = 3.76

Steps 9—i fl  givea below provide a check on the results of steps 1-0
and Tc-ernora.-’c-oa:.e a method of predict :iny the C? using manufac torers ’ oat h
a~d olas’ operatiny conditions for the system . Suction and dIscharge 

4
prc-:  o nc-ar be deter~~c-ne:j from -snart s or t at-lea for 3~: vcr; ‘a€c -nc - , , e -r atur e
rare-~ -- o.,, Tor s-hIs test- , suction pressure was he l d constaot at 76 ~-c ia
(5. -:x111~~ nta~ c-nd -di~~o~ aa’ye pressure was held at 260 psia (l . c~.xl0 °k P m ) .
ItO ideali-z, cc- tncl~ood1r rarcl -.: -op-ole between these pressure limits is shown
10 o’ if,urr- 3. llsses to: ’ioy each phase of tse- real cycle , particularly
curl rag 0’ 0 i s - -oO , ,’e-~~i O  conpres ’c-~co , c-r ave an adverse effect or. OP. Typical ly ,

j O i S O O C S  are nrc-n known , ‘:01: map be measured, as in ‘abc previous
:,tepr , -ar esllirat ed from detailed information available c - m o m  manufact-urors .

13
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-j . 1’Paoaipy ~n) values ~‘cc the po in ts  of int ere~ t on Figure 3 are:

= 1-I c

“2 ”””’ lb

h
3 

0 c ’ ~~”~

= ‘4 , 2

13. Ilet errrc-ir:e- - -orc-oressor work and OP of this cycle.

i cie cco crorcoc-ressor worn~ = c-c- ,. — ra

( from step 9, 122—100 = c-i- Btu/l’b (3 .3xlO
i 

~J /kg )

- ,~~ , condenser oc-c-t~~~c-- 2 3=compressor cr~cut h~ — Ia1

/ — , 1c- 22—L6 76 Btu/lb
~trom 5t@~ ~~ 122—108 114 Btu/lb = C P . ,

I I .  2~ t Inc-at - e 01°. c-carI ng as- -o.oc--so or reported comprec oor e f fic i enc y
= 0.75.

- ideal comnre ssor workostirnaten compressor worn =

= It . ’?’ ito/ lb (o .3x:-0 J/kg)

(from ste-p 13 and i:)

C? . , f - c r ,f, - :1 , it- .” ‘i - _ a - a Oc 3 ’au/ ib —estimate = —fl-’- - , = r—~ —— ,, . =
estimated compressor neat ~~~~~~

,,2. Find real cc- rn re s -sor neat .

Given : (frc-c-rc- step 3) measured cocr;ressor power requirement =

5320 W

5320 P = 1.3.2c-11- Stu/l ’c-.

( c-h-c-s. ~t 
-
~~ ~0)  r i - -al corp-censor coe-a worl’: at ~~ itu/lI

(3.3x10 J/kg)

~~ssmrne - : torotale at constant enthaipy

?c- ir,ts 1 ari a 3, (Fl; 1 . 3~ apply to the rea l. cycle —

( f r om s te -p  ~~ ) rcoat Ic-st L~ water at- evaporator = i7x10~~ =

S iIx 0’3 
l A / b

15
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(‘re-;c- j ”i ;c-’~ ~ ~ c-’c-d c-tec. 9) heat ~p-~ixc -ed ’Dy ?—22 at e-’iap-arator  = 

- 
— Ia = Ito is-u/lb — ~o Dto/lb o2 Btu/lb (1.~ y.lC 5 J/kg )

?-22 flow rate = = 935 lb/h (0.12 kg/s)

(Seal compressor lc-ea’a 1 9. 5  ito/lb (0 5x0°
1, 

J /kg)
ill

I a .  :eter:nirr e real compressor e ffi c i ency ,

(from step io)  ideal compressor heat = 1~ Btu/lb (3.3x10
1, 

J/kg )

( from step 12) real compressor heat = 19.5 Btu/lb (~~.5xl0~ J/kg)

: 1

= c’-~
— -r e -  

= 0.72
rea~ ,c-9.5 i tu/io

i-+ . Determine C? - ( from 10 and 12)
rea~

— 
cond enser heat — 76 Btu/1b —

reaj real compressor heat 19.5 Btu/lb

Compare this with c~ . (step ii) = b.o6
estimate

I
’

20
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A2-1--’IJ1ll~ X 13. liRdo ~~ALys:P.

