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PERFORMANCE EVALUATION OF A SELECTED THREE-TON 
AIR-TO-AIR H E A T  PUMP IN THE HEATING MODE 

A. A. Domingorena 
Energy Division 

S. J .  Ball 
Instrumentation and Controls Division 

ABSTRACT 

An a i r - t o - a i r  s p l i t  system resident ia l  heat pump of nominal 
three-ton capacity was instrumented and tes ted i n  the heating 
mode under laboratory conditions.  
planned s e r i e s  of experiments t o  obtain a data base of system 
and component performance f o r  heat pumps. The system was 
evaluated unde r  both steady-state and frosting-defrosting 
conditions; s e n s i t i v i t y  o f  the system performance t o  var ia t ions 
i n  the re f r igerant  charge was measured. 

This was the second of a 

From the s teady-state  tests,  the heating capacity and 
coef f ic ien t  o f  performance were computed, and evaluations were 
made of the performance parameters of the fan and fan motor units,  
the heat exchangers and re f r igerant  metering device, and the com- 
pressor. System heat losses were analyzed. The frost ing-  
defrost ing tes t s  allowed t he  observation o f  system and com- 
ponent performance under dynamic conditions, and measurement 
o f  performance degradation under f ros t ing  conditions. 

1 .  INTRODUCTION 

This report  describes the procedures and r e s u l t s  of the second of a 

planned s e r i e s  of experiments t h a t  will  es tab l i sh  a data base of the 
performance c h a r a c t e r i s t i c s  of commercially avai lable  heat pumps. 

experiments a r e  be ing  conducted as  par t  of a heat pump research program 

by the Oak Ridge National Laboratory f o r  the Department of Energy, Office 

of Conservation and Solar  Applications, Division of Buildings and Com- 

munity Systems. The overall  object ive of  th i s  program is  t o  ident i fy  

and promote cost-effect ive modifications i n  heat pump design t h a t  can 

subs tan t ia l ly  reduce energy consumption i n  res ident ia l  and commercial 

buildings. 

The 

This objective i s  being approached i n  a combined experimental 
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and theoretical  study. 

performance i s  being obtained experimentally and computer models are  being 

formulated t o  evaluate various candidate improvements ana ly t ica l ly .  

I n  order t o  provide the level o f  deta i l  required for  these analyses, 

the experiments a re  much more extensive than those tha t  would be required 

for  comparing heat pump rakings. 

for  design s tudies  ra ther  than  providing consumer information. 

A d a t a  base on heat pump system and component 

The emphasis i s  on gathering information 

The spec i f ic  objectives of t h e  experiments described herein a re :  

1 .  t o  determine the base-case performance of the selected heat pump and 

the charac te r i s t ics  of soiiie of i t s  components under both s teady-state  

and f r o s t i  ng/defrosti n g  condi t i  ons ; 

2. t o  measure experimentally the degradation of heat pump performance 

due t o  f r o s t  formation on the outdoor c o i l ;  a n d  

3. t o  measure the sens i t i v i  t.y of the performance pararnclters t o  var ia t ions 

in the re f r igerant  charye. 

Previous tests1 were o f  a low-first-cost  heat pump typical of those 

that might be selected by a speculative home builder.  

reported herein,  the t e s t s  were conducted on a "middle-of-the-line" nominal 

three-ton, a i r - t o - a i r  s p l i t  system heal pump consisting of an indoor and 

an outdoor uni t  separated by 7.6  ill ( 2 5  f t )  of l iqu id- l ine  and vapor-line 

r e f r ige ran t  tubing. 

duct loops which are  descrit-,cd in th i s  report .  

e f fo r t s  were concentrated on the performance of the heat pump in the 

heating  mod^ of operati  o n ,  

present t he  greater  opportunity fo r  enharlciny the energy conserving 

potential o f  heat pumps. 

For t he  experinients 

The t e s l  f a c i l i t y  consisted o f  two "bootstrap" a i r  

As in the previous t e s t s ,  

Performancc improvements i n t h i s  mode 
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2. SUMMARY AND CONCLUSIONS 

2.1 Heating Capacity and Coefficient of Performance 
under Steady-State (Nonfrosting) Conditions 

The observed capacity of the system under s teady-state  nonfrosting 

conditions compared reasonably we1 1 with rated values pub1 i shed by the 

Air Conditioning and Refrigeration I n s t i t u t e  (ARI). 

f o r  t h i s  t e s t  a r e :  

47"F(db) a i r  a t  43"F(wb) supplied t o  the outdoor un i t .  

(Table 2 . 1 )  a r e  from t e s t s  with 1200 cfm of a i r  a t  69.8"F supplied t o  the 

i n d o o r  un i t ,  47"F(db)  a i r  t o  the outdoor u n i t .  

moisture was observed on the outdoor  c o i l .  The heating capacity and COP 
were measured by two methods, a i r - s ide  heat balance and re f r igerant -s ide  

heat balance, which yielded reasonably close r e s u l t s .  As shown i n  Table 

2 . 1 ,  the  COP observed by the a i r - s i d e  measurements was 7% lower than the 

rated value; t h a t  observed by the re f r igerant -s ide  measurements was 14% 

lower than ra ted .  

ARI ra t ing  conditions 

1150 cfrn o f  a i r  a t  SO"F(db) a t  the indoor un i t ,  

The observed values 

No condensation of a i r  

Table 2.1. Observed vs rated performance 
of the  heat pump a t  8 ° C  outdoor a i r  

temperature and 21°C indoor a i r  
tempera t u  r e  

Observed value 
-__I Rated 

value Air Ref r i  geran t 

Heating capaci ty ,  kW 9.96 9.96 9.37 

Power i n p u t ,  kW 4.05 4.35 
COP 2.5 2.32 2.15 

2 .2  Fan and Fan-Motor Eff ic iencies  

The measured combined ef f ic iency  of the indoor  fan and fan-motor 

(defined as  the r a t i o  of the power used i n  moving the a i r  t o  the  e l e c t r i c a l  

power t o  the fan-motor), was qu i t e  low, varying between 0.17 and 0,25 
(Table 2 . 2 ) .  
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Table 2 . 2 .  Measured values o f  combined efficiency 
of the indoor and outdoor fan and fan-motor units 

Combined 
eff ic iency 

A i  rf 1 ow 
_.._I_ _____..- Motor speed 

('''1) (m3/s) (ft3/iiiin) 

850 0.54 1150 0.17 

850 0.35 750 0.25 

Indoor u n i t  950 0.54 1150 0 .22  

950 0.50 1050 0.22 

Ou.tdoor uni t  N.A. 1.32 2800 0.11 

N.A.  1.04 2200 0.14 

For the outdoor fan and fan-motor u n i t ,  the combined eff ic iency was 

even lower, from 0.11 t o  0.14 (Table 2 . 2 ) .  

f i r s t - c o s t  u n i t ,  i t  i s  concluded .that the fan and fan-motor units a re  

not operating a t  t h e i r  best eff ic iency.  

i n  the combined fan and fan-motor e f f ic ienc ies  i s  apparent. 

As in the case of the low- 

T h e  opportunity f o r  improvement 

2.3 Heat Exchanger and Orifice-Type Refrigerant Metering 
Device Performance 

Heat exchanger performance i s  c losely re la ted  t o  the flow 

charac te r i s t ics  of the re f r igerant  metering device. 

the metering device establ ishes  a condensing pressure such t h a t  the 

difference between the condensing temperature i n  the indoor co i l  and t h a t  

of the indoor a i r  entering the condenser i s  17 .to 31°C (30.6 t o  56°F) 
f o r  outdoor a i r  temperatures ranging from -5 t o  13°C (23 t o  5 5 O F ) .  

t h i s  coi 1 , t he  difference between the re f r igerant  e x i t  temperature and 

the entering a i r  temperature var ies  from 14.2  t o  15.4"C (25.5 t o  27.7"F). 

Measurement of re f r igerant  temperatures i n  th i s  coi l  shows a marked 

var ia t ion in the amount of l iqu id  re f r igerant  in the co i l  f o r  d i f f e r e n t  

values of the ambient a i r  entering the outdoor c o i l .  

13.9"C (24 t o  57"F), the  re f r igerant  pressures a t  the evaporator e x i t  

allow the presence of l iquid re f r igerant  i n  the suction-line accumulator; 

The r e s t r i c t i o n  of 

For 

For the range of t e s t  values of outdoor a i r  temperatures 0.f -4.4 t o  
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superheat of the re f r igerant  delivered t o  the compressor shel l  i s  thus 

held t o  the range of 0 t o  2 .2  C" ( 0  t o  4 F") .  
(evaporator) 

entering a i r  temperature var ies  from 5.9 t o  10.8"C (10.6 t o  19.4"F), 

f a l l i n g  w i t h  n the expected range of values. 

For the outdoor co i l  

the difference between re f r igerant  e x i t  temperature and 

2.4 Heat Losses 

About 0.9 t o  1.2 kW (3100 t o  4100 B t u / h r )  a r e  re jected a s  heat from 

the hermetically sealed shell  containing the compressor and motor when 

the outdoor a i r  temperature i s  i n  the range -5 t o  13°C (23 t o  55°F). 
loss, 28 t o  30% of the compressor-motor power i n p u t ,  helps cool the 

compressor b u t  reduces the eff ic iency of the heat pump system i n  the 

heating mode. Heat losses  from the discharge l i n e  vary from 0.41 kW 
(1400 B t u / h r )  t o  0.54 kW (1800 B t u / h r )  fo r  the same outdoor temperature 

range, 

T h i s  

2.5 Compressor Operation 

The  combined compressor and compressor-motor e f f ic iency ,  defined as 

the r a t i o  of ideal ( i sen t ropic)  work (based on re f r igerant  conditions 

a t  shel l  i n l e t  and o u t l e t )  t o  measured e l e c t r i c a l  energy i n p u t ,  varied 

from about 0.41 a t  13.9"C (57OF) outdoor a i r  t o  about 0.52 a t  -4.4"C 

(24°F) .  

2.6 Performance under Fros t ing  Conditions 

Tests of the heat pump under three d i f f e r e n t  conditions favoring 

f r o s t  formation on the outdoor c o i l  were conducted a t  the outdoor a i r  

temperatures and humidities shown i n  Table 2.3. 

most severe f ros t ing  conditions was terminated a f t e r  50 m i n ,  by which 

time the airf low through the outdoor co i l  had decreased subs tan t ia l ly ,  

w i t h  concurrent rapid decrease i n  system h i g h -  and low-side re f r igerant  

pressures. 

the f ros t ing  t e s t s  a r e  shown i n  Table 2 .4 .  

The t e s t  under the 

Performance summaries f o r  the system a t  the conclusion o f  
The amount of f r o s t  formed 
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Table 2.3.  CondiLions f o r  f ros t ing  tes t s  

Outdoor a i  r 

tern p e r a t u re 

Appro x i  mat e 
Relative humidity dry bulb f ros t ing  

interval  
( mi n ) 

( % I  Condi t i  on No. 

[ " C  ( " 0 1  
100 0.6-4.4 (33-40) 50 

92-97 0.6-4.4 (33-40) 90 

80-85 - 2 . 2  (28) 90 

Table 2 .4 .  Heat pump conditions a t  conclusion 
of the f ros t ing  periods 

Condi t i  on 

1 2 3 

Outdoor-coil a i r f low,  m3/s  0.24 (510) 0.26 (550) 1.47 (3115) 

Outdoor-coil a i r  pressure 0.13 (0.52)  0.14 (0 .56)  0.04 (0.16) 

Outdoor fan-motor power, 0.49 0.45 0.42 

Heating capaci ty ,  kW 6 .56  (22400) S .42  (21900) 6.74 (23000) 

COP 1.75 1.74 1.78 

( c fm)  

drop, kPa ( i n .  H20) 

k d\l 

( B t u l  hr ) 

on the  c o i l  was estimated by ca l l ec t ing  the water drained from the  co i l  

during the  subsequent def ros t  periods. The def ros t  water thus col lected 

ranged from 1.1 l i t e r s  (0.29 gal lons)  during the f i r s t  defrost ing period 

to 1 .3  1 i ters  (0.34 gallons) f o r  the  second period when the system was 

operated with the outdoor a i r  a t  0.6"C (33°F) and a t  100% r e l a t i v e  

humidity (condition 1 ) .  

end of  t he  f ros t ing  periods,  j u s t  before the  def ros t  cycle i s  i n i t i a t e d .  

