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PERFORMANCE EVALUATION OF A LOW-FIRST-COST, THREE-TON, 
AIR-TO-AIR H U T  PUMP IN THE HEATING MODE 

A. A. Domingorena 

ABSTRACT 

A low-cost, air-to-air, split-system residential 
heat pump of nominal 3-ton capacity was instrumented 
and tested in the heating mode under laboratory cotidi- 
tions. This was the first of a planned series of 
experiments, the objective of which is to assemble a 
detailed data base of system and component performance 
for heat pumps. The system was tested under both 
steady-state and frosting-defrosting conditions. 

and coefficient of performance were determined, arid 
evaluations of fan performance, heat-exchanger and 
capillary-tube performance, compressor performance, 
and system heat losses were made. 
tests provided information for evaluating both system 
and component performance under dynamic conditions. 

of the amount of refrigerant charge on system performance. 

From the steady-state tests, the heating capacity 

The frosting-defrosting 

Tests were also conducted to determine the effect 

1. INTRODUCTION 

This report describes the procedures and results of experiments 

being conducted as a part of a heat-pump research program by the Oak 

Ridge National Laboratory for the Department of Energy, Office of Conser- 

vation and Solar Applications, Division of Buildings and Community 

Systems. The overall objective of the research program is to identify 

and promote cost-effective modifications in heat-pump design that can 

substantially reduce energy consumption in residential and commercial 

buildings. This objective is being approached in a combined experimental 

and theoretical study. A data base on heat-pump system and component 

performance is being obtained experimentally, and a computer model is 

being formulated to evaluate analytically various candidate improvements. 

In order to provide the level of detail required €or these analyses, the 

procedures used in the experimental tests will be much more extensive 
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t h a n  t h o s e  r e q u i r e d  f o r  r a t i n g  h e a t  pumps f o r  consumer compara t ive  

pu rposes .  The emphasis w i l l  be on g a t h e r i n g  i n f o r m a t i o n  f o r  d e s i g n  

s t u d i e s  r a t h e r  t han  p r o v i d i n g  consurncr i n f o r m a t i o n .  

The s p e c i f i c  o b j e c t i v e s  of t h e  experii i ients d e s c r i b e d  h e r e i n  are:  

1. t o  de t e rmine  t h e  base-case  perrormance of a l o w - f i r s t - c o s t  h e a t  pu111p 
and t h e  c h a r a c t e r i s t i c s  of some of i t s  components under  s t e a d y - s t a t e  
n o n f r o s t i n g  c o n d i t i o n s  and f r o s t i h g - d e f r o s t i n g  c o n d i t i o n s ,  

due t o  f r o s t  accumula t ion  on t h e  ou tdoor  c o i l .  
2 .  t o  measure e x p e r i m e n t a l l y  the d e g r a d a t i o n  oE heat-pump performance 

It w a s  dec ided  a t  t h e  o u t s e t  o f  t h e  s t u d y  t h a t  one o f  t h e  heat:-pump 

u n i t s  t o  be  t e s t e d  shou ld  b e  a low-cost sys tem t h a t  might b e  sei-ected by 

a s p e c u l a t i v e  home b u i l d e r .  It i s  planned t o  t e s t ,  a t  a la ter  t i m e ,  

o t h e r  un i - t s  t h a t  have  d i f f e r e n t  f e a t u r e s  and h i g h e r  e f f i c i e n c y  r a t i n g s .  

Tests w e r e  conducted on a nominal  3- ton,  a i r - t o - a i r ,  s p l i t - s y s t e m  

h e a t  pump c o n s i s t i n g  of a n  indoor  and a n  outdoor  u n i t  s e p a r a t e d  by 7 .6  m 

(25 ft> of  l i q u i d - l i n e  and vapor - l ine  r e f r i g e r a n t  t u b i n g .  The sys tem 

w a s  i n s t rumen ted  so  t h a t  t h e  performance of b o t h  i n d i v i d u a l  components 

and t h e  t o t a l  sys tem could  b e  e v a l u a t e d .  The tes t  f a c i l i t y  c o n s i s t e d  of 

two "boo t s t r ap"  a i r  d u c t  l oops  which are d e s c r i b e d  subsequen t ly  i n  t h i s  

r e p o r t  . 

2 .  SUMMARY AND CONCLUSIONS 

2 . 1  Hea t ing  Capac i ty  and C o e f f i c i e n t  of Performance (COP) 
under  S teady-S ta t e  (Nonf ros t ing )  Cond i t ions  

The observed  c a p a c i t y  and e f f i c i e n c y  of t h e  sys tem under  s t e a d y - s t a t e  

n o n f r o s t i n g  c o n d i t i o n s  w e r e  found t o  compare c lose ly  w i t h  ra ted  v a l u e s .  

The observed  and r a t e d  performance parameters  f o r  o p e r a t i o n  a t  8 ° C  ( 4 7 ° F )  

outdoor  a i r  t empera tu re  and 21."C (70°F) indoor  a i r  t empera tu re  are a s  

f o l l o w s  : 

Observed h e a t i n g  c a p a c i t y ,  10.90 

Observed h e a t i n g  c a p a c i t y ,  11 * 10 

r e f  r i - g e r a n t  method, kW 

a i r  method , kW 
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Rated h e a t i n g  c a p a c i t y ,  kW 11.40 

COP, r e f r i g e r a n t  method 2.08 

COP, a i r  method 2.13 

Rated COP 2.20 

Observed power i n p u t ,  kW 5 .21  

Rated power i n p u t ,  kW 5.10 

The h e a t i n g  c a p a c i t y  and COP w e r e  measured by two methods,  a i r - s i d e  h e a t  

b a l a n c e  and r e f r i g e r a n t - s i d e  h e a t  b a l a n c e ,  which y i e l d e d  r e a s o n a b l y  

c o n s i s t e n t  r e s u l t s .  

rpm produced no  o b s e r v a b l e  e f f e c t  on t h e  u n i t ' s  per formance ,  a l t h o u g h  a 

3% drop  i n  c a p a c i t y  and COP w a s  observed  when t h e  f a n  speed  w a s  f u r t h e r  

reduced  t o  460 rpm. Dec reas ing  t h e  indoor  a i r  t empera tu re  from 2 loC 

(70°F) t o  1 8 O C  (65'F) had no  o b s e r v a b l e  e f f e c t  on t h e  per formance  of t h e  

u n i t ,  c o n t r a r y  t o  e x p e c t a t i o n s ,  b u t  i n c r e a s i n g  t h e  indoor  a i r  t empera tu re  

t o  27OC (80'F) caused  a n  expec ted  s m a l l  d rop  i n  c a p a c i t y  and COP. 