- c o - - ‘ . - -~~ i r- - t1x ;- ’r1ner~~a1 or:cec:airty , ~ method demonstrated by
I n  1 , - c - - c c - c - ‘aol ~~-~c - 3tc - d~ for  Pic -g in l erra was u t i l i zed. Given

cta- - c - c f i r . i c i o n  of coefficient of performance as

= 
enor~~i inriul: +~ efler~~ output

ener~~r input

Ooc-;e- c-ic.:, i, n -  erier-p: :,oapu:, fo.” : , o l .  c~~se as re--fragera’aaor. capacitl,o

The c-c- c-rc-oa’a”:-s c-c-f ‘an-” ec’,.aticrrr loaenalfies the beat of rejection of the
ccnoenser , whack ne c-T o the room , and tOe denominator is the electrical
enerpy re- -pc-:c-’~cd to operate the system at some cost. The equation
may he wratt en

re--f-c, ,o’:’.’,c- c-arc-CP = 1 + —: - ‘- -enectrscal  input

or 01° = f (W , opm , IT)

where C? = coe f f i ci en t  of performance , R

I = watts ot’ ele-otrical input to machine in 1 hour

= gallons of water per minute through machine

T = ‘aerc -te a’a’;oro aaffere:c-ce between supply and discharge
water

I. 7-a P E r m i t  -th e  above ec, uation to be ~~ itten in appropriate dimensional
terms , we crust insert

c = 1 
~~~~~~~~ ~p , the specific heat of water,

I’ - - , 0- 1. - watt
I

-

. 

arc-c c. = ~b .c - c - s ga l)  y~7.~~ ) Btu/min

= : -r6 .7 )  ~;& ‘c- t • ,‘m rA , a constant.
gaa Btu

The n we o-~ , -~cite the s-c- c-catio~c- as

f C c - I - , / ~‘ - c  , / 1 ’ - watt mm

= - + ~~~2~J’ 7 (° ,)
~ c~ lh ~

-) . ‘VI \ gal • Btu
- 

: +  

-tTr r

-.

- -..- - “ - - - -“  
— -.
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Wr ,c- wI 01 need to have pac-rc-aaI a~ f c- or~c-aia1s a:
’ 
~ with respect to

‘ace three variables:

I

a
- 

k

Ii -
~~= Gccc —ic1

GTcc~

3. Now according to Hoiman , the ancemtainty in R (u13
) is rela’teo to

the uncertainty for each parameter (U G, U T~ 
uj  in the following

way : 
-

U~~~= U~) 

2 
+ (

~ ~T) 
2 

+ 
~~~~

—p .  We want to evaluate Ho]~~aii’s equation using dat a from test 6:

G = 9 . 96 ~~~~~~ 0.05~~~ 4

T = 13.01 ~

k = 6123 ~ 130 wat t

- P t a
c = 1 ,

- 
- ,- lla watt’min

c = ~4o.79- -
~~

‘ 1 gal Btu

~ 5 

- Tic-cc the t -c -rrns ic-c- c-ic1mar~
t s equation ,~re .

— 

Tcc1 
(13.01 °)~~ (~~ 

-)
~~~~~~~ 

(i~+ 6. 79  
lb~ wat ’t ’min) 

—

k (6120 watt) gaa

22
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- Ht u lb -wat t ’rn in
U CC 1 

— 

(9.96 min~ 
(1 T~

’
~°F’

~ 
(l!~6.79 ga1.Btu~~ —

= 
~~~~~~~~ (6120 watt) 

— 0.239 °F

= — 

GTcc1 
= — 

(9 .96 ~~~~~~~~ 
) (13.01°F) ~~ (1l~6.79 

lb;:~~~.~~in ~
(6120 watt)

2

- 
= — 0.000508 watt

U = 0.05 ’~G mm

UT = 1. L~°F

U. = 100 watt

5. Therefore, Holman’s equation is evaluated as follows:

= ~(o.312 
~~~ x 0.05 

~~~ 
)
2 

+ (0 .239  ~~~ x 1.l4 °F)

21 1/2

- 
- + (—0.000508 ‘—

~~-— x 100 watt) 1watt

2 2 h 1 ~
’2

= 
[ o.0156 2 + ( 0 .335) + (—0.0508)

= (0.0002 + 0.112 + 0.0025) 1/2

= 0.339

6. Thus the uncertainty it. B or CF is ~~~~~~ so that for test 6,

3.72 < C P < L . L~0.

It is m ac re s t i ng  to note that the uncertainty associated with the
water temperature meaaurements accounts for nearly the entire uncertainty
in the c o e f fIc i en t  of performance. If U~. and Uk were both zero, U~, woul d.
still he as lar/te as 0.335, compared ‘to ~he value computed above o~ 0.339.
It is also op;-:c-:-e-nt that the uncertainty in the water flow measurements
has a negligible contribution to

P,esults -,a I ’ th i s  ana lpoi s  shc--w t hat the range of po~ sib1e values of
0 - . from 3 . I ’c  to ~~~~~~ represe n-t ~ a potential error of — 8%.

L~~ ~~~T-~~~~~~~’
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