Graphs of  the t r ans i en t  r e f r ige ran t  pressures during the  def ros t  

cycles show t h a t  f o r  condition 1 the high-side r e f r ige ran t  pressure 

decreased t o  i t s  lowest value a f t e r  about 0.5 min of defrost ing while 

the low-side (suct ion)  pressure reached i t s  lowest p o i n t  a f t e r  1 m i n  

The COP values shown a r e  those measured a t  the 
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o f  defrosting operation. These pressure var ia t ions may be explained by 

the condensation and subsequent accumulation of re f r igerant  in the Gold 

outside c o i l .  

r i s e  as heat i s  t ransferred t o  the frosted outside coi l  a t  a substantial  

ra te  

After about 1 m i n  of defrost ing,  the pressures s t a r t  t o  

2.7 Effect of Component Ineff ic iencies  

An ideal vapor-compression cycle using R-22 as the working f l u i d  

would have a COP of 21.45 when i t  i s  operating between the temperature 

1 imits o f  21 and 8°C (70 and 4 7 ° F ) .  

heat exchangers, a necessary condition fo r  operation of a real  system, 

reduce the computed COP subs tan t ia l ly .  

observed during the steady-state t e s t s  a t  8°C outdoor a i r  temperature 

were : 

Temperature differences across the 

Heat exchanger temperatures 

50°C (1 22°F)  condensing 

14.6 C" (26.2 F") subcooling 0 C" ( 0  F")  superheat 

-1.2"C (29 -8°F) evaporating 

The computed COP using these temperature differences in an otherwise 

ideal system i s  5.6,  a 74% reduction from the idea l ,  revers ible  cycle 

COP.  

The observed component inef f ic ienc ies  and heat losses reduce the 

calculated COP fu r the r ,  as shown i n  Fig. 2 . 1 .  A combined compressor 

a n d  motor eff ic iency of  0.47 reduces the COP t o  3 . 2 ,  an additional 43% 

loss .  The substant ia l  heat losses observed a t  t h e  compressor shel l  

reduce the COP an additional 16% t o  2 .7 .  Ideal fan power consumption 

would reduce the COP t o  2 .6 ;  the observed fan and fan-motor inef f ic ienc ies  

reduce the COP an additional 15% t o  the value of 2 . 2 ,  which i s  about the 

observed value fo r  the heat pump operating in steady s t a t e  a t  these 

conditions,  

2.8 Effect o f  Refrigerant Charge 

The experimental r e su l t s  indicate  t h a t  the perforniance o f  t h i s  heat 

pump i n  the heating mode is  insens i t ive  t o  increases of the re f r igerant  
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-21.45 (IDEAL R-22 CYCLE) 
(47F - 70F) 

I" 2 
.7 .6 

2. 

F i g .  2.1. Effect of component inef f ic ienc ies  on system eff ic iency 
under s teady-state ,  nonfrostiny conditions. 
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charge by as much as 25% above t h e  nominal va lue  o f  2.86 kg ( 6  l b ,  5 o z ) ,  
and i s  e s s e n t i a l l y  i n s e n s i t i v e  t o  a charge r e d u c t i o n  o f  15% below t h e  r a t e d  
amount. T h i s  i n s e n s i t i v i t y  i s  i n  c o n t r a s t  t o  t h e  behavior  o f  t h e  l o w - f i r s t -  
c o s t  u n i t  p r e v i o u s l y  t e s t e d , l  which has no suc t ion-1  i n e  accumulator and 
showed an a lmost  l i n e a r  r e d u c t i o n  o f  h e a t i n g  c a p a c i t y  and COP w i t h  r e d u c t i o n  
o f  r e f r i g e r a n t  charge. 
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3. DESCRIPTION OF TEST UNIT 

The heat pump evaluated i n  t h i s  study i s  a commercially avai lable  

u n i t  designated as an a i r - t o - a i r  s p l i t  system, with a nominal capacity 

of three tons. The s a l i e n t  cha rac t e r i s t i c s  of t h i s  unit  are  presented 

in Table 3.1.  

The defrost  ng control operates on a time-and-temperature pr inciple .  

In  order for  the heat pump t o  enter  the defrosting mode of operation, two 

s e t s  o f  contacts must be closed: 

on the def ros t  thermostat. The defrost  thertnostat i s  s e t  t o  close i t s  

contacts a t  -0.6 f~ 2.2"C (31 .t 4"F) .  
running time, contacts on the defrost  timer close fo r  10 seconds; i f  the 

defrost  thermostat contacts a r e  closed during those 10 seconds, the unit  

enters  the defrosting mode. 

temperature of the outdoor co i l  reaches 18.3 t 3.3"C (65 1- 6"F),  or 10 min 

have elapsed. 

been reached. A t  the end of the defrost  i n t e rva l ,  the uni t  i s  switched 

t o  the heating mode and the outdoor fan motor uni t  s t a r t s  again. 

those on the defrost  t imer,  a n d  those 

Every 90 minutes o f  heat pump 

The u n i t  remains in the defrost  period (cooling mode) unt i l  the  

Normally the f r o s t  i s  removed before the 10 min l imi t  has 
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Table 3.1. Principal features  o f  t e s t  u n i t  

Refrigerant R-22 

Coin p r e s s or Hermeti cal l y  sealed compressor and motor 
Two-pi stun reciprocating 
65.3 x l O-6-m3 ( 3  ~ 986-i n .  ) d i  spl acement 
0.0413-m ( I  .S25- in . )  bore; 0.0244-m 
(0.961-in.) s t roke 
Two-pole motor, 58.3 rps (3500 rpm) nomi- 

nal speed 

Outdoor co i 1 A l u m i n u m  p l a t e  f i n  and tube w i t h  re turn 
bends ,  1 .3  rows deep (avg.) ,  748 fins/m 
(19 f i n s / i n . )  

0.975-m2 (10 .5 - f t 2 )  face  area 
5-b7ade, 0.470-in (18.5-in.)  propel ler  fan 
1.32 m3/s (2800 cfm) nominal a i r f low 

Aluminum pla te  f i n  and tube with return 
bends,  3 rows deep, 512 fins/m (13 
f ins / in .  ) 

0.294-m2 (3 ,16- f t2)  face area 
Forward-vane squirrel-cage fan ro tor  
0.543 m 3 / h r  (1150 cfm) nominal a i r f low 
Rotor 0.267-m (1  0.5-i n. ) pitch diameter  , 

0.229-m ( 9 - i n . )  long, d o u b l e  suction 

Ori f i ce-type r e f r i  gerant f 1 ow control 
and bypass valves f o r  both heating and 
cooling 

Time-temperature def ros t  control 
Four-way r e f r ige ran t  reversing valve 

Accuinul a to r  One, in r e f r ige ran t  suction l i n e  

Indoor cui1 

Controls 

Ra.ted Capacity 1.  9.08 kbl (31,000 B t u j h r )  cool i n g  a t  
35°C (95°F) 

2. 9.96 kW (34,000 B t u / h r )  heating a t  
8.3"C (47°F)  

3. 5.42 kW (18,500 B t u j h r )  heating a t  
-8.3"C (17°F) 

Rated COP 2 , 5  a t  8.3"C (47°F) d b  
1.7 a t  -8.3"C (17°F) db 

_... c_...-__s- 
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4 .  DESCRIPTION OF TEST APPARATUS 

4.1 Test Loops 

The indoor and outdoor uni t s  of the heat pump were placed i n  separate 

"bootstrap't a i r  loops t h a t  allowed f o r  measurement and control of the 

temperature and humidity of a i r  reaching the two units and provided the 

means f o r  measurement of the airflow r a t e s .  The loops were constructed 

so t h a t  a i r  could be recirculated a f t e r  discharge from the fan-coil units 

and tempered, when necessary, w i t h  bleed a i r  or supplemental heat. For 

the indoor u n i t ,  room a i r  was introduced i n t o  the a i r  l o o p  t o  compensate 

f o r  the heat rejected from the c o i l .  

were small enough t h a t  desired airflow r a t e s  could be established by 

the fan i n  the indoor u n i t  without recourse t o  booster fans .  

Air pressure drops w i t h i n  t h a t  loop 

For the s teady-state  (nonfrosting) t e s t s ,  a i r  from outside the building 

was induced i n t o  the outdoor-unit a i r  l o o p .  

a i r  from the laboratory space both i n  order t o  compensate f o r  heat absorbed 

by the  co i l  and t o  reach temperatures higher than the ambient. Both 

sources provided a i r  t h a t  was dry enough t o  preclude f ros t ing .  During 

the f r o s t i n g  t e s t s ,  low temperatures and h i g h  humidity leve ls  were desired 

a t  the outdoor c o i l .  Accordingly, the a i r  loop was sealed so t h a t  a11 
of the a i r  passing over the cold coi l  was rec i rcu la ted ;  hutnidity was 

controlled by in jec t ing  steam in to  the a i r  loop. 

outdoor a i r  l o o p  t o  overcoiiie the pressure drops due t o  the ducting. 

the airflow r a t e s  required f o r  the outdoor u n i t  could be established 

without penalizing the u n i t  by requiring extra  work from the outdoor fan 

motor. However, i t  was n o t  possible i n  these t e s t s  t o  keep the airflow 

r a t e s  as close t o  the rated value of 1.32 m3/s  (2800 cfm) as  would be  

desired.  Observed airflows were as  much as 15% higher than the rated 

value d u r i n g  some o f  the  t e s t s  because the speed of the booster fan 

could not be adjusted.  

on other measured parameters, the ORNL heat pump model' was used t o  

ca lcu la te  the  magnitudes of changes expected f o r  10 and 20% increases i n  

outdoor airflow r a t e s .  The heating capacity,  compressor motor power 

This a i r  was tempered w i t h  

I t  was necessary t o  include a supplementary "booster" fan i n  the 

Thus, 

In order t o  evaluate the e f f e c t  o f  t h i s  deviation 



consumption, and indoor fan motor power consumption were seen t o  change 

by l e s s  t h a n  2%. Power consumption by the outdoor fan motor would 

increase i f  t h a t  fan were required t o  move more a i r .  However, the booster 

fan i s  supplying the additional a i r f low,  so e r rors  caused by airflow r a t e s  

in excess o f  the  rated value a r e  expected t o  be l e s s  than 5%. The change 

i n  the re.frigerant evaporating teniperature i s  expected t o  be less than 

0.5"C ( 7 ° F ) .  
Schematic diagrams o f  the two a i r  loops a re  shown i n  F i g s .  4.1 a n d  

4 .2 ;  F i g .  4.3 i s  a photograph o f  the t e s t  

the re f r igerant  c i r c u i t  i s  shown i n  Fig. 4 

4 . 2  Instrimentat  

4 . 2 . 1  TernDerature 

oops .  A schematic diagram o f  
4.  

on 

Temperatures were moni tor-ed by chrome1 -al urnel and copper-constantan 

thermocouples, wi-th automatic readout and conversion by the data acquisi-  

t ion system (DAS) described in Sect.  4.3. Refrigerant temperatures were 

measured by thermocouples taped and clamped t o  the re f r igerant  l i n e s  and 

covered w i t h  foamed elastomer insulat ion.  Air temperatures were 

measured by thermocoupl e grids a t  appropriate 1 oca t i  ons . 
The typical readout scheme uses a f loa t ing  reference junction and 

automatic correction f o r  instrument d r i f t ,  noted scheniatically i n  F i g .  4.5.  

The f loa t ing  reference junction temperature i s  monitored by a highly 

accurate platinum-nickel res is tance temperature detector  ( R T D ) ;  i t s  readirig 

i s  corrected f o r  d r i f t  by referencing i t  t o  a precision r e s i s t o r  which h a s  

a very small temperature coef f ic ien t  o f  r e s i s t i v i t y .  The thermocouple 

o u t p u t  signal as  seen by the DAS i s  a function of the reference junction 

temperature as we1 1 a s  the thermocouple junc.tion tempera-turc. 

found t h a t  the NBS temperature vs mi l l ivo l t  re la t ionships3 could e a s i l y  be 

approximated t o  w i t h i n  0 . l l"C (0 .2"F)  with re-Ference junction temperatures 

between 21.1 and 3 2 . 2 " C  (70 and 90°F) and thermocouple junction tempera- 

tures  between - 1 2 . 2  and 65.6"C (10 and 150°F). 

I t  was 

The expressions used 

were: 
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ORNL-DWG 79-10814 

AIR FUNNEL 
THERMOCOUPLE 

FROM ROOM WITH THERMOCOUPLE 

CENTRIFUGAL FAN 

hA INDOOR COIL 

Y j - i n .  THICK FIBERGLASS 

F i g .  4.1. Schematic diagram o f  t e s t  l o o p  f o r  t h e  indoor  u n i t .  

QRNL-DWG 79 -1  OB1 5 

OUTDOOR 
AIR TO 

\--OUTDOOR A I R  FUNNEL WITH 
THERMOCOUPLE GRID AND 
HUMIDITY SENSOR 

F i g .  4.2. Schematic diagram o f  t e s t  loop  f o r  t h e  outdoor  u n i t .  
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ORNL-DWG 79-15645 

F ig .  4.4. Schematic diagram o f  r e f r i g e r a n t  c i r c u i t  f o r  t h e  heat  
pump i n  t h e  h e a t i n g  mode. 