Reducing t h e  indoor- fan  speed  from 850 rpm t o  650 

2.2 Fan and Fan-Motor E f f i c i e n c y  

The combined e f f i c i e n c y  (power s p e n t  i n  moving a i r  d i v i d e d  by 

e lec t r ica l  i n p u t )  of  t h e  indoor  f a n  and fan-motor a t  t h e  nominal  a i r f l o w  

rate of  2000 m3/hr (1200 f t 3 / m i n )  i s  0.17, w h i l e  peak  e f f i c i e n c y  of t h e  

f a n  and motor is 0.22,  o b t a i n e d  a t  abou t  1600 m3/hr (940  f t 3 / m i n ) .  For  

t h e  ou tdoor  f a n  and motor ,  t h e  combined e f f i c i e n c y  a t  t h e  nominal  a i r f l o w  

rate of  4000 m3/hr (2350 f t 3 / m i n )  i s  0.11, w h i l e  peak  e f f i c i e n c y  of 0.13 

i s  o b t a i n e d  a t  3100 m3/hr (1800 f t 3 / m i n ) .  

t h a t  t h e  f a n s  are n o t  o p e r a t i n g  i n  t h e i r  b e s t - e f f i c i e n c y  o p e r a t i n g  regime 

as i n s t a l l e d  i n  t h e  t es t  a p p a r a t u s .  Some o p p o r t u n i t y  f o r  improvement i n  

combined €an  and fan-motor e f f i c i e n c y  i s  a p p a r e n t .  An a n a l y s i s  of  t h e  

q u i c k  payback expec ted  from such  an improvement i s  g iven  la ter  i n  t h i s  

r e p o r t .  

Accord ingly ,  i t  is  concluded 
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2 . 3  Heat-Exchanger and Capi l lary-Tube PerEormance 

The performance of t h e  heat-exchanger  components is  r e l a t e d  t o  t h e  

f low c h a r a c t e r i s t i c s  of  the c a p i l l a r y - t u b e  c o n t r o l  d e v i c e .  Both t h e  

indoor  and ou tdoor  c0i.l.s o p e r a t e  w i t h  a c l o s e  approach  of r e f r i g e r a n t  

e x i t  t empera tu re  t o  en t ie r ing  a i r  t empera tu re :  3-5 C" ( 5 9  F")  i n  t h e  

indoor  c o i l  and 2 4  C" (4--11 F") i n  t h e  ou tdoor  coi l . .  However, a h i g h  

i n d o o r - c o i l  condens ing  t empera tu re  [up t o  36 C" (65 Yo) above i n d o o r  

a i r  t empera tu re ]  i s  ma in ta ined  by t h e  r e s t r i c t i o n  of t h e  c a p i l l a r y - t u b e  

c o n t r o l .  I n  t h e  outdoor  ( evapora t ing )  c o i l ,  t h e  cap i - l l a ry - tube  c o n t r o l  

r e s u l t s  i n  z e r o  e x i t  s u p e r h e a t  under c o l d  [below 0 ° C  (32"F)I  ou tdoor  

c o n d i t i o n s ,  and s u p e r h e a t  r ang ing  up t o  16°C (28°F) i n  w a r m e r  ambients .  

The indoor  c o i l  a p p e a r s  t o  run  t y p i c a l l y  one-half  f u l l  of l i q u i d  

r e f r i g e r a n t  i n  t h e  h e a t i n g  mode, as ev idenced  by measurement of r e t u r n -  

bend t empera tu res .  

2.4 H e a t  Losses  

It i s  appa ren t  t h a t  abou t  1 . 6  klJ (5500 B tu /h r )  are b e i n g  rejected 

as h e a t  from t h e  b a r e  compressor s h e l l  - approximatt~1.y one-t-hird of 

compressor  power i n p u t .  While t h i s  h e l p s  c o o l  t h e  compressor ,  i t  r e s u l t s  

i n  a sys tem e f f i c i e n c y  loss .  I n  t h e  d i s c h a r g e  l i n e ,  0 .15  t o  0 .65 kW 

(500 t u  2200 B tu /h r )  are  b e i n g  l o s t ;  presumably,  most of  t h i s  o c c u r s  

a t  o r  i n  t h e  r e v e r s i n g  valve. 

2 . 5  Compressor Opera t ion  

The o v e r a l l  compressor  e f f i c i e n c y ,  d e f i n e d  as t h e  r a t i o  of i d e a l  

i s e n t r o p i c  work (based  on s h e l l  i n l e t  and o u t l e t  c o n d i t i o n s )  t o  a c t u a l  

e l ec t r i ca l  ene rgy  i n p u t ,  ranged from 0 . 4 0  t o  0 . 4 4 .  ( I t  w a s  n o t  p o s s i b l e  

t o  compute compressor e f f i c i e n c y  f o r  o p e r a t i n g  c o n d i t i o n s  under  which 

compressor -suc t ion  vapor  w a s  i n  t h e  wet:, s a t u r a t e d  c o n d i t i o n . )  T h i s  

e f f i c i e n c y  Level i s  judged  t o  b e  l o w  compared w i t h  what i s  a c h i e v a b l e  

w i t h i n  t h e  p r e s e n t  s ta te  of t h e  a r t .  
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2 .6  Performance under  F r o s t i n g  Cond i t ions  