INSULATED JUNCTION BOX 
I I 
y------- ------ 

ORNL- DV4C 79-io846 

cu --..e- - 
I 

I REF. JCT. I ---- 
I 

I  RESISTOR) 
D 

I A -  
I 

F ig .  4.5. DAS temperature measurement scheme. 
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T = T R  + (46.1 - 0.02 TR)V - 0.414V2 , (chromel-alumel) 

T = TR + (48.2 - 0.05 TR)V - I.IIV2 9 (copper-cons tantan) 

where 

T = thermocouple junction temperature, OF; 

V = DAS i n p u t  s igna l ,  mV. 

TR = reference junction temperature as measured by the RTD, O F ;  

The f loa t ing  reference junction provides advantages compared t o  a 

standard temperature-controlled reference box. 

of the control of the box temperature, typ ica l ly  about +l°F,  a r e  avoided, 

and the cos t  i s  much reduced. 

Errors due  t o  cycling 

4.2.2 Pressure 

Steady-state re f r igerant  pressures were measured u s i n g  bourdon-type 

gages and strain-gage-type dynamic pressure transducers located a t  the 

compressor-shell i n l e t  and o u t l e t ,  as well as  the condenser i n l e t  and 

out1 e t .  

4.2.3 Refrigerant flow r a t e  

Two rotameters i n  the re f r igerant  l iquid l i n e  were used t o  determine 

re f r igerant  mass flow r a t e .  

t h a t  one rotameter was operative i n  the heating mode and the other  i n  

the cooling mode. I t  was judged t h a t  the modest ( l e s s  than 10 in.  of 

water column) pressure drop introduced by these meters and check valves 

would not a f f e c t  performance of the u n i t  s ign i f icant ly .  

Check valves were placed i n  the c i r c u i t  so 

4.2.4 Airflow r a t e  

Airflow r a t e s  i n  the bootstrap loops were measured by velocity 

probe t raverses  u s i n g  a hot-wire anemometer. 

a t  the a i r  funnels i n s t a l l e d  i n  the tes t ing  loops f o r  this purpose. 

The measurements were made 
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4 .2 .5  Electr ical  1_1-. gower input 

Power t o  the compressor and each of the two fans was measured 

separately using thermal-watt converters,  which produce d-c s ignals  

proportional t o  the  instantaneous power consumption. The or iginal  heat 

pump cont ro ls  were modified so t h a t  each component could be operated 

manually and the def ros t  cycle could be s t a r t e d  and stopped manually. 

4 .2 .6  Humidity 

T h e  humidity of the a i r  reaching the outdoor  co i l  was monitored by 

a hygrosensor placed i n  the a i r  loop upstream of the outdoor uni t .  The 

hygrosensor used i s  one t h a t  changes i t s  e l e c t r i c a l  res i s tance  with the 

humidity of the  a i r .  

4 .3  DAS and Program 

The DAS in the  energy conservation laboratory cons is t s  of a Digital  

Equipment Corp.. ( D E C )  PDP-8E d i g i t a l  computer with an 8K-word core memory, 

a Vidar in tegra t ing  d i g i t a l  voltmeter w i t h  an ohms converter,  and a reed 

re lay  scanner. The programs used by the  computer were wri t ten in a DEC 

FOCAL language modified loca l ly  t o  f a c i l i t a t e  data aquis i t ion ,  The use 

o f  an on-line computer system a ids  the experimenter considerably by 

g i v i n g  almost immediate feedback o f  the heat pump s t a t u s  and performance, 

heat balances, and indicat ions of d r i f t  of the  process var iables  o r  

component malfunction. 

scribed period t o  o b t a i n  time-averaged parameters. 

r e f r ige ran t  (R-22) and f o r  instrument cal ibra-tions were developed and 

incorporated i n t o  the computer program. The computed r e s u l t s  a r e  found 

to be well within the  expected accuracy ranges o f  the basic measurements. 

The R-22 property rout ines  used a r e  given in Appendix C ;  f l o w  char t s  o f  
the e n t i r e  program a r e  shown in  Appendix D ,  

forward and can be understood by reading the flow char t s  in Appendix D s  

Typically,  muKtiple scans a r e  taken over a pre- 

Simple rout ines  for  ca lcu la t ing  the thermodynamic propert ies  of 

Most of the computations made i n  the FOCAL programs a r e  s t r a i g h t -  
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The calculat ion of compressor efficiency included i n  the  program may be 

an exception. 

isentropic  compressor eff ic iency based on knowledge o f  the re f r igerant  

conditions a t  the compressor entry and e x i t  ports. The experimentally 

measured temperatures and pressures a r e ,  however, those a t  the entry and 

e x i t  of the shel l  t h a t  contains the compressor and motor. 

the thermal losses from the shel l  and the t ransfer  of heat from the 

discharge l i n e  and the motor t o  the suction gas, the calculation o f  
efficiency by this method i s  approximate, b u t  i s  included t o  monitor the 

s t a b i l i t y  of compressor performance under varying t e s t  conditions. 

Compressor eff ic iency,  11, i s  calculated i n  the  program as  the r a t i o  of 

the change i n  enthalpy f o r  ideal compression t o  the actual enthalpy 

increase: 

The def in i t ions  used i n  t h a t  calculat ion a re  f o r  an 

Because of 

where ho is  the enthalpy a t  compressor o u t l e t ,  and h i  the enthalpy a t  

i n l e t .  i The ideal enthalpy a t  o u t l e t ,  ho , i s  computed as :  

i n  which so and si  a re  the entropy a t  o u t l e t  and i n l e t ,  and the derivatives 

w i t h  respect t o  temperature, T ,  a r e  evaluated a t  o u t l e t  conditions. 

enthalpies and entropies a r e  calculated from h 
saturated vapor, u s i n g  the amount of superheat, Ti - T s ,  where TS i s  

the saturat ion temperature: 

The 

and s the values  for 
9 g’  

s 

h i  = h g + ( a h / a T ) p ( T i  - Ts)  ; 

si  = s + ( a s / a T ) p ( T i  - TS)  . 
Y 

g 
The o u t l e t  quant i t ies ,  ho and so, a r e  s imilar ly  calculated u s i n g  the h 

and s a t  o u t l e t  conditions. The p a r t i a l  der ivat ives ,  aTs /aT ,  a h / a T ,  and 

as/aT are‘calculated a t  the observed temperatures and pressures u s i n g  the 

functions described i n  Appendix C .  

9 



5. TEST PROCEDURE 

5.1 Steady-State Tests 

Tests were conducted to  invest igate  the response of performance 

parameters t o  change of the outdoor a i r  temperature while the heat pump 

was operat n g  i n  the s teady-state  heating mode. 

outdoor a i r  temperatures of -4, - 2 ,  4, 9 ,  and 14°C ( 2 4 ,  29,  39,  48, and 

Tests were r u n  a t  

57°F) .  

Steady-state t e s t s  were conducted by operating the  u n i t  un t i l  s t a b l e  

temperatures were achieved, and then taking data .  

measurements i t  was desired t h a t  the system be operating i n  the heating 

mode w i t h  the  outdoor coi l  operating i n  an e s s e n t i a l l y  unfrosted condi- 

t i o n .  Visual observation of the outdoor heat exchanger ,indicated t h a t  

nonfrosting operation was indeed achieved. 

For s teady-state  

5.2 Frosting-Defrosting Tests 

The frost ing-defrost ing t e s t s  were conducted a t  outdoor a i r  

temperatures of approximately -2°C (28°F) and 1°C (33°F) w i t h  the 

r e l a t i v e  humidity ranging from 80 t o  100%. 

temperatures and humidities represent severe f ros t ing  conditions 

per t inent  t o  the evaluation o f  the performance degradation o f  the u n i t  

under f rost ing-defrost ing operation. 

The t e s t  a t  100% r e l a t i v e  humidity o f  the outdoor a i r  allowed 

fog t o  reach the outdoor co i l  because the steam was injected i n t o  the 

airstream very c lose  t o  the outdoor u n i t ,  t h u s  preventing the p o s s i b i l i t y  

of only saturated vapor reaching the outdoor heat exchanger. 

a t  about 100% r e l a t i v e  humidity were conducted f o r  a b o u t  50 min while 

the 80-85% r e l a t i v e  humidity and 92-97% r e l a t i v e  humidity t e s t s  were 

conducted f o r  80 t o  100 m i n .  The t e s t s  were terminated when the a i r -  

flow r a t e s  dropped t o  about 20% of nominal value. 

I t  was judged t h a t  these 

The t e s t s  
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5.3 Fan Tests 

Tests were conducted t o  measure the fan motor e f f ic ienc ies  of both  

the indoor and outdoor  uni ts .  

a i r  loops of the tes t ing  rig,  t h a t  i s ,  i n  s i t u ,  b u t  with the hermetic 

compressor uni t  turned o f f .  

The air-moving uni ts  were operated in the 

5.4 Refrigerant Charge Tests 

The influence of the re f r igerant  charge on the performance o f  t h i s  
heat pump system in the heating mode was evaluated by varying the charge 

from 63 t o  127% of the value specified by the manufacturer. The experi- 

ments were conducted while maintaining an outdoor  a i r  temperature of abou t  

10°C (50°F) dry bulb and a 21 .l0C ( 7 O O F )  indoor a i r  dry bulb temperature. 

The e f f ec t  of var ia t ions of the re f r igerant  charge was f i r s t  observed 

with the rated va lue  o f  2.86 kg ( 6  l b ,  5 oz)  of re f r igerant  in the system, 

then overcharging the uni t  with successively larger  amounts of re f r igerant  

u p  t o  3.63 kg (8 l b ) .  The undercharge t e s t s  were r u n  subsequently, a l so  

stepwise, down t o  1.81 kg ( 4  l b )  charge, 

observing bubbles in the re f r igerant  stream rotameter when the charge 

was dropped t o  1.67 kg ( 3  I b ,  11 o z ) .  

The t e s t  was concluded a f t e r  
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6 .  STEADY -STATE TEST RESULTS 

Heating capacity and C O P ,  expressed as Functions of the ambient 

temperature, a r e  the descr iptors  most often presented t o  character ize  

the operation o f  a pa r t i cu la r  heat pump; indeed, they a re  essent ia l  data 

in appl icat ions considerations.  O f  g rea te r  i n t e r e s t  in a study directed 

toward improving the e f f ic iency  and r e l i a b i l i t y  of  heat pumps, however, 

i s  the  measurement of the performance of the  individual components t ha t  

make up the heat pump. 

the co l lec t ion  of performance data  on the major components I 

t ion  of fan ,  heat exchanger, and compressor performance a r e  included as 
well a s  t ha t  of system heat losses .  

presented in Appendix A.  

Accordingly, a prime goal o f  t h i s  experiment was 
Characteriza- 

The s teady-state  t e s t  data a re  

6.1 Heating Capacjty and COP 

We define the heating capacity of the  heat pump as the  sum of the 

heat re jected by the indoor co i l  and the  power input t o  the indoor fan.  

T h e  heating e f f ic iency ,  o r  C O P ,  of the  heat pump i s  defined 2s the r a t i o  

of heating capacity t o  t o t a l  power input.  The l a t t e r  includes the power 

t o  both indoor and outdoor fans and t.he power t o  the  compressor motor. 

The measured heating capacity and COP as functions of outdoor a i r  tempera- 

t u re  a re  shown i n  F i g s .  6 + 1  and 6 .2 .  The g r a p h s  represent the functions 

as  determined by two methods: 

r i s e  of the indoor  a i r ,  the other on the flow and enthalpy change o f  the 

r e f r ige ran t  plus the power i n p u t  t o  the indoor fan. 

a re  second order curve f i t s  t o  the  data derived from experiment. Shawn 

a l so ,  f o r  comparison, a r e  the values for. t h i s  un i t  published by the Air 

Conditioning and Refrigeration I n s t i t u t e  ( A R I )  a t  the establ ished r a t ing  

points o f  -8.3"C (17°F) and 8.3"C (47°F) as  previously discussed i n  

Sect.  2.1. 

average about 8% higher than those from the r e f r ige ran t  method and a r e  

more scat tered because o f  the  grea te r  d i f f i c u l t y  in  measuring dir flows 

and temperatures. 

one i s  based on the flow and temperature 

The smooth curves 

The heating capacity and COP computed from a i r s i d e  measurements 

T h e  standard e r ro r  in  heating capacity i s  10.22 kW 
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for the a i r  method and 50.07 kW for the refrigerant method; the 

corresponding measures of f i t  for the COP are +0.06 and k0.02 respectively. 

Figure 6.3 depicts the total  power i n p u t  t o  the heat pump system as 

a function o f  outdoor a i r  temperature. 

a t  the higher rating point i s  7.4% more t h a n  the A R I  value; th i s  same 

difference shows up  in comparison of the computed COP ( F i g .  6 . 2 )  with 

that  from ARI. 

higher rating point. 

a t  the lower r a t i n g  point because limitations of the tes t ing equipment 

precluded measurements a t  t h a t  temperature. 

due t o  variations i n  the re lat ive humidity of the ou tdoor  a i r  (within the 

non-frosting range) were not  investigated. 

Figures 6.1 and 6.2 show the typical character is t ic  of vapor- 

compression heat pump systems, t h a t  i s ,  decreasing heating capacity and 

COP with decreasing outdoor a i r  temperatures. The reduced heating capacity 

a t  lower ambient temperatures i s  due t o  .the decrease in suction-gas density 

and the corresponding reduction in refrigerant mass flow ra te  as a con- 

sequence of the reduced outdoor  coil temperatures. The decrease in the 

COP i s  mainly due t o  the increase i n  the compressor pressure r a t io ,  which 

resul ts  in an increased power i n p u t  t o  the system per unit mass flow of 

refrigerant.  

The observed power consumption 

There i s  close agreement in t h e  heating capacity a t  the 

No comparison, except by extrapolation, can be made 

Changes in heating capacity 

6.2 Fan Performance 

6.2.1 Indoor-uni t fan 
-c_. 

The indoor-unit fan i s  driven by a three-speed motor; the speeds 

are l i s ted  by the manufacturer as 950, 850, and 750 rpm. 

fan speeds checked in our laboratory were essentially the same for the 

high and medium speed set t ings.  

high and medium speeds; no character is t ic  curves were obtained f o r  the 

low speed set t ing.  

delivered a i r  power t o  the electr ical  power input t o  the fan motor. 

represents the combined efficiency o f  the fan a n d  motor, i .e .  , ,the 

The actual 

Figure 6.4 shows the results of the indoor fan evaluation a t  the 

The efficiency shown i s  defined as the r a t io  o f  the 

I t  
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product of the separate e f f  c iencies .  

eff ic iency peaks a t  a value of about 0.25 a t  an airflow r a t e  of about 

0.35 m3/s (750 f t 3 / m i n )  a t  

h i g h  speed s e t t i n g ,  950 rpm, the eff ic iency peaks a t  about 0.50 m3/s 
(1050 f t3 /min) ,  w i t h  a value of about 0.22. 

system t e s t s  range from 0.51 t o  0.55 m3/s (1090 t o  1150 f t3 /min) ,  reasonably 

close t o  the r a t e  f o r  maximum eff ic iency a t  h i g h  speed of the fan a n d  motor 

combination ins ta l led  i n  the u n i t ,  and within the range of flow ra tes  

suggested by the manufacturer. 

a r e  shown i n  Appendix B.  

In the case of the indoor fan,  th is  

he medium speed s e t t i n g  of the fan,  For the 

The flow r a t e s  used i n  the 

The data from the t e s t s  of fan performance 

6 .2 .2  Outdoor-unit fan 

Figure 6.5 shows the performance c h a r a c t e r i s t i c s  of the outdoor-unit 

For this u n i t ,  the combined niotor and fan eff ic iency peaks a t  about 

The rated flow of outdoor 

fan and motor measured without the pressure d r o p  due t o  the a i r  c i rcu la t ing  

loop. 

1.038 m3/s (2200 ft3/min) w i t h  a value of 0.14. 

a i r  i s  1.32 m3/s (2800 ft3/min) f o r  a u n i t  i n s t a l l e d  according t o  the 

manufacturer’s instruct ions a t  which the combined eff ic iency i s  0.11. The 

outdoor fan i s  t h u s  expected t o  operate a t  l e s s  than peak eff ic iency f o r  

an unfrosted c o i l .  I t  may be ant ic ipated,  however, t h a t  f r o s t  accumulation 

on the outdoor co i l  will  increase the resis tance t o  a i r f low,  thereby 

decreasing the flow r a t e ,  and s h i f t i n g  the operation of the fan and motor 

toward the peak eff ic iency.  

6.3 Heat Exchanger and Refrigerant Metering Device Performance 

As in the case of the low-first-cost  heat pump previously evaluated,l 

the performance data representing the operation of the heat exchangers 

and the metering device a r e  discussed together because of the in te r re la ted  

operation of these components. 

both the r e s t r i c t i o n  o f  the metering device and the heat t ransfer  capacity 

of the condenser. 

The condensing pressure i s  determined by 

Operating conditions on the evaporator s ide of the heat pump system 

are  not d i r e c t l y  controlled by the metering device; the evaporator 
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reaches a re f r igerant  temperature-pressure 1 eve1 which a1 1 ows the f l  ow- 
r a t e  capacity of the compressor t o  match the flow-rate balance established 

on the high-pressure s i d e  0.f the system. The presence of a suct ion-l ine 

accumulator t h a t  i s  a t  l e a s t  p a r t i a l l y  f i l l e d  w i t h  l iquid re f r igerant  

influences the condition of the re f r igerant  a t  the evaporator e x i t .  The 

experimental r e s u l t s  show t h a t  the superheat a t  t h a t  p o i n t  never exceeds 

2 . 2  C" ( 4  F" )  over the range o f  outdoor temperatures observed i n  these 

t e s t s  . 

6.3.1 Condenser ( indoor coi 1 ) 

Table 6 .1  shows condenser operating c h a r a c t e r i s t i c s  as a function 

of outdoor a i r  temperatures ranging from - 5 . O " C  (23°F) t o  13.3"C ( 5 6 ° F ) .  
The re f r igerant  subcooling a t  e x i t  from the condenser varies from 2.7  C o  

( 4 . 8  F") a t  the low a m b i e n t  temperature t o  15.7 C" (28.3 F" )  a t  the h i g h  

ambient temperature. 

temperature and mean a i r  temperature ( f i f t h  column) var ies  from 4.9 to  

22 .6  C" (21.5 to 40.7 F")  -for the saiw ambient temperature range. 'The 

s i x t h  column shows the difference between the temperature of the r e f r i g -  

erant  exi t ing the coi l  and the average teiiiperature o f  the indoor a i r .  

This difference var ies  between 13.7 and 15.4 C" ( 2 4 . 7  a n d  27 .7  F " ) .  

as shown i n  F i g .  G . G .  Measurement of returii-bend temperatures reveals 

t h a t  some o f  these c i r c u i t s  operate w i t h  a substant ia l  amount s f  l iquid 

re f r igerant  i n  them. Figure G , 7  shows temperature prof i les  of one such 

c i r c u i t  f o r  four operating conditions.  

heating i s  quickly accompl i shed. 

the two-phase region occupies l e s s  than half the c i r c u i t ,  with the sub- 

cooling region s t a r t i n g  a t  tube number 10. For the lower ambients, the 

condensing region i s  considerably longer. The temperatures shown on the 

graph were measured by thermocouples attached t o  the return bends and 

covered w i t h  foamed elastomer insulat ion.  

The difference between re f r igerant  condensing 

The indoor heat exchanger provi des f i v e  para1 le1 r e f r i  gerrant ci  rcui t s  

I n  a l l  four cases the desuyer- 

A t  the higher outdoor ai r temperatures, 

6 . 3 . 2  Evaporator (outdoor coi 1 ) 

T h e  operating c h a r a c t e r i s t i c s  of the evaporator (outdoor heat 

exchanger) a r e  presented i n  Table 6.2 f o r  .the same range of outdoor a i r  



Table 6.1. Steady-state indoor coil (condenser) performance 

Outdoor a i r  Condensing Exit Heat Mean AT Minimum AT 
temperature" temperatureb subcool ing transferred refr ig . -a i rc  refr ig .  out-ai r in 
["C ( O F ) ]  [ " C  ( O F 1 1  [C" ( F " ) ]  [kW ( B t u / h r ) ]  [ C "  ( F " ) ]  I C "  FO)l 

-5.1 (22.9) 38.4 (101.1) 2.7 (4.9) 5.67 (19,360) 11.9 (21.5) 14.3 (25.7) 
-2.9 (26.7) 39.6 (103.3) 3.9 (7.0) 6.21 (21,206) 13.0 (23.4) 14.7 (26.4) 

3.6 (38.4) 45.7 (114.2) 9.9 (17.8) 7.58 (25,864) 17.4 (31.3) 14.4 (26)  
9.0 (48.2) 50.0 (122.0) 14.6 (26.2) 9.03 (30,812) 20.8 (37.5) 13.7 (24.7) 

13.3 (56.0) 52.2 (126.0) 15.7 (28.3) 9.94 (33,914) 22.6 (40.7) 15.4 (27 .7)  

Runs 6, 5, 4, 2, and 7 respectively, as l i s ted  in Table B . l .  Nominal indoor tempera- a 

b5ased on hi gh-side pressure. 
e 

temperature. 

ture i s  21°C (70°F). 

Approximate value taken as the difference between condensing temperature and mean a i r  
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temperatures as was considered f o r  the indoor c o i l .  The evaporating 

temperatures, calculated from the observed pressure a t  the suction 1 ine ,  

vary i n  the  expected manner w i t h  changing outdoor temperature. 

superheat 0.f the re f r igerant  a t  the compressor i n l e t  i s  sharply l imited,  

probably by the presence o f  l iqu id  re f r igerant  in the suction-line 

accumulator. 

The 

The approach of re f r igerant  temperature a t  the evaporator e x i t  t o  

t h a t  of the i n l e t  a i r  i s  in the expected range f o r  a l l  of the a i r  

temperatures a t  which t e s t s  were conducted. 

6.4 System Heat Losses 

Heat losses from the system ranged from 14 t o  25% of  the observed 

heating capacity.  

l i n e ,  including the reversing valve. 

heating capacity in Table 6.3. 

These losses occur a t  the compressor shell  and discharge 

They a r e  compared t o  the system 

Table 6.3. System heat loss  r a t e s  

Outdoor a i r  Compressor-shell Discharge l i n e  Sys tem 
temperature heat re ject ion heat loss  ra tea  heat capacity 
["C ( " F ) I  [kW ( B t u / h r ) ]  [ kW ( B t u / h r ) ]  [ kW ( B t u / h r ) ]  

-5.1 (22.9) 1.17 (3994) 0.41 (1410) 6.30 (21,503) 

-2.9 (26.7) 1.15 (3942) 0.44 (1489) 6.84 (23,357) 

3.6 (38.4) 1.22 (4170) 0.45 (1436) 8.21 (28,014) 

9.0 (48.2) 1.11 (3793) 0.52 (1773) 9 .62  (32,822) 

13.3 (56.0) 0.91 (3095) 0.54 (1850) 10.57 (36,064) 

Includes reversing valve loss .  a 

Heat re jec t ion  from the compressor shell  i s  computed as the 

difference between the e l e c t r i c  power i n p u t  t o  the compressor motor and 

the enthalpy gain of the re f r igerant  between shel l  i n l e t  and discharge. 

T h i s  loss  ranges from 25 t o  45% of the power i n p u t  t o  the compressor 

motor, and though i t  possibly may be exaggerated by e r rors  i n  temperature 

measurement due  t o  heat conduction i n  the  re f r igerant  l i n e s  near the s h e l l ,  
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i t  i s  obviously substantial .  

the compressor she l l ,  b u t  care must be exercised t h a t  the result ing 

increase i n  internal temperatures i n  the motor-compressor u n i t  does n o t  

cause or contribute t o  premature fa i lure  o f  the electr ical  insulation or 
the lubricant system. 

from the differences i n  enthalpy observed a t  the compressor shell d i s -  

charge and the condenser i n l e t .  These losses thus include the heat 

transferred t o  the suction gas a t  the reversing valve. 

The loss cou ld  be reduced by insulating 

lieat losses from the discharge l ine  were calculated 

6.5 Compressor Operation 

Compressor performance parameters for  a range o f  ambient teniperatures 

are shown i n  Table 6.4. The refrigerant mass flow ra te  increases w i t h  

increasing outdoor a i r  temperatures because the suction-line pressure, 

and therefore the density of refrigerant reaching the compressor, i n -  

creases a t  the higher ambient temperatures. 

represents an increased pumping ra te  of the compressor, which i s  reflected 

in the higher power consumption of  the compressor motor a t  the higher 

temperatures. 

outdoor  a i r  temperature increases. The decrease i s  rather small, however, 

because i t  i s  controlled by the higher temperature differences that  ex is t  

a t  b o t h  heat exchangers a t  the higher ambient temperatures. 

i n  the f i f t h  column of Table 6.4. 

r a t i o  of the ideal isentropic work to the observed electr ical  power input, 

w i t h  the ideal isentropic work being calculated from the observed condi- 

tions of  the refrigerant a t  entry and the refrigerant pressure a t  the 
e x i t  of the hermetically sealed shell containing both motor and compressor. 

Thus the efficiency quoted accounts for losses in the motor, i r revers ible  

thermodynamic losses due to  gas throt t l ing a t  the valves and muffler, 

suction gas heating by the motor, losses due to  mechanical f r ic t ion ,  

and for internal heat t ransfer .  I t  should n o t ,  o f  course, be compared 

w i t h  eff ic iencies  based on refrigerant conditions a t  the suction and 

discharge ports of the compressor i t s e l f .  

from 0.44 t o  0.49. 