O f  t h e  two ou tdoor  c o n d i t i o n s  under  which f r o s t i n g  per formance  w a s  

e v a l u a t e d  (-3°C and 2.SoC, b o t h  w i t h  90-100% re la t ive  h u m i d i t y ) ,  t h e  

lower t e m p e r a t u r e  proved  t o  be t h e  more severe i n  teams of r a t e  of f r o s t  

accumula t ion  on t h e  ou tdoor  c o i l .  

performance summary ( p e r c e n t  change)  f o r  t h e  sys tem a f t e r  one-half  hour  

of f r o s t i n g  opera tLon:  

The f o l l o w i n g  t a b u l a t i o n  g i v e s  a 

-3°C (26-27°F) 2.5OC (36-37°F) 

Outdoor-co i l  a i r f l o w  -47 -1 9 

Outdoor-co i l  a i r  p r e s s u r e  drop  +240 +238 

Hea t ing  c a p a c i t y  -1 4 -7 

COP -10 -3 

Outdoor-fan power +4 t-4 

'The sys tem was c a p a b l e  of o p e r a t i n g  f o r  90 min a t  2.S"C and 60 min a t  

-3"C, a t  which t i m e  o u t d o o r - c o i l  a i r f l o w  w a s  s e v e r e l y  r e s t r i c t e d  and 

sys tem p r e s s u r e s  w e r e  d e c r e a s i n g  r a p i d l y .  

D e f r o s t  w a t e r  c o l l e c t i o n  ranged from 1 . 0  t o  1 .3  l i t e rs  a f t e r  

one-half-hour  f r o s t i n g  p e r i o d s .  A f t e r  a 90-min f r o s t i n g  p e r i o d  a t  

2.5'C, 2 . 8  l i ters  of water w e r e  c o l l e c t e d .  

Records of t r a n s i e n t  sys tem p r e s s u r e s  d u r i n g  t h e  d e f r o s t  c y c l e  

show t h a t ,  1 min a f t e r  i n i t i a t i o n  of t h e  c y c l e ,  sys tem p r e s s u r e s  are 

ex t r eme ly  low - t h e  r e s u l t  of condensa t ion  and accumula t ion  of 

r e f r i g e r a n t  i n  t h e  c o l d  o u t s i d e  c o i l .  Another  minute  of  o p e r a t i o n  i s  

r e q u i r e d  b e f o r e  nominal p r e s s u r e s  b e g i n  t o  be  r e s t o r e d  and heat  i s  

d e l i v e r e d  t o  t h e  o u t s i d e  c o i l  a t  a s i g n i f i c a n t  ra te .  

The ave rage  COY d u r i n g  f r o s t i n g - d e f r o s t i n g  c o n d i t i o n s  takes i n t o  

accoun t  t h e  power i n p u t  r e q u i r e d  d u r i n g  d e f r o s t .  I f  t h e  sys t em i s  a l s o  

p e n a l i z e d  by t h e  supplementary  e l e c t r i c  r e s i s t a n c e  h e a t  r e q u i r e d  t o  

m a i n t a i n  f u l l  h e a t i n g  c a p a c i t y ,  t h e  ave rage  COP i s  f u r t h e r  reduced .  

Coinputed ave rage  COPS o v e r  a 30-min f r o s t i n g  c y c l e  are as fo l lows :  
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---- C o e f f i c i e n t  of  performance -I__. 

i thou t With 
Temper a tin e sup p letnen t ar y supplementary 

Nonf ros t ing  r e s i s t a n c e  h e a t  -. r e s i s t a n c e  heaL- ___...I_- ("0 ...... 

2 - 5  

-3.0 

2.05 

2.00 

1 . 7 3  

1.56 

J.. 60 

1 .42  

2.7 E f f e c t  of Coiiiponent I n e f f i c i e n c i e s  

F igu re  2 . 1  shows t h e  manner i n  which the observed  coinponent 

i n e f f i c i e n c i e s  a f f e c t  t h e  sys tem e f f i c i e n c y ,  o r  COP, f o r  t h e  n o n f r o s t i n g  

c o n d i t i o n s  of 21°C ( 7 0 ° F )  indoor  and 8°C (47°F) outdoor  a i r  t empera tu res .  

An  i d e a l  vapor-compression c y c l e  u s i n g  R-22 as t h e  working f l u i d  and 

o p e r a t i n g  between t h e  t empera tu re  limits of 21. and 8°C (70 and 47°F) h a s  

a COP of 21 .45 .  O f  c o u r s e ,  a rea l  systein cannot  o p e r a t e  wi thou t  a 

t empera tu re  d i f f e r e n c e  a c r o s s  t h e  h e a t  exchangers .  For an i d e a l  R--22 

sys tem u s i n g  t h e  observed  hea t -exchanger  te i i ipera tures ,  

53'C (127°F) condens ing ,  
-3°C ( 2 6 ' F )  evapora t i -ng  , 
27 C" ( 4 8  F") s u b c o o l i n g ,  
11. C"  (19 F")  s u p e r h e a t ,  

t h e  computed COP i s  5.41.  'Thus a 75% l o s s  i n  e f f i c i e n c y  from t h e  idea l . ,  

r e v e r s i b l e  c y c l e  r e s u l t s  from t h e  t empera tu re  d i f f e r e n c e s  a c r o s s  t h e  

hea t  exchangers .  A compressor e f f i c i e n c y  of 0 . 4 2  r educes  t h e  COP t o  

2.85, an  a d d i t i o n a l  47% l o s s .  Heat l o s s  from t h e  compressor s h e l l  as 

measured i n  t h e s e  tests reduces  t h e  computed COP 14% t o  2 . 4 5 .  The i d e a l  

f a n  power would reduce  t h e  COP 3% t o  2 . 3 8 ;  and t h e  observed  f a n  and fan-  

motor i n e f f i c i e n c i - e s  f u r t h e r  r educe  the  computed COP an a d d i t i o n a l  1-22, 

t o  2.09 - whi.cli i s  about  eqiiaJ. t o  t h e  observed  COP. 
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under steady-state, nonfrosEing conditions. 