The increased mass flow ra te  

Conversely, the pressure r a t io  i s  seen t o  decrease as the 

The efficiency of the motor and compressor taken together i s  shown 

T h i s  efficiency i s  calculated as the 

The combined efficiency ranges 



Tab1 e 6.4.  Compressor operating characteristics 

Outdoor a i r  Power input Refrigerant Comb? ned Vol uinetri c 
Pressure motor-compressor efficiency 

ef f i ci encya 
temperature to motor mass flow rate 
["C ( O F 1 1  [kW (Btu/hr) 1 Ckg/s ( 1  b/hr) 3 ratio 

-4.5 (22 .9)  2.61 (8,900) 0.030 (235)  4.6 0.44 0.56 
-2.9 (26.7)  2.73 (9,300)  0.032 (255) 4 . 4  0.44 0.57 

3.6 (38 .4)  3.10 (10,600) 0.039 (306)  4.4 0.46 0.59 
9.0 (48.2)  3.39 (11,600) 0.045 (357)  4.1 0.47 0.58 

13.3 (56.0)  3.58 (12,200) 0.048 (382)  4.2 0.49 0.61 

inlet conditions of the refrigerant and the discharge pressure) to the electrical power input 
to the compressor moto r .  

T h i s  efficiency i s  defined as the ratio o f  ideal isentropic work (between actual shell a 

w co 
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The s ix th  colunin in Table 6.4 shows the volumetric eff ic iency o f  
the compressor, based on the conditions o f  the  re f r igerant  a t  the shel l  

i n l e t ,  

expression: 

I t  varies from 0.56 t o  0.61 and i s  calculated from the Follawing 

= volumetric eff ic iency,  

= observed refr igerant  mass flow r a t e ,  

= density o f  re f r igerant  vapor a t  hermetic uni t  shell  i n l e t ,  

l l V  

“ref 

P S  

D = compressor displacement (swept volume), 

N = compressor speed, 
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7 .  FROSTING-DEFROSTING TESTS 

7.1 System Performance under Frosting Conditions 

Tests of the heat pump under conditions t h a t  allow f o r  f r o s t  formation 

on the outdoor coi l  were conducted i n  order t o  evaluate degradation of 

performance pararneters under these conditions,  and  t o  observe the response 

o f  the system t o  s t r e s s e s  so  imposed. Tests were conducted a t  the outdoor 

a i r  temperatures and humidities shown previously i n  Table 2.3. 

include the heating capacity,  COP, r e f r igerant  pressures a t  h i g h  and low 
side o f  the system, the re f r igerant  mass f l o w  r a t e ,  compressor and 

outdoor fan power consumption, the airflow r a t e  through the outdoor c o i l ,  

and the a i r  pressure drop across the c o i l .  

The airflow r a t e s  and pressure drops were, of course, measured with 

the outdoor u n i t  in the tes t ing  loop and w i t h  the booster fan operating. 

As previously mentioned (Sect. 2 .1 )  the flow r a t e s  and pressure drops 

were higher t h a n  would be expected f o r  a u n i t  operating in f r e e  a i r ,  b u t  

the  deviation from rated airflow r a t e s  i s  not expected t o  cause more 

than a 5% change in any of the performance parameters, w i t h  the possible 

exception of the power consumed by the outdoor fan motor. 

w i t h  s imi la r  t e s t s  where no booster fan was needed indicate  t h a t  the 

var ia t ion of  the outdoor fan motor power i s  n o t  a typical .  

The performance parameters measured i n  each of the f ros t ing  t e s t s  

Comparisons 

7.1.1 Test a t  0.6"C (33"FJ and 100% r e l a t i v e  humidity 
_11--- _-I______._. 

The t e s t  a t  100% r e l a t i v e  humidity subjected the heat pump t o  one 

of the more severe f ros t ing  conditions t h a t  i t  may encounter, The steam 

in jec tor  was placed i n  the airflow pat tern upstream of the outdoor c o i l .  

A t  100% r e l a t i v e  humidity, the arrangement allowed fog t o  reach the c o i l .  

Under these conditions,  f r o s t  formation was rapid and heavy enough t o  

require t h a t  the t e s t s  be terminated a f t e r  50 m i n  because the airflow 

r a t e  had dropped t o  l e s s  t h a n  20% of i t s  nominal value, accompanied by 

rapid decreases i n  the re f r igerant  pressures and flow r a t e ,  a condition 

t h a t  may not provide f o r  proper cooling o f  the compressor motor. 
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Figures 7 .1  through 7 . 4  show the variation of the measured parameters 

as functions of time a f t e r  the outdoor coil surface reaches 0°C (32°F) .  

A t  the conclusion of the t e s t s ,  the heating capacity and  COP had fa l len 

t o  82% and 88% of their  s tar t ing values (Fig. 7 . 1 ) ,  a remarkably small 

decrease in view o f  the d rop  in airflow rate t o  16% of i t s  original 

value (Fig. 7 . 2 ) .  Refrigerant pressures and flow ra te  decreased by 

amounts similar t o  those observed for the heating capacity and COP. The 

decreased refrigerant flow ra te  allows for a corresponding drop in power 

input to  the compressor motor, while the rapidly increasing a i r  pressure 

d r o p  across the coil requires an increase in the power consumption ra te  

o f  the outdoor  fan. 

7 .1 .2  _ l _ l ~ -  Tests a t  (3.6"C (33°F)  and 92 t o  97% relat ive . ~ - .  humidity 

The severity of the frosting t e s t  a t  100% relat ive humidity can be 

appreciated by comparison of the  resul ts  of those tes t s  with the t e s t s  

a t  the same ambient dry bulb temperature b u t  s l igh t ly  lower relat ive 

humidity. 

degradation o f  performance, b u t  a t  an appreciably slower ra te ;  compari- 

sons o f  Figs. 7 .5  t h r o u g h  7 . 8  with the i r  counterparts, Figs. 7.1 t h r o u g h  

7 . 4 ,  show t h a t  the u n i t  could r u n  almost twice a s  long a t  the lesser  

humidity before the performance parameters had dropped t o  the levels 

observed a t  the conclusion of the more severe t e s t s .  

The t e s t s  a t  92 t o  97% relat ive humidity revealed the same 

7.1.3 Tests a t  -2.2"C (28°F) --- and 80 to  -.. 85% re la t ive  humid- 

Further reduction of the relat ive humidity, even t h o u g h  i t  was 

accompanied by a small d rop  i n  the dry b u l b  temperature, produced t e s t  

resul ts  that  are strikingly different  from the resul ts  o f  the t e s t s  

described above. 

measured performance parameters , except the a i r  pressure d r o p  across the 

outdoor  coil , were within 10% of the i r  s tar t ing values. While the a i r -  

side pressure drop had risen noticeably, the airflow rate  had decreased 

only 3%. As may be seen in Figs. 7 .9  through 7.12,  none of the parameters 

had begun changing rapidly near the end of the t e s t s  as they had in the 

t e s t s  a t  higher humidities. 

After about 90 min of frosting operation a l l  of the 
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F i g .  7 . 1 .  Heating capac i ty  and COP d u r i n g  a 50 min f r o s t i n g  period 
w i t h  outdoor a i r  a t  0.6"C and 100% r e l a t i v e  humidity. 
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F i g .  7.3. Refrigerant pressures and flow-rates during a 50 min 
f r a s t i n g  period w i t h  outdoor  a i r  a t  0.6"C and 100% r e l a t i v e  huniidity. 
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FROSTING TIME ( m i d  

F i g .  7.4. Compressor and o u t d o o r  fan power consumption d u r i n g  a 
50 m i n  f r o s t i n g  p e r i o d  w i t h  outdoor  a i r  a t  0.6"C and 100% re la t ive  
humi d i  t y  . 
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F i g .  9 . 5 .  Hea t ing  c a p a c i t y  and COP d u r i n g  a 90 m i n  f r o s t i n g  p e r i o d  
w i t h  o u t d o o r  a i r  a t  0.6"C and 92-97% r e l a t i v e  humidi ty .  
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Fig .  7 .7 .  R e f r i g e r a n t  p r e s s u r e s  and f l o w  r a t e s  d u r i n g  a 90 m i n  
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Fig .  7.8.  Compressor and o u t d o o r  fan power consumption d u r i n g  a 
90 m i n  f r o s t i n g  p e r i o d  w i t h  o u t d o o r  a i r  a t  0.S"C and 92-97% r e l a t i v e  
humi  d i  t y  . 
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Fig. 7 .9 .  Heating capac i ty  and COP during a 90 m i n  f r o s t i n g  period 
w i t h  outdoor a i r  a t  -2.2"C and 80-85% r e l a t i v e  humidity. 
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F i g .  7.12. Compressor and o u t d o o r  f a n  power consumption d u r i n g  a 
90 m i n  f ros t ing  p e r i o d  w i t h  ou tdoor  a i r  a t  -2.2"C and 80-85% r e l a t i v e  
humi  d i  t y  . 
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7 .1 .4  Defrost water collection- 

After the operation of the heat pump under frosting-defrosting 

conditions,  an indication of the amount of f r o s t  accumulated on the heat 

exchanger surfaces was obtained by measuring the amount of water discharged 

by the system drain.  

account for the water t h a t  remains on the heat exchanger surfaces and in 

the sheet metal t r ay  tha t  forms the bottom of the ou tdoor  un i t .  

shows the data fo r  the defrost  water measured. I t  i s  apparent t ha t  some 

of the water formed during the f i r s t  defrosting period remains on the coil  

o r  in the t r a y ,  as  indicated by the greater aiiiounts of water collected 

a f t e r  subsequent defrosting periods. 

T h i s  i s  an approximate method because i t  does n o t  

Table 7 .1  

Table 7 .1 .  Frost accumulation as evaluated by 
def ros t  water drain col lect ion 

Outdoor a i r  Re1 a t i  ve Appro x i  ma t e Water 
temperature humidity f ros t ing  period col 1 ected 

c°C (OF)] (min) (ml) 

0.6 (33) 100 50 1100 f i r s t  defrost  

0 .6  (33)  92-97 90 2800 f i r s t  defrost  

1300 second defrost  

32Q0 second defrost  

-2.2 (28) 80-85 90 1750 

7.2 Compressor Performance during the Defrosting Period 

During the defrosting period, the high- and low-side re f r igerant  

pressures and the power i n p u t  t o  the compressor motor were recorded as 

functions of time a f t e r  the i n i t i a t i o n  of the defrosting operation. 

outdoar fan i s  turned off during t h i s  period, and the power consumed by 

the indoor fan inotor i s  expected t o  remain a t  a constant value. 

transducer used t o  record the low-side pressure was placed in  the suction 

l i n e ,  between the accumulator and the i n l e t  t o  the compressor, and t h u s  

between the reversing valve and the  compressor; the signal i t  sends t o  

the s t r i p  char t  recorder always represents the lowest pressure in  the 

systeiri regardless of the position of the reversing valve. 

The 

The 

The transducer 



used t o  r e c o r d  h i g h - s i d e  pressure i s  i n  t h e  l i q u i d  l i n e  t h a t  connects t h e  

two hea t  exchangers and thus  reco rds  t h e  pressure j u s t  upstream o f  t h e  
f l o w  c o n t r o l  dev i ce  f o r  e i t h e r  mode o f  ope ra t i on .  

F i g u r e  7.13 shows t h e  reco rded  pressure and compressor motor  i n p u t  
power a t  t h e  end o f  t h e  50-min f r o s t i n g  p e r i o d  arid t h e  subsequent d e f r o s t i n g  
p e r i o d  f o r  t h e  t e s t s  w i t h  0.6"C (33°F) outdoor  a i r  temperature and 100% 
r e l a t i v e  humid i t y .  F i g u r e  7.14 shows t h e  corresponding i n t e r v a l  f o r  t h e  
90-min t e s t s  a t  0.6"C (33°F) and 92 t o  97% r e l a t i v e  humid i t y ;  F i g u r e  7.15 
i s  f o r  t h e  t e s t s  a t  -2.2"C (28'F), 80 t o  85% r e l a t i v e  h u m i d i t y .  

more severe f r o s t i n g  c o n d i t i o n s ,  l a s t i n g  about 3 .6  m in  f o l l o w i n g  t h e  
f r o s t i n g  i n t e r v a l  a t  100% r e l a t i v e  humid i t y ,  and decreas ing t o  2.75 min 
f o l l o w i n g  t h e  f r o s t i n g  t e s t s  a t  80 t o  85% r e l a t i v e  humid i t y .  
s i o n s  o f  t h e  recorded v a r i a b l e s  a r e  seen t o  be s i m i l a r  f o r  a l l  t h r e e  o f  
t h e  d e f r o s t i n g  i n t e r v a l s .  

Be fo re  t h e  s t a r t  of the d e f r o s t i n g  opera t i on ,  t h e  i n d o o r  c o i l ,  
which has been a c t i n g  as t h e  condenser, i s  f i l l e d  i n  p a r t  by l i q u i d  
r e f r i g e r a n t ,  p a r t l y  by two-phase r e f r i g e r a n t .  
superheat ing o f  t h e  r e f r i g e r a n t  i n  t h e  s u c t i o n  l i n e  due t o  presence o f  
l i q u i d  r e f r i g e r a n t  i n  t h e  s u c t i o n - l i n e  accumulator.)  
t h e  d e f r o s t i n y  pe r iod ,  t h e  r e v e r s i n g  v a l v e  connects t h e  d i scha rge  l i n e  
of t h e  compressor t o  t h e  outdoor  c o i l  and t h e  s u c t i o n  l i n e  (which con ta ins  
t h e  accumulator)  t o  t h e  end of t h e  i n d o o r  c o i l  t h a t  c o n t a i n s  superheated 
vapor. 
seconds of t h e  d e f r o s t i n g  p e r i o d  r e s u l t s  from t h e  r a p i d  t r a n s f e r  o f  super- 

heated and two-phase r e f r i g e r a n t  f rom t h e  i n d o o r  c o i l  (which i s  i n i t i a l l y  
a t  h i g h - s i d e  p ressu re )  v i a  an u n r e s t r i c t e d  p a t h  t o  t h e  s u c t i o n  p o r t  o f  
t h e  compressor. 

t h e  sudden d rop  i n  h i g h - s i d e  p ressu re  observed i n  F i g .  7.14. 
A f t e r  t h e  i n i t i a l  r a p i d  f l u c t u a t i o n s ,  b o t h  h i y h -  and low-s ide  pressures 

decrease as t h e  i n d o o r  c o i l  i s  empt ied o f  l i q u i d  r e f r i g e r a n t  and t h e  
r e f r i g e r a n t  condenses i n  t h e  s t i l l  c o l d  and h e a v i l y  f r o s t e d  outdoor  c o i l .  
The h i g h - s i d e  p ressu re  begins t o  r i s e  a f t e r  30 t o  45 sec o f  d e f r o s t i n g  

o p e r a t i o n  as t h e  heated r e f r i g e r a n t  begins t o  warm the  outdoor  c o i l .  The 

As m i g h t  be expected, t h e  d e f r o s t i n y  i n t e r v a l  was l o n g e r  f o r  t h e  

The excur-  

(There i s  v e r y  l i t t l e  

A t  t h e  s t a r t  of 

The r a p i d  r i s e  i n  t h e  l ow-s ide  p ressu re  d u r i n g  t h e  f i r s t  few 

T h i s  r a p i d  movement of  r e f r i g e r a n t  i s  r e f l e c t e d  a l s o  i n  
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MANUAL SWITCH 
TO END DEFROST 

OUTDOOR COIL MANUAL SWITCH 
COLLECTING FROST -1 TO QEFROST 

APPROXIMATELY 3-min 
DEFROST TIME 

F i g .  7.14 .  Power consumption and system p r e s s u r e s  d u r i n g  a d e f r o s t i n g  
p e r i o d  f o l l o w i n g  a 90 rn in  f r o s t i n g  i n t e r v a l  w i t h  the o u t d o o r  a i r  a t  0.6"C 
and 92-97% r e 1  a t i  v e  h u m i  d i  t y  . 
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F i g .  7.15. 
od following 
80-85% re l a t  

MANUAL SWITCH 
TO END DEFROST 

OUTDOOR COIL MANUAL SWITCH 

2 min 45 sec 
DEFROST TIME 

Power consumption and system pressures during 
a 90 min frosting interval with t h e  outdoor a 
ve humid i t y .  

a defrosting 
P a t  -2.2"C, 



r i s e  in the low-side pressure does not s t a r t  until the high-side pressure 

has recovered enough t o  s t a r t  passing refrigerant t h r o u g h  the flow control 

device i n  the l ine  between the ou tdoor  and indoor coi ls .  A t  th i s  point 

in the defrosting operation, normal operation o f  the vapor compression 

cycle resumes, except t h a t  the outdoor  fan i s  s t i l l  turned o f f .  
sequently, the pressures begin to  r i s e ,  and would reach an overload 

condition were the defrosting operatian not halted. 

on the ou tdoor  coil  signals the end of the defrost period when the coil 

reaches abou t  18°C ( 6 5 O F )  , which occurs well before dangerous operating 

conditions are reached. Compressor power follows the low-side pressure 

during the defrosting interval.  

A t  the conclusion of the defrosting operation, the reversing valve 

switches the compressor discharge t o  the in l e t  of the indoor co i l ,  and 

the out le t  of the outdoor coil t o  t h e  suction l ine.  The resulting 

perturbations l a s t  about one minute. 

Con- 

A temperature sensor 
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8. REFRIGEKANT CHARGE VARIATION TESTS 

All of  the t e s t s  reported in the preceding sections of th i s  report 

I n  operation, the charge may he reduced 

were conducted with the heat pump charged with the amount of refrigerant 

specified by the manufacturer. 

by leaks in the system. 

a f t e r  the repair o f  leaks may resul t  i n  excess charge. 

cost  heat pump previously tes ted , l  which lacks a suction-line accumulator, 

was found t o  be highly sensit ive t o  charge, whereas the efficiency of 

the heat pump selected for  these t e s t s  remains essentially constant when 

t h e  actual charge i s  within a b o u t  20% o f  the rated charge of 2.86 kg 

( 6  l b ,  5 o z ) .  

mode a t  an outdoor a i r  teiiiperature of  10°C (50°F)  and indoor a i r  tempera- 

ture of 21°C (70OF).  The amount of refrigerant in the c i rcu i t  was varied 

from 1.81 kg  ( 4  lb)  t o  3.63 kg  (8  l b ) .  

Attempts t o  compensate for l o s t  refrigerant 

The low-first- 

Tests were conducted with the heat pump operating in the heating 

As was previously noted in the steady-state t e s t s ,  the suction-line 

superheat remained very low a t  a l l  o u t d o o r  a i r  temperatures. This effect  

was attr ibuted t o  the presence of l iquid refrigerant in the suction-line 

accumulator when the system i s  properly charged with refrigerant.  As 

shown in Fig. 8.1,  the suction-line superheat remains a t  o r  near 0 C" 

( 0  F")  unti l  the charge i s  reduced to  abou t  2 .72  k g  ( 6  l b ) .  

reduction of the refrigerant charge resul ts  in substantial increase of 

the superheat. 

when the unit  i s  overcharged since there i s  an ample supply of liquid 

refrigerant in the accumulator. 

t o  remain nearly constant in the overcharge range, and t o  d r o p  as the 

superheat increases in the undercharge range. 

superheat in the undercharged condition, refrigerant mass flow rates 

decrease rapidly (Fig. 8.3) when the charge i s  reduced below the value 

of 2 .72  kg ( 6  l b ) ,  a t  which point the superheat begins t o  r i s e .  

consequence of the reduced mass flow ra te  i s  the reduction of the heat- 

ing capacity, which i s  the p r o d u c t  of  the mass flow rate and the change 

Further 

The suction-line superheat remains a t  approximately zero 

Refrigerant pressures are seen (Fig. 8.2) 

As a resul t  of the lowered suction l ine pressure and  increased 

A 
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i n  enthalpy.  

F i g .  8 .4 .  As would be expected, the mass f l o w  r a t e  and heat ing capac i ty  

remain a t  t h e  values  found f o r  a properly charged system when the system 

i s  overcharged. 

i n  F i g .  8 .5 ,  i s  e s s e n t i a l l y  f l a t  in the overcharge range and drops of f  

i n  t h e  undercharge range, b u t  l e s s  s t eep ly  than do those f o r  heat ing 

capac i ty  and r e f r i g e r a n t  mass f l o w  r a t e .  

l ow- f i r s t - cos t  u n i t 1  a s  a func t ion  of charge i s  shown i n  the same graph 

for comparison. 

The v a r i a t i o n  of heat ing capac i ty  w i t h  charge i s  shown i n  

The curve f o r  t he  COP a s  a func t ion  of charge,  shown 

The COP of the previously t e s t e d  



ORNL-DWG 79- 10841 

0 
40 

30 

20 

10 

0 
0 

0.5 
REFRIGERANT CHARGE (kg) 
1.0 1.5 2 .o 2.5 3.0 3.5 

e /- RATED 
CHARGE 

1 2 3 4 5 6 
REFRIGERANT CHARGE (Ib) 

7 8 

10 

8 

6 

4 

2 

0 

F i g .  8.4. Heating capacity a s  a function of re f r igerant  charge. 
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APPENDICES 





7 3  

Appendix A .  Experimental Data 

Table A.l shows the data collected and the resul ts  of some of the 

calculations needed for  evaluating the performance o f  the heat p u n y  

system operating under the steady-state (non-frosting) conditions in 

the heating mode. 

runs. 

Table A.3. 

Table A . 2  gives the same information for  the frosting 

Data frorn the refrigerant charge varation t e s t s  are  presented in 

Air-side measurenients were n o t  required for  these t e s t s .  
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T e j l e  A.1 .  T-st d a t a  f r o m  steady-state runs 

4735 255.3 440 630  2.73 3.80 6.84 7. 2 9  1. 8 0  1.92 
7 - 8 7  

5 1 1 3 0 ~ 7 8  26.7 23.7 69.9 59.9 21.5 7 6 . 1  13.9 173.7 744.6 96.3 88.3 29.28 49.8 220.3 3199 lGSO 
6 1/31/78 22.9 20.7 70.5 88.8 78.4 13.3 18.2 170.0 140.5 96.2 89.7 29.32 46.7 213.9 3244 1 1 2 5  4860 234.6 442 62 a 2.61 3 - 6 8  6.30 6.87 1. 7 1  
7 2/ 2/78 56.0 46.5 70.0 100.6 43.3 37.5 34.9 209.3 186.7 97.7 91.8 29.35 7 1 . C  296.5 3029 1 1 5 6  5036 381.8 42 7 63 3 3.55 U. 63 10.57 77.47 2.28 2.48 
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Table A.2. Test data for  frosting/defrosting t e s t s .  

PRESSURES, 
A I R  TEMPERATURES REFRIGERANT TEMPERATURES, F PSIA POWER I N P U T ,  W POWER INPUT, R W  HEAT1 NG co P 

CAP A C I  T Y REP R I G .  ---------------- ----------------sp--------------------~--------------- --------e---- -- --- -------- -- - ------------------ 
BEFRIG.  RETHOD 

OUTDOOR I N D O O R  R E F  R I G  . METHOD, 
RE FR I G. COIL COIL FLOW FLOW FLOW KU 
CHARGE IN, IN, EVAP- EVAP. COMP. COIIP. COND. COND.  COETTRL CORP. COBTBL R A T E ,  OUTDOOR I N D O O R  

(L3M) F F IN OUT rN OUT I N  OUT I N  SUCT. I N  LBM/€iR FAN FAN C O M P R E S S O R  TOTAL 

8.00 50.0 69.9 39.3 33.3 31.8 185.3 169.5 93.7 89.8 72.0 291.0 368.0 42 0 590 3.43 (I. 44 9.92 2.23 
7.50 50.3 69.7 39.2 33.3 31.8 189.8 172.6 93.7 89.6 71.9 291.0 367.2 416 5 90 3; 43 4.44 9.98 2.25 
7.00 49.4 69.8 38.9 32.9 31.4 188.2 171.8 93.3 39.4 72.0 289.0 365.0 41 8 590  3.42 4.43 9.92 2. 24 
6.69 so. 9 70.0 39.7 33.6 32.2 189.4 172.6 94.0 89.0 72.2 290.0 369.0 416 5 90 3.45 4-45 10.02 2.25 

6.31 50.3 70.2 39.4 33.2 31.8 189.7 172.6 93.9 90.0 71.7 290.0 365.0 418 5 90 3.43 4-44 9.92 2.24 
6.00 49.9 70.8 38.8 32.8 31.2 195.5 177.5 94.6 90.4 71.6 288.0 357.0 419 5 90 3.41 4.42 9.8 1 2.22 
5.00 49.9 69.7 37.6 46.2 51.1 229.6 203.8 94.6 90.3 69.0 268.0 321.0 420 5 90 3.25 4-26 9.46 2.22 
4.00 50.0 70.0 27.8 52.6 60.8 239.7 206.0 95.8 90.8 65.5 225.0 234.0 417 590 3.73 4.73 7.14 1.51 
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Table A.3. Test d a t a  f o r  charae v a r i a t i o r !  t e s t s .  

R FL. 
HU3.. 

% DATE 

A I R  PLOW SEATING PCESSUSES,  
h I R  TCKPERATURES, P PEFRIGEFANT TEYPERBTURES, P P S I A  RATE, CPM POWER I R P U T ,  Ii POWER INPUT,  K W  CAPACITY, KF c3 P _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ------------------ -------_------_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ......................... -______-__--_----------------------------------------- _________-_  

AIRFLOW 
OUTDOOR I '7 DO3 R RATE, REP?IG.  