2 . 8  E f f e c t  of R e f r i g e r a n t  Charge 

The expe r in i en ta l  r e s u l t s  i n d i c a t e  t h a t  t h e  perEormance of t h e  

sys tem i s  h i g h l y  s e n s i t i v e  t o  r e f r i g e r a n t  undercharge .  There i s  an  

a lmos t  l i n e a r  r e d u c t i o n  i n  t h e  h e a t i n g  c a p a c i t y  and COP as t h e  r e f r i g -  

e r a n t  cha rge  d e c r e a s e s  from t h e  nominal  cha rge  of  3.4 kg ( 7  l b ,  9 02) t o  

abou t  1 .84  kg (4 l b ,  1 o z ) .  On t h e  o t h e r  hand,  ove rcha rg ing  r e f r i g e r a n t  

t o  about  3.85 kg (8 Ib, 8 02) r e s u l t s  i n  a s m a l l  v a r i a t i o n  of t h e  h e a t i n g  

c a p a c i t y  and COP.  

3 .  DESCRIPTION OF TEST U N I T  

The heat-pump u n i t  e v a l u a t e d  i n  this s t u d y  is  a commercial ly  

a v a i l a b l e  a i r - t o - a i r  spl i t  sys tem w i t h  a nominal  3-ton c a p a c i t y .  The 

s a l i e n t  f e a t u r e s  of t h e  test u n i t  are p r e s e n t e d  i n  Table  3.1; more 

d e t a i l e d  i n f o r m a t i o n  on t h e  u n i t  i s  p r e s e n t e d  i n  Appendix A .  

The d e f r o s t  c o n t r o l  o p e r a t e s  on a t ime-and-temperature  p r i n c i p l e .  

A t h e r m o s t a t  l o c a t e d  a t  t h e  bot tom of t h e  ou tdoor  c o i l  c a u s e s  a t i m e r  

motor t o  start: when t h e  t empera tu re  of t h e  ou tdoor -co i l  t u b e  drops  t o  

0 ° C  (32 'F) .  A f t e r  an  accumulated p e r i o d  of t i m e  a t  0 ° C  (32°F) o r  below,  

t h e  t i m e r  e n e r g i z e s  t h e  d e f r o s t  r e l a y s ,  whi.ch i n  t u r n  p o s i t i o n  t h e  

r e v e r s i n g  valve i n  t h e  c o o l i n g  mode ( d e f r o s t  p e r i o d )  and s t o p  t h e  ou tdoor  

f a n .  The t:i.me a t  o r  below 0 ° C  (32°F) t h a t  may be  accumulated b e f o r e  t h e  

d e f r o s t  c y c l e  i s  i n i t i a t e d  depends on t h e  c a m  i n s t a l l e d  i n  t h e  t i m e r ;  s t o c k  

c a m s  are a v a i l a b l e  f o r  e i t h e r  30 o r  90 min. 

The u n i t  remains i n  t h e  d e f r o s t  p e r i o d  ( c o o l i n g  mode) u n t i l  t h e  

t empera tu re  of t h e  outdoor  c o i l  r e a c h e s  14°C (57°F) .  A t  t h i s  t empera tu re  

the co i l .  i s  e s s e n t i a l l y  f r e e  of  f r o s t ,  and t h e  d e f r o s t  t h e r m o s t a t  opens 

t o  s t o p  t h e  tinier, r e t u r n i n g  t h e  r e v e r s i n g  valve to  t h e  h e a t i n g  mode and 

s t a r t i n g  the ou tdoor  f a n .  The t i m e r  w i l l  n o t  r u n  a g a i n  u n t i l  t h e  

o u t d o o r - c o i l  t empera tu re  d rops  t o  0 ° C  (32°F).  
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Tab le  3.1.. P r i n c i p a l  f e a t u r e s  of tes t  u n i t  
--__I_ ----.I - - - ~  -_-__ 

R e f r i g e r a n t  R-22 

Compressor 

Outdoor c o i l  

Indoor  c o i l  

Con t r o 1. s 

Hermetic  
Two-piston, r e c i p r o c a t i n g  
Two-pole motor 
74.1 x m3 ( 4 . 5 2  i n . 3 )  di .splacement  

Aluminum f i n ,  copper  t u b e  w i t h  r e t u r n  bends ,  

0.482 m2 (5.19 ft2) f a c e  area 
Three-b lade ,  0.5l-m-diam (20- in . )  p r o p e l l e r  f a n  
4000 m3/hr (2350 cfm) nomirial a i r f l o w  

Aluniinuim f i n ,  copper  t u b e  w i t h  r e t u r n  hends,  

0.269 mz (2.90 f t :2)  f a c e  area 
0.23-m-diam ( 9 - i n . ) ,  0.2-m-long ( 8 - i n , )  

2000 m3/hr (1200 cfm) nominal  a i r f l o w  

C a p i l l a r y  t u b e s  f o r  b o t h  k a t - i n g  and c o o l i n g  
Time-temperature d e f r o s t  c o n t r o l  
Four-way r e v e r s i n g  v a l v e  

t h r e e  rows deep 

t h r e e  rows deep 

squ i r r e l . - cage  f a n  rotor 

Accumulator None 

Rated c a p a c i t y  10 .55  k'W (36,000 Btidhr) cool ing  at 3 5 ° C  ( 9 5 ° F )  
1.1.40 kW (39,000 B t u / h r )  h e a t i n g  a t  8 ° C  ( 4 7 ° F )  
6.50  kW (22,000 B t u / h r )  h e a t i n g  a t  -8°C: (17°F') 

Rated COP 2.2 a t  8°C ( 4 7 ° F )  
1 . 4  a t  -8°C (17°F)  