P ROSTING C O I L  COIL FLOW AICGS. ? L O X  OUT- I N -  INDOOR FLOP 
SBPRIG.  AIR BEPRIG.  A I R  9AT3, OUTDO09 1 YDDOR TIN?, _ _ _ _ _ _ _ _ _ _ _  ---____---__ EVA.?. EVAP. COYP. CGMP. CORD. COND. CORTRL ?RESS. ,  CONP. CCYTRL DOC9 DOOR COIL, 

P A T  FAN CO5PBESSOP TOTAL Y E T H O 3  EETHCD 'ETYCD JSTH03 N I N  Ih' OUT I N  0 UT I N  OUT I N  O U T  IN OUT I N  I R .  P.G SUC'?. I N  COIL COIL L m / m  Laq/sR 

1 0 0  
100  
1 0 0  
1 0 0  
1 0 0  
100  

92-97 
92-97 
92-97 
92-97 
92-97 
92-97 

83-85 
80-85 
80-85 

3/12/76 
3 /12 /J  6 
3/ 12/78 
3/12/78 
3/12/78 
3/12/7 8 

3/12/78 
3/12/78 

3/12/78 
3/1 2/78 
3/12/78 

3/12/78 

76 
20 
3 3  
36 
48 
5 0  

20 
25  
3 8  
73 
80 
88 

33.5 
33.1 
35.4 
33.7 
40.7 
39.5 

33.2 
33.3 
33.5 
38.0 
36.7 
42.3 

3/12/78 9 29.8 
3/12/78 61; 27.9 
3/12/78 86 27.7 

37.5 
30.9 
30.7 
30. 3 
25. 1 
25.5 

30.5 
30. 9 
30.7 
30.9 
28.2 
31. 1 

27.4 
25. 4 
24.9 

70.8 
70.7 
70.8 
70.4 
70.4 
70.2 

70.5 
69.6 
70.8 
70.6 
70.3 
70.2 

71.2 
71.5 
71.1 

9u .9  
54.4 
94.1 
93.8 
90.4 
90.2 

95.2 
9u.5 
95.0 
93.4 
92.4 
90.9 

92.7 
92.0 
91.5 

2E.8 22.7 21.8 
2E.2 22.5 21.: 
26.0 21.8 20.1: 
27.7 22.0 20.3 
22.2 15.3 14.7 
22.2 16.1 74.8 

27.7 22.0 20.8 
27.7 22.1 20.7 
27.6 21.8 20.7 
25.3 20.0 1R.O 
2U.0 18.5 16.7 
21.3 16.4 14.0 

24.8 18.7 19.1 
22.3 ?6.4 15.4 
21.6 T6.9 15.0 

181.9 
179.6 
179.7 
178.5 
174.1 
173.8 

182.3 
180.7 
180.4 
177.0 
174.2 
172.6 

174.5 
174.7 
174.2 

158.5 
156.5 
156.9 
1 5 4 - 8  
147.1 
146.8 

160;O 
158.5 
158.4 
154.6 
751.1 
147.7 

151.7 
148.6 
7 47.6 

96.8 90.7 
96.6 90.4 
96.8 9P.3 
96.4 89.8 
96.5 90.0 
96.5 89.6 

92.9 66.9 
91.8 85.9 
92.7 86.8 
92.6 86.8 
92.5 86.5 
93.3 87.2 

96.1 9O.C 
97.0 9o.c 
97.0 90.1 

29.29 
29.29 
29.29 
29.25 
29.29 
29.29 

29.29 
29.29 
29.33 
29.33 
29.29 
29.33 

26.90 
28.90 
2E.90 

60.7 
59.7 
58.5 
58.5 
51. 2 
51.6 

58.7 
58.7 
58.0 
54.2 
52.5 
49.7 

56.5 
53.7 
53.5 

254.7 3059 
252.0 3174 
247.2 1946 
246.2 2114 
223.2 470  
223.7 566  

248.7 3216 
242.7 3260 
242.0 3058 
232.0 1747 
224.0 S O 1  
217.7 P55 

239.7 3237 
234.7 3300 
231.7 3116 

1090  4709 
1 0 9 0  4709 
1090 4709 
1090  4709  
1090 4709 
1090  4709 

1090  4735 
1090 4741 
1090  4741  
1090  4741 
1090  4735 
1090  4741  

ti.90 4643 
1 0 9 0  4643 
1090  4656 

298.6 
295.6 
290.5 
288.6 
246.8 
244.8 

293.4 
293.6 
291.1; 
27Y.O 
265.9 
235.1 

272.2 
25 6.9 
25C. 8 

$ 2 3  
i: 19 
396 
358 
$90 
485 

497 
425 
427 
404 
426 
451 

a29 
425 
1121 

610  
6!0 
610 
610 
610 
610 

610 
610  
610 
610 
61  0 
6 1  0 

610 
610 
610 

3.54 
3.01 
2.97 
2.96 
2.69 
2.69 

2.99 
2.98 
2.96 
2.85 
2.78 
2.63 

2.86 
2.7E 
2.75 

0.07 
4.04 
3.97 
3.97 
3.79 
3.79 

4.09 
4.02 
4.01 
3 - 8 6  
3.82 
3.69 

3.90 
3.81 
3.79 

8.00 
7.9D 
7.79 
7.72 
6.64 
6.59 

8.34 
8.05 
7.97 
7.50 
7.27 
6.44 

3.29 
6.86 
6.71 

8.58 1.97 2 - 1 1  
8.U4 '1. $5 2.09 
8.31 1. 96 2.09 
8.34 '1. s4 2.10 
7.22 1.75 1.91 
7.22 1 - 7 4  1.90 

8.82 1. 96 2.16 
8.90 2 - 0 0  2.21 
8.67 1.99 2.16 
6.20 1.94 2.12 
7.96 1. 9c 2 . 0 9  
7.34 ?. 74 1.99 

7.6h 1.87 1.96 
7.31 1. 6 0  1.92 
7.30 1.77 1.93 
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Appendix B. Fan-Motor Eff ic iency Evaluation 

Table B.1 shows the data  used t o  determine the pressure head and 

power consumption of the indoor-uni t  fan as func t ions  o f  the a i r f low 

r a t e s .  

Table B . 1 .  Indoor fan t es t  data  

Vol unie r a t e  Stat ic-developed Fan -mo t o r  
o f  a i r  head i n p u t  power 
kfd ( i n .  H20) (kW) 

203 

560 

787 

1017 

1116 i 1144 

850 
rPm 

950 
r Pm 

181 

576 

836 

1099 

1252 

s, 1308 

1.32 

1.15 

1.02 

0.85 

0.745 

0.675 

1.37 

1 .22  

1.12 

0.99 
0.91 5 

0.85 

0.239 

0.320 

0.388 

0.466 

0.527 

0.526 

0.390 

0.461 

0.515 

0.586 
0.650 

0.658 

The information contained i n  Table 6.1 was used t o  eva lua te  the  overa l l  

e f f i c i e n c y  o f  the fan-motor u n i t ,  as shown i n  Table B . 2 .  
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Table  B.2. Overa l l  e f f i c i e n c y  of t he  indoor  fan-motor 
u n i t  a s  a function of  a i r f l o w  r a t e  

I___. ....___- I___._.. ______-.-- 

A i  r Power Overal l  S t a t i c -  

head 
devel oped power i n p u t  e f f  i c i  ency 

Vol ume tr i  c 
flow r a t e  

( k W  ( W  
-- 

h 3 / s  ( c f d l  [kPa ( i n .  H20)] 
I___- 

MED.  SPEED 850 rpm 

0.890 203 0.329 1.32 O,Q314 0.239 0.1 31 

0.264 560 0.286 1 .15  0.0754 0.32 0.236 

0.371 787 0.254 1.02 0.094 0.388 0.242 

0.480 1017 0.212 0.85 0.1012 0.466 0.21 7 

0.527 1116 0.186 0.745 0.0973 0.527 0.184 

0.540 1144 0.168 0.675 0.0904 0.526 0.172 

H I G H  SPEED 950 rpm 

0.085 181 0.341 1 .37  0.029 0.39 0.074 

0.272 576 0.304 1 .22  0.0823 0.461 0.179 

0.395 836 0.279 1.12 0.1096 0.515 0.213 
0.519 1099 0.247 0.99 0.1274 0.586 0.217 

0.591 1252 0.228 0.975 0.1342 Q.65 0.206 

0.212 0.85 0.1302 0.658 0.198 0.617 1308 
.-.- _...- ....___I. l_.l__ 

The fou r  experimental  runs used t o  o b t a i n  t h e  curves f o r  the  head 

vs c a p a c i t y  and input-power vs c a p a c i t y  for the outdoor  f a n  a r e  d i s p l a y e d  

i n  Tab le  B.3. 



81 

Table 8 . 3 .  Outdoor fan tes t  data  

Volume r a t e  S t a t  i c -devel oped Fan-motor 
o f  a i r  head i n p u t  power 

(cfm) ( i n .  H20) ( k N  __ 
0.491 

1419 0.305 0.435 

2037 0.245 0.413 

2548 0.18 0.400 

2837 0.125 0.396 

151 0.40 

The overa l l  fan e f f i c i ency  a s  a funct ion of the volumetric a i r f low 

r a t e  i s  displayed i n  Table 8.4. 

Table B.4. Overall e f f i c i ency  o f  the outdoor fan-motor 
u n i t  a s  a funct ion o f  a i r f low r a t e  

Overall Air Power 
S t a t i c -  

devel oped 
head 

Volumetric 
flow r a t e  'put e f f i c i ency  power 

h 3 / s  ( c f d l  [kPa ( i n .  H20)] ( W  ( k W  

0.071 151 0.100 0.40 0 00707 0.491 0.014 

0.670 1419 0.076 0.305 0.0507 0.435 0.117 

0.961 2037 0.061 0.245 0.0584 0.413 0.14 

1.203 2548 0.045 0.18 0.0537 0.400 0.134 

1.339 2837 0.031 0.125 0.0415 0.396 0.105 
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Appendix C .  Algorithms f o r  Calculating Thermodynamic Properties 
o f  Refrigerant 22 

The equations l i s t e d  below were derived from the 1964 E .  I .  duPont 
re f r igerant  22 tables  and apply over the operating range o f  the heat pump 

(1  0°F-150°F). 
described i n  Appendix E.  The accuracy o f  the approximations a s  noted a r e  

judged t o  be consis tent  w i t h  the measurement accuracies. 

They were coded and included w i t h  the computer programs 

1 .  Saturation temperature ( T s a t )  i n  O F .  Maximum e r r o r  + 0.3. 

= D[16.79 + D(1.48 + 0.467D)I - 103.6 , Tsat  

where 

D = Wsa,), 
= saturat ion pressure, psia .  % a t  

2. Enthalpy of saturated vapor ( h  ) i n  Btu/lb. Maximum e r r o r  k 0.1. 
9 

h = 104.5 f TSat[0.0937 - TSat (0.279 + 0.015TSat) x l O y  
9 

3. Enthalpy o f  saturated l iquid ( h f )  in Btu/lb. Maximum e r r o r  1 0.05. 

hf = 10.355 .+ Tsat[0.2732 + Tsat(0.54+ 0.01059TSat) x lo-"]. 

4. Specif ic  heat of l iqu id  a t  constant pressure ( c  ) i n  Btu/lb-F". 
Maximum e r r o r  k 0,002. P 

= 0.265 + TSat[0.5868 x - TSat (0.4337 - 0.003353Tsat) x % 
10-51. 

5. Density o f  the l iquid ( p )  i n  l b / f t 3 .  Maximum e r r o r  c 0.15. 

p = 83.56 - T s a t  (0,09229 + 0.31864Tsat x 
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6. Entropy o f  saturated vapor ( s  ) in Btu/lb.Fo. Maximum e r r o r  g 
0.4 x 10-3.  

s 0.2372 - Psat  r0.28387 - Psat(0.10S9 x - 0.161 Psat x 
9 

10-511 x 10-3 . 

7 .  Par t ia l  
change 
Maxi m u m  

der ivat ive o f  enthalpy w i t h  respect t o  temperature, i . e  
n superheated vapor enthalpy per F" superheat, in ( B t u /  
e r r o r  t 0.006. 

i ) / F " .  

a h / a T I p  = 0.15 + 0.32Psat x . 

8. Par t ia l  der ivat ive o f  entropy w i t h  respect t o  temperature, i . e . ,  
change i n  superheated vapor entropy per F" superheat, in (Btu/lb.OF)/F". 

Maximum e r r o r  + 0.2 x lo-" 

a s / a ~ l ~  =- (0.32 + 3 . 0 ~ ~ ~ ~  10-4) 1 0 - 3  . 
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Appendix D. Computer Program for  the 
Data Acquisition System 

The data acquis i t ion system used i n  the experiments described i n  th is  
report  consisted pr incipal ly  of an analog-to-digital  converter,  a scanner, 

and a Digital Equipment Corp. PDP-8E minicomputer. The programs stored i n  

the minicomputer were wri t ten i n  a modified version of the FOCAL language; 

they a r e  presented here i n  flow-chart form so t h a t  they may be readi ly  

adapted t o  other  computer systems. Complete copies of the program a r e  

avai lable  on request. 

e n t r i e s  required t o  r u n  t h a t  par t icu lar  program a r e  noted, e .g . ,  t o  run 
the heat balance and COP program one would en ter  "69) 3.1". 

Supplementary data storage locations f o r  use i n  FOCAL programs are  

ident i f ied  as FSTR locat ions.  Data System inputs a re  typ ica l ly  averaged 

and stored i n  arrays as  A(1). 

ident i f ied  as follows: 

Note t h a t  a t  the introduction t o  each flow c h a r t ,  the te le type (TTY) 

Those l i s t e d  in the flow char t s  a r e  

-- A (  1 
100 

103 

106 

107 

110 

111 

114 

116 

117 

161 

162 

166 

167 

Description 

Refrigerant temperature a t  compressor shel l  o u t l e t  

Refrigerant temperature a t  indoor co i l  d i s t r ibu t ion  manifold 

Indoor coi 1 (condenser) discharge re f r igerant  temperature 

Outdoor coi 1 (evaporator) i n l e t  r e f r i  qerant temperature 

Outdoor coi 1 re f r igerant  temperature (midpoint of co i l  ) 
Outdoor co i l  o u t l e t  r e f r i g e r a n t  temperature 

Refrigerant temperature a t  i n l e t  t o  compressor shell  

Outdoor co i l  i n l e t  air  temperature 

Outdoor coi l  o u t l e t  a i r  temperature 

Indoor co i l  i n l e t  a i r  temperature 

Indoor coi l  o u t l e t  a i r  temperature 

Compressor power 

Outdoor  fan power 

168 Compressor suction pressure 

169 Compressor discharge pressure 



- 
Ihe equat ions used t o  c a l c u l a t e  COP and heat ing capac i ty  ( indoor  

co i l  power) a r e :  

COP (based on r e f r i g 2 r a n t  s i d e  measurements): 

COP(R) = Q(R) / (3 .413  CD) , 

COP (based on a i r  s i d e  measurements): 

COP(A) := Q(A)/ (3 .413  CD) , 

where 

Q(R) = indoor co i l  power, r e f r i g e r a n t  s ide  

A,(', - ' 7 )  + Qindoor .far1 

A p ( ~ )  (Tou t  - T i n l a i r  

Q ( A )  = indoor co i l  power, a i r  s i d e  

= r ; l  c 
CD := input  power (wa t t s )  

- 
- 'indoor Fan ' 'compressor ' 'outdoor fan 

A,,h,,, 
h ,h.  := r e f r i g e r a n t  en tha lp ies  at. indoor co i l  i n l e t ,  o u t l e t ,  Btu/lb 4 1  

r e f r i g e r a n t  and indoor fan f lows,  l b /h r  

= s p e c i f i c  heat  o f  a i r ,  = 0.24 Btu/lb*F 
C P ( A )  
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>) 

P r e l i m i n a r y  Scan Program ( r e c o r d  4 p o i n t s  a t  15-second i n t e r v a l s  t o  
determine when process i s  a t  d e s i r e d  o p e r a t i n g  c o n d i t i o n s )  

1.2 

W 

To S t a r t :  GO 

To Cont inue: Gld 1 . 2  

START 0 
t 
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A u x i l  i a ry  Program t o  - ~ -  R e a d  ,4rbi t r a r y  DAS I n p u t s  

To S t a r t :  D17) 4 

READ & STORE: 
-REFERENCE R E S I S T O R  D R I F T  CORRECTION=ER 
- R T D  READINGS FOR C/A AND CU/CONST 

THERMOCOUPLE REFERENCE J U N C T I O N  
BOXES 

A S K  FOR ( T T Y )  DATA P O I N T  NUMBER I 
READ P O I N T  I AND CONVERT TO E N G I N E E R I N G  U N I T S  
TYPE CONVERTED READING 

I 

I 
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A u x i l i a r y  Program t o  I n p u t  Humidity S e n s o r  P r o b e s '  C a l i b r a t i o n  Data and, 
t o  Measure and Conver t  Probe O u t p u t s  

To S t a r t :  D@ 15  ( c a l i b r a t i o n  d a t a  i n p u t )  

DP, 13 [measure o u t p u t ,  convert t o  e q u i v a l e n t  d i a l  r e a d i n g  (EDR)] 

D ~ J  3.5-3.55 ( c o n v e r t  EDR t o  p e r  cent r e l a t i v e  humid i ty )  

T C a l i b r a t i o n  Data I n p u t :  

TYPE "HUM PROBE 1 "  
ASK FOR (TTY) PROBE COLOR CODE 
TURN ON HIGH SPEED TAPE READER (HSR) 

'READ IN 1 2  POLYNOMIAL FIT COEFFS. 

T U R N  OFF HSR 
FOR PROBE 1 ,  STORE IN FSTR 71-82 

I REPEAT ABOVE FOR PROBE 2 ,  STORING 
COEFFS. IN FSTR 83-94 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

__.__. Aux.il i a r y  Program t o  Input  Humi-dity Sensor-. Probes'  Ca l ib ra t ion  D a k a n i  
_I_- t o  Measure and Convert ProbLOutputs  [cuvLZ;inuedl 

Measure O u t p u t ,  
Convert t o  EDR: START 7 

READ RESISTANCES OF PROBES 1 & 
(ONCE EACH POLARITY)" 

READ R E F E R E N C E  RESISTOR" 

r- ----- 

__I___..-_ SET "DIAL RDG" 

USING POLYNOMIAL F I T  FROM 

*Dunmore-type l i th ium-chlor ide  hygrosensors a r e  p o l a r i t y  s e n s i t i v e  and  
normally r equ i r e  a-c e x c i t a t i o n .  
cal  i b ra t ion  s h i f t s .  

Prolonged d-c causes migrat ion and 
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I-- -- 

I 
I 

I 
I 
r - --- 
I 

A u x i l i a r y  Program t o  I n p u t  Humid i ty  Sensor Probes’  C a l i b r a t i o n  Data and 

SET DiV(1 j 
SET R1=R*l00 

SET FSTR INDEX H=83 
SET TEMPERATURE AT PROBE 2 

T=A( 11 7 )  
SET D=V(2) 

SET RZ=R*100 

- DO 14 

?ROBE 2: 

- DO 14 

t o  Measure and Convert Probe Outputs (colLtinued) - ~ _ _ -  

WITH POLYNOMIAL FOR T=40”F, =R4 

Convert  EDR t o  Per Cent 
R e l a t i v e  Humid i ty  (RH) :  

SET FSTR INDEX H=71 
SET TEMPERATURE AT PROBE 1 1 T=A(116) 
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..___ A u x i  1 i ary P r o g r a m  t o  Read  Indoor F a n  Fx (Manua l  -. R e a d i n g s  v i  a Ho t - W i  r e  
Anemomete r )  

To S t a r t :  DB 16 

15.1 J r TYPE " I N  FAN" 
FOR 1=1 ,15: 

*ASK FOR (TTY)  INPUT OF 
H (  I )=HORIZONTAL TRAVERSE 
VELOCITY, FT /MIN  

FOR 1=1,15: 
=ASK FOR (TTY)  INPUT OF 

V ( I ) = V E R T I C A L  TRAVERSE - ,-, 
VELOCITY, FT/MIN 

CALCULATE TOTAL. CFM: 
TF=CAi Hi'CAiV 
WliERE AizCROSS-SECTIONAL AREA 

COVERED BY READING 
CALCULATE MASS FLOW: 

PRINT TF & MF 
*MF=4.43*TF, LB/HR 
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3.1 

v 

. 

4 

H e a t  Balance and COP P r o g r a m  - H e a t i n g  Mode 

To S t a r t :  GB 3.1 

ASK FOR: 
SCNINT (SCAN INTERVAL,  SECONDS)=SC 
NAVG (NO. OF READINGS TO BE AVERAGED)=NA 
PWR ( INDOOR FAN POWER, WATTS =PW 

FOR K = l O 1  121 : 
A (  FSTR( K)  )=O - CLEAR STORAGE LOCATIONS 

FOR DATA INPUTS 
SET N=O (SCAN COUNTER) 
TYPE DATE AND T I M E  
SET NEXT SCAN T I M E  =CLOCK+SC ___- 

START 0 
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H e a t  Balance .-.____ and COP Program .- - H e a t i n g  Mode ( c o d n u Q d )  

ERP H U M I D I T Y  PROBES 

ASK: 
SET T = A ( 1 0 7 )  

CALCULATE ROTOMETER MASS FLOW: 

"ROTO" - ROTBMETER SCALE RQG. = RO 

CALCULATE ROTOMETER F L U I D  DENSITY FROM T, SET=DE 

MR=O .0153*RO*DE/ (0.451 +O . OO88"DE) 

SET P = A ( l S 9 )  - COMPRESSOR DISCHARGE PRESSURE, P S I A  
CALCULATE T-SAT ( = T S )  AND hg (=!-E) FROM P 

CALCULATE a h / a T  (=WT) 
CALCULATE COMPRESSOR DISCHARGE ENTHALPY: 

H 4  = WG + HT x SW 

CALCULATE SUPERHEAT: SWEA(103)  - TS 

ESTIMATE PRESSURE AT DISCHARGE OF INDOOR C O I L :  

CALCULATE T-SAT ( = T S ) ,  h f  ( = H F ) ,  AND C P (=CP) 
CALCULATE INDOOR C O I L  DISCHARGE ENTHALPY: 

P = P - 1 0  

H7 = HF - CP(TS - A ( 1 0 6 ) )  

ESTIMATE PRESSURE AT AGCURATBR I N L E T ,  P S I A :  

CALCULATE T-SAT (=TS) ,  h F  (=HF), AND C P (=CP) 
CALCULATE ACGURATOR I N L E T  ENTHALPY: 

A = P - 2  

H 8  = HF - C P ( T S - A ( 9 0 7 ) )  
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H e a t  B a l a n c e  a n d  COP P r o g r a m  - H e a t i n g  Mode ( c a ~ n u e d ]  

CONTINUE T 
SET P = A ( l 6 8 ) + 3  - ESTIMATED COMPRESSOR 

CALCULATE T-SAT (=TS) AND hg 

CALCULATE SUPERHEAT: S H = A ( l l l ) - T S  

I N L E T  PRESSURE, P S I A  

FROM P 
(=HG) 

CALCULATE aH/aT (=HT) 

" T 1 2  WET, 
SH=XX. X" 

SET H(12) 

I \ - /  1 
/ 

20.7 . 
ESTIMATE PRESSURE AT COMPRESSOR INLET 

SHELL, PSIA:  P = P - 3 
CALCULATE T-SAT (=TS) AND hg (=HG) 

CALCULATE SUPERHEAT 
i FROM P 

SR=A (1 14) -TS 
CALCULATE Sg FROM P (=SG) 

YES- 20.9 
" T 1 5  WET, 

SH=XX. X "  
SET H ( 1 5 )  

=HG 
SET S(15)  Lli 

.L 
CALCULATE a h / a T  (=HT) & aS/aT 

CALCULATE INLET SHELL ENTHALPY: 

CALCULATE INLET SHELL ENTROPY: 

(=ST) 

H ( 1 5) =HG+HT*SR 

S ( 1 5 )  =SG+ST*SR 
I 
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H e a t  ..-.- B a l a n c e  and .... COP P r o g r a m  - H e a t i n g  Mode .._ (cul.l;tinued) 

_I___ 

ESTIMATE COMPRESSOR OUTLET SHELL PRESSURE, P S I A :  
P .= A(169) -t 2 

CALCULATE T-SAT (y:TS), AND Ilg (=HG) FROM P 
CALCULATE SUPERHEAT s w = ~  (1 00) --rs 
CALCULATE a h / a T  (=l-IT) AND aS/aT (=ST)  
CALCULATE ENTHALPY AT OUTLET SHELL : 

CALCULATE Sg (=SG) 
CALCULATE ENTROPY AT OUTLET SI-IELL: 

CALCULATE COMPRESSOR ISENTROPIC EFFICIENCY: 

CALCULATE COMPRESSOR SHELL HEKT LOSS, BTU/HR: 

CALCULATE OUTDOOR COIL  POWER, B'TU/I-IR: 

CALCULATE COP DENOMINATOR, WAlTS: 

CALCULATE INDOOR COIL  POWER, BTU/HR: 

CALCUL.ATE COP (BASED ON REFRIGERANT S IDE MEASUREMENT) : 
CR = QH/(CD * 3.413) 

A I R  S IDE POWER, BTU/HR 

COP ( A I R  S I D E )  = CA = QA/(CD * 3 . 4 1 3 )  

H1 2 HG + WT * SW 

S1 = SG t- ST * SW 

EF 

QS 

90 = MR * ( H ( 1 2 )  - 1-18) 

(H1 - (SI  .. S ( 1 5 ) )  * HT/ST - H(l5 ) ) / ( t i l  

A ( 1 6 6 )  * 3.413 t- MR * ( H ( 1 5 )  - H I )  

- H ( 1 5 ) )  

CD = PW t A(166)  -+ A(167) 

QH zz MR * (H4 - H7) + PW * 3 . 4 1 3  

QA = MF * 0.24 * ( A ( 1 6 2 )  - A ( 1 6 1 ) )  
- 

WAIT FOR TIME-TO NEXT SCAN 
BE = CLOCK -t SC 
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