4 .  DESCRIPTION OF TEST APPARATUS 

4 . 1  T e s t  Loops 

Boots t rap ' '  a i r  loops  w e r e  used t o  c o n t r o l  t h e  c o n d i t i o n s  of t h e  11 

a i r  approach ing  t h e  i n d o o r  and ou tdoor  heat-pump u n i t s .  I n  a b o o t s t r a p  

l o o p ,  most of t h e  a i r  d i s c h a r g e d  from t h e  f a n - c o i l  u n i t  is  r e c i r c u l a t e d  

back t o  t h e  i n l e t ,  w i t h  b l e e d  a i r  and /o r  supp lemen ta l  h e a t  used t o  con- 

t r o l  t h e  t empera tu re  of the a i r  w i t h i n  t h e  loop.  I n  t h e  indoor -un i t  

l o o p ,  c o o l  room a i r  can be i n j e c t e d  i n  t h e  w i n t e r  t o  compensate f o r  the 

h e a t  r e j e c t e d  by t h e  c o i l ,  t o  m a i n t a i n  a d e s i r e d  t empera tu re  l e v e l .  I n  

t h e  summer, t h i s  approach  i s  n o t  f e a s i b l e ,  and a i r  f rom a s e p a r a t e  
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heat-pump system o p e r a t i n g  i n  t h e  c o o l i n g  mode w a s  i n j e c t e d  to m a i n t a i n  

t h e  d e s i r e d  loop a i r  t empera tu re .  

'Yhe t e m p e r a t u r e  of t h e  i n l e t  a i r  to t h e  ou tdoor -un i t  I.oop, which i s  

reduced by t h e  c o l d  ou tdoor  c o i l  (i.n t h e  h e a t i n g  mode), i s  r e g u l a t e d  

e i t h e r  by b l e e d i n g  i n  room a i r  o r  by add ing  e l e c t r i c  r e s i s t a n c e  h e a t .  

Humidity can be c o n t r o l l e d  by i n j e c t i n g  steam i n t o  t h e  l o o p .  

I:n t h i s  s t u d y  t-he s t e a d y - s t a t e  tes ts  ( n o n f r o s t i n g )  were conducted 

i n  w i n t e r ,  and t h e  ambient l a b o r a t o r y  a i r  w a s  d ry  enough t o  p r e c l u d e  

f r o s t i . n g .  The f r o s t i n g - d e f r o s t i n g  tests w e r e  conducted i n  summer, and 

l a b o r a t o r y  a i r  b l e d  i n t o  t h e  o u t d o o r - u n i t  t e s t  loop  was s u f f i c i . e n t l y  

humid t o  p r o v i d e  e s s e n t i a l l y  100% r e l a t i v e  humj-dit1.y i n  t h e  loop .  Th i s  

w a s  a d e s i r a b l e  c o n d i t i o n  because  i t  r e p r e s e n t e d  a "most s e v e r e "  

o p e r a t i n g  environment .  

B o o t s t r a p  l o o p s  have a shortcoming i n  conduc t ing  c y c l i n g  and 

d e f r o s t i n g  tes ts  c o n t r o l  of t h e  a i r  t empera tu re  i n  t h e  ou tdoor -un i t  

loop i s  l o s t  du r  ng the ' 'off ' '  o r  d e f r o s t i n g  p e r i o d .  Thus, some t i m e  

a f t e r  s t a r t u p  i s  r e q u i r e d  t o  r e e s t a b l i s h  t h e  desi-red t e s t  c o n d i t i o n s .  

i n  OUK tests, t h e  t i m e  r e q u i r e d  t o  r e e s t a b l i s h  t h e  d e s i r e d  outdoor  a i r  

t empera tu re  a f t e r  d e f r o s t i n g  w a s  6-10 m i n .  However, t h e  subsequent  

f r o s t i n g  p e r i o d  w a s  assumed t o  coiiiiiience on1.y a f t e r  t h e  c o i l  t empera tu re  

dropped below O ° C  ( 3 2 ° F ) .  

F i g u r e  4 . 1  i s  a photograph of t h e  t es t  I.oops used i n  t h i s  s t u d y ,  

and F i g s .  4 . 2  and 4 . 3  are  schemat i c s  of t h e  ou tdoor  and indoor  l o o p s  

r e s p e c t i v e l y .  The I.oops are o p e r a t e d  w i t h o u t  a supplementary f a n ;  t h i s  

i s  possib1.e because  1-arge f low areas and co r re spond ing  ].ow a i r  v e l o c i t i e s  

are m a i n t a i n e d ,  and a low-pressure-drop a i r f l o w  measurement scheme i s  

employed . 

4.2 1n.s t rumentat ion 

4 . 2 . 1  Temperature 

A l l  t e m p e r a t u r e s  were measured w i t h  Chrumel-Alumel thermocouples 

e x c e p t  f o r  t h o s e  on t h e  coiiipressor, whJch were copper c o n s t a n t a n .  On 

r e f r i g e r a n t  l i n e s ,  thermocouples w e r e  f i r s t  t aped  t o  t h e  l i n e ,  then 
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Fig. 4.3. Schematic diagram of indoor-unit t e s t  l oop .  
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s e r u r e d  w i t h  a hose  c l a m p  and covered w i t h  foamed-elastomer i n s u l a t i o n .  

Air t e m p e r a t u r e s  w e r e  measured by meaiis o f  illerrnocouple g r i d s  a t  

a p p r o p r i a t e  l o c a t i o n s .  

4 - 2 . 2  P r e s s u r e  
.-l__ ..... 

S t e a d y - s t a t e  r e f r i g e r a n c  p r e s s u r e s  w e r e  measured u s i n g  bourdon-type 

gages.  The low-side p r e s s u r e  gage,  w i t h  1 - p s i  d i v i s i o n s ,  w a s  l o c a t e d  ail 

t h e  compresso r - she l l  i n l . e t ,  and t h e  h i g h - s i d e  gage,  wi!:h 5 - p s i  d i v i s i o n s ,  

was l o c a t e d  ai: t h e  heLiting-mode cap i l - l a ry - - tube  i n l e t .  Fo r  f r o s t i n g  tes ts ,  

strai.r7-gag-..-~~ppe dynamic p r e s s u r e  t r a n s d u c e r s  w e r e  i n s t a l l e d  a t  t h e  same 

t e s t  p o i n t s .  

4 . 2 .  3 R e f r j g e r a n t  f l ow ra.555- 

Two r o t a m e t e r s  wpre used t o  de t e rmine  r e f r i g e r a n t  f l ow ra te .  The 

r u t a r n e ~ e r s  Mere used w i t 1 1  a s y s i  e m  of check v a l v e s  s o  t h a t  one was 

o p e r a t i v e  i n  rht? h e a t i n g  mode and t h e  o t h e r  w a s  o p e r a t i v e  i n  t h e  

c o o l i n g  modp. 

4 2 . 4  Air f low r a t e  

Ai r f low r a t e  i n  t h e  tesi l o o p s  w a s  measiired by means of v e l o c i t y  

t r a v e r s e s ,  u s i n g  a hot-wire  anemometer. Traverses w e r e  made a t  [.he a i r  

f u n n e l s  i n s t a l l e d  i n  t h c  t e s t  loops  f o r  [ _ h i s  pu rpose .  A s  p r e v i o u s l y  

mentioned,  wii-11 t h i s  low-pressure- loss  a i r r l o w  measuring scheme, i t  was 

noL n e c e s s a r y  t o  i n c o r p o r a t e  an a u x i l i a r y  blower i n  t h e  l o o p s .  

4 . 2 , 5  E l e c t r j c a l  power i n p u t  ______. . . -__c___ __ 
Power t o  t h e  compressor and each  of the t w o  f a n s  was measured 

s e p a r a t e l y .  In  a d d i t i o n ,  the  system c o n t r o l s  were modi f i ed  so  t h a t  

each component cou ld  b e  swi-tched manually and the  d e f r o s t  c y c l e  cou1.d 

be  scartetl and scopped manually.  Power h i p u t  w a s  measured us ing  b o t h  

wat t -hour  meters and thermal-wat t  c o n v e r t e r s ,  which produce a dc  s i g n a l  

p r o p o r t i o n a l  t o  the i n s t a n t a n e o u s  r a t e  of power consumption. 
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4 . 2 . 6  I-lurnidity 

The humid i ty  of t h e  a i r  i n  t h e  ou tdoor -un i t  l oop  w a s  monitored by 

mentis o f  Aminco t y p e  N-3 narrow-range h y g r o s e n s o r s  whose o p e r a t i o n  i s  

based  on the a b i l i t y  of a hygroscop ic  f i l m  t o  change i t s  e lec t r ica l  

r e s i s t a n c e  w i t h  changes i n  t h e  humid i ty  of t h e  a i r .  The humid i ty  s e n s o r  

f o r  t h e  incoming xir w a s  p l a c e d  i n s i d e  the a i r  f u n n e l  ups t r eam of the 

ou tdoor  u n i t ,  and f o r  the a i r  l e a v i n g  t h e  c o i l ,  i t  wi t s  p l a c e d  a t  t h e  

thermocouple grid which s e n s e s  t h e  a v e r a g e  dry-bulb t e m p e r a t u r e  of t h e  

ou tdoor  a i r  l e a v i n g  t h e  u n i t .  

4 . 3  D a t a  Acqu i . s i t i on  System 

A d a t a  a c q u i s i t i o n  sys t em t h a t  a u t o m a t i c a l l y  records most d a t a  

p;~rameters w a s  assembled and i n s t a l l e d .  R e f r i g e r a n t  f l ow rate and air- 

f low r a t e  w e r e  the o n l y  d a t a  r e c o r d e d  manual ly .  

The d a t a  a c q u i s i t i o n  sys t em c o n s i s t e d  p r i n c i p a l l y  o f  a n  analog-to-  

d i g . i t a l  c o n v e r t e r ,  a s c a n n e r ,  and a D i g i t a l  Equipment C o r p o r a t i o n  I’DP8/e 

minicomputer.  The d a t a - o u t p u t  d i s p l a y  fo rma t  and f r equency  w e r e  con t r o l l e d  

by t h e  minicomputer.  C a l i b r a t i o n  d a t a  e n t e r e d  i n t o  the computer w e r e  

used t o  c o n v e r t  i n p u t  s i g n a l s  t o  t h e  d e s i r e d  u n i t s  f o r  t e m p e r a t u r e ,  

p r e s s u r e ,  power i n p u t ,  and humid i ty  . The  computer w a s  a l s o  programmed 

t o  p r i n t  o u t  C U P ,  w i t h  r e f r i g e r a n t  f low rate  e n t e r e d  v ia  t h e  T e l e t y p e  

keyboard.  

Fo r  most t e s t i n g ,  a r e c o r d i n g  i n t e r v a l .  of 40 sec w a s  used.  Another 

fo rma t  was developed f o r  the clef r o s t  c y c l e  i n  which t h e  r e q u i r e d  

p a r a m e t e r s  were p r i n t e d  o u t  eve ry  10 sec. A photograph of t h e  d a t a  

a c q u i s i t i o n  system is  shown i n  F i g .  4 . 4 .  

5. TEST PROCEDURE 

5.1 S teady-S ta t e  Tests 

For s t e a d y - s t a t e  performance tes ts ,  i t  w a s  planned t h a t  the e f f e c t s  

of ou tdoor  a i r  t e m p e r a t u r e ,  i n d o o r  a i r  t e m p e r a t u r e ,  and i n d o o r  a i r f l o w  
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Fig. 4.4.  Data acquisition system. 
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rate would be investigated. To accomplish this, the test plan shown in 

Table 5 . 1  was formulated and followed. 

Outdoor air 
temperature 

[ " C  (OF)] 

Table 5 . 1 .  Steady-state test plan 

Indoor air 
temperature 

["C (OF)] 

Indoor 
blower speed 

(rpd 

-12 (10) 
- 7 (20) 
- 1 ( 3 0 )  

4 ( 4 0 )  
10 ( 5 0 )  
1 6  ( 6 0 )  

- 1 ( 3 0 )  
4 ( 4 0 )  

1 0  ( 5 0 )  

- 1 (30) 

10 ( 5 0 )  
4 ( 4 0 )  

- 1 ( 3 0 )  
4 ( 4 0 )  
10 ( 5 0 )  

- 1 ( 3 0 )  
4 ( 4 0 )  
10 ( 5 0 )  

21 (70) 
21 (70) 
21 (70) 
2 1  (70) 
21 (70) 
21 (70) 

21 (70) 
21 (70) 
21 (70) 

21 (70) 
21 (70) 
21 (70) 

1 8  ( 6 5 )  
1 8  ( 6 5 )  
18 ( 6 5 )  

27 ( 8 0 )  
27 ( 8 0 )  
27 ( 8 0 )  

High ( 8 5 0 )  
High ( 8 5 0 )  
High ( 8 5 0 )  
High ( 8 5 0 )  
High ( 8 5 0 )  
High (850) 

Medium (650) 
Medium ( 6 5 0 )  
Medium ( 6 5 0 )  

Low ( 4 6 0 )  
Low ( 4 6 0 )  
Low ( 4 6 0 )  

High ( 8 5 0 )  
High ( 8 5 0 )  
High ( 8 5 0 )  

High ( 8 5 0 )  
High ( 8 5 0 )  
High ( 8 5 0 )  

Steady-state tests were conducted by operating the units until 

stable temperatures were achieved, and then taking data. For steady- 

state measurements, it was desired that the outdoor unit would be 

operating in an essentially unfrosted condition, and this was apparently 

achieved, since no frost was observed. 

5 . 2  Frosting-Defrosting Tests 

The sequence of frosting tests is shown in Table 5 . 2 .  Tests were 

conducted at nominal outdoor air temperatures of 3°C (37°F) and - 3 O C  
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Table 5.2. Frosting-defrosting test sequence 

Outdoor air 
temperature 

[ " C  (OF11 

Re 1 a t ive 
humidity 
(a 

Test duration 

2.5 (36-37) 90-100 30-min consecutive frosting- 
defrosting cycles, 3 cycles 

2.5 (36-37) 90-100 90-min frosting period, 2 
tests 

-3 (26-27) 90-100 30-min consecutive frosting- 
defrosting cycles, 3 cycles 

-3 (26-27) 90-100 60-min frosting period 

(27°F). Tests were not conducted at 8°C (47°F) because little, if any, 

frost would be expected at this temperature; 4 ° C  (17°F) was not run 

because the outdoor test loop would not maintain a temperature that low 

in the summertime testing environment. The latter temperature is not a 

severe frosting condition because the specific humidity of air is low in 

this temperature range. 

All tests were conducted at essentially 100% outdoor air relative 

humidity. 

(excluding fog or freezing rain) was the most pertinent to investigate. 

It was judged that this "most severe'' operating condition 

Because the manufacturer's standard defrost control resulted in a 

defrost cycle every 30 min of accumulated operation with the outside 

coil at or below 0 ° C  (32"F), defrost cycles at this frequency were 

investigated. In addition, longer frosting periods were investigated 

so that the effect of longer cycle periods on system and component 

performance could be  investigated. 

5.3 Fan Tests 

Separate tests were conducted to determine the fan-motor efficiencies 

of both indoor and outdoor units. 

operated in place, but with the compressor inoperative. 

For these tests, the fans were 
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5 . 4  V a r i a b l e  R e f r i g e r a n t  Charge T e s t  

The i n f l u e n c e  of t h e  r e f r i g e r a n t  cha rge  on t h e  performance of t h e  

sys tem i n  t h e  h e a t i n g  mode w a s  e v a l u a t e d  by v a r y i n g  t h e  charge  above and 

below t h e  v a l u e  s p e c i f i e d  by t h e  manufac tu re r .  The e v a l u a t i o n  w a s  done 

w h i l e  m a i n t a i n i n g  an  ou tdoor  a i r  t empera tu re  of 1 0 ° C  (50°F)  d r y  b u l b  and 

a 21°C (70°F) i n d o o r  a i r  d r y  b u l b  t empera tu re  i n t o  t h e  indoor  u n i t .  The 

tests w e r e  run twice. 

The e f f e c t  of  r e f r i g e r a n t  cha rge  was f i r s t  observed  s t a r t i n g  w i t h  

t h e  riominal 3 . 4 3  kg ( 7  l b ,  9 o z )  of r e f r i g e r a n t  and unde rcha rg ing  t h e  

u n i t .  The undercharge  t es t  w a s  s topped  when bubb les  of r e f r i g e r a n t  were 

observed  a t  abou t  1 . 8 4  kg ( 4  l b ,  1 0 2 )  of r e f r i g e r a n t  cha rge .  The r e f r i g  

e r a n t  cha rge  remain ing  w a s  t h e n  evacua ted  and a vacuum of 740 TNII EIg ( 2 9  

i n . )  imposed on t h e  r e f r i g e r a n t  sys tem f o r  abou t  1 2  h r .  The system w a s  

t hen  charged  w i t h  3 . 4 3  kg ( 7  l b ,  9 o z )  of r e f r i g e r a n t ,  and t h e  h e a t i n g  

c a p a c i t y  was checked.  The ove rcha rge  tests w e r e  t hen  conducted w i t h  

successive1.y l a r g e r  amounts of charge  u n t i l  t h e  h i g h  p r e s s u r e  s w i t c h  

tiurned t h e  sys tem o f f  a t  a h igh - s ide  p r e s s u r e  of 2450 kPa ( 3 5 5  psia). 

6.  STEADY-STATE TEST RESULTS 

The h e a t i n g  c a p a c i t y  and COP of heat-pump sys tems as f u n c t i o n s  of 

ambient  t empera tu re  are w e l l  documented i n  m a n u f a c t u r e r s '  l i t e r a t u r e .  

De te rmina t ion  of t h e s e  c h a r a c t e r i s t i c s  of t h e  sys tem was n o t  a pr imary  

o b j e c t i v e  of t h e  e x p e r i m e n t a l  program, b u t  such  i n f o r m a t i o n  does p r o v i d e  

a check on sys t em performance and i s  p r e s e n t e d  h e r e  f o r  r e f e r e n c e .  

Ob ta in ing  component performance d a t a  w a s  c o n s i d e r e d  a more importanL 

o b j e c t i v e ,  and d i s c u s s i o n s  o f  f a n ,  hea t -exchanger ,  and compressor  

performance f o l l o w ,  i n  a d d i t i o n  t o  a d i s c u s s i o n  of sys tem h e a t  l o s s e s .  

S ince  t h i s  i s  t h e  f i r s t  tes t  series i n  our  e x p e r i m e n t a l  work p l a n ,  

performance d a t a  are ,  i n  g e n e r a l ,  n o t  ana lyzed  on a corriparative b a s i s .  

S t e a d y - s t a t e  test  d a t a  are p r e s e n t e d  i n  Appendix B.  
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6 . 1  Hea t ing  Capac i ty  and COP 

The h e a t i n g  c a p a c i t y  of a h e a t  pump is  d e f i n e d  as t h e  sum of t h e  

h e a t  r e j e c t e d  by t h e  indoor  c o i l  and t h e  energy  i n p u t  of t h e  indoor  f a n .  

The COP i s  d e f i n e d  as t h e  r a t i o  of h e a t i n g  c a p a c i t y  t o  t o t a l  power i n p u t ,  

which i n c l u d e s  t h e  power t o  b o t h  indoor  and ou tdoor  f a n s  and t h e  

compressor .  

The h e a t i n g  c a p a c i t y  and COP of t h e  sys tem as f u n c t i o n s  of outdoor  

a i r  t empera tu re  are shown i n  F i g .  6 .1 .  D a t a  are shown f o r  two methods 

of de t e rmin ing  c a p a c i t y :  one based  on t h e  t empera tu re  r ise of  t h e  indoor  

a i r ,  and t h e  o t h e r  based  on t h e  e n t h a l p y  change of  t h e  r e f r i g e r a n t  pl.us 

t h e  power t o  t h e  indoor  f a n  motor .  The dashed cu rves  are second-order  

c u r v e  f i t s  t o  t h e  air -method d a t a ,  and t h e  s o l i d  cu rves  are f o r  t h e  

r e f r i g e r a n t  method. 

ave rages  abou t  3% h i g h e r  t h a n  t h e  same parameters computed by t h e  r e f r i g -  

e r a n t  method. The da ta  are more s c a t t e r e d  f o r  t h e  a i r  method: s t a n d a r d  

e r r o r  i n  h e a t i n g  c a p a c i t y  i s  1-0.37 kW, a i r  method, vs k0.16 kW, r e f r i g -  

e r a n t  method; s t a n d a r d  e r r o r  i n  COP i s  k0.08, a i r  method, vs kO.03, 

r e f r i g e r a n t  method. 

Hea t ing  c a p a c i t y  and COP computed by t h e  a i r  method 

Also  shown i n  F i g .  6 . 1  are t h e  p u b l i s h e d  A i r  Cond i t ion ing  and 

R e f r i g e r a t i o n  I n s t i t u t e  ( A R I )  r a t i n g  p o i n t s  f o r  t h e  t es t  u n i t .  A i r -  

method d a t a  are abou t  2% below t h e  ARI r a t i n g  a t  8'C (47'F),  w h i l e  t h e  

r e f r ige ran t -me thod  r e s u l t s  l i e  about  4% below t h e  ARI p o i n t .  A t  t h e  

lower r a t i n g  p o i n t  [-8'C (17 'F)] ,  t h e  observed  c a p a c i t y  by e i t h e r  method 

i s  s l i g h t l y  g r e a t e r  t h a n  t h e  r a t e d  c a p a c i t y .  Th i s  is  t o  b e  expec ted ,  

s i n c e  t h e  r a t i n g  procedure  a t  t h i s  t empera tu re  i n v o l v e s  d e f r o s t i n g ,  

w h i l e  t h e  s t e a d y - s t a t e  tests d i d  n o t .  

F i g u r e  6 . 2  p r e s e n t s  power i n p u t  d a t a  f o r  t h e  sys tem,  and i t  i s  s e e n  

t h a t  t h e  e x p e r i m e n t a l  d a t a  are on ly  about  2% above t h e  A R I  r a t i n g  p o i n t s .  

F i g u r e  6 . 1  shows t h e  d e c r e a s e  i n  h e a t i n g  c a p a c i t y  and COP w i t h  

reduced ou tdoor  a i r  t empera tu re ,  a r e l a t i o n s h i p  t h a t  i s  c h a r a c t e r i s t i c  

of vapor-compression heat-pump sys tems.  

t h e  r e s u l t  of t h e  d e c r e a s e  . I L i  suc t ion -gas  d e n s i t y  and t h e  a t t e n d a n t  

r e d u c t i o n  i n  r e f r i g e r a n t  mass f low rate that OCCUK w i t h  c o l d e r  ou tdoor -co i l  

t empera tu res .  The d e c r e a s e  i n  COP i s  J a r F e l y  due t o  t h e  i n c r e a s e  i n  

The reduced h e a t i n g  c a p a c i t y  i s  
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compressor  p r e s s u r e  rati.0, which i n c r e a s e s  t h e  energy  t h a t  must b e  p u t  

i n t o  t h e  sys tem p e r  uni.t of r e f r i g e r a n t  m a s s  f 1-ow. 

F i g u r e  6 . 3  d i s p l a y s  the h e a t i n g  c a p a c i t y  as a f u n c t i o n  of  t h e  

ou tdoor  a i r  t empera tu re  f o r  t h r e e  indoor- fan  speeds :  8.50, 650, and 

460 rpm w i t h  t h e  indoor  a i r  t empera tu re  ma in ta ined  a t  about  2 1 ° C  (70°F) .  

The d a t a  show t h e  n e g l i g i b l e  d i f f e r e n c e  between the h e a t i n g  c a p a c i t y  a t  

850 and 650 rpm.  A d e c l i n e  of aboiit 3% i n  t h e  h e a t i n g  c a p a c i t y  a t  460 

rpm i s  a p p a r e n t .  

F i g u r e  6 .3  a l s o  shows t h e  e f f e c t  of indoor- fan  speed  on COP. There  

i s ,  a g a i n ,  a n e g l i g i b l e  d i f f e r e n c e  between t h e  r u n s  a t  850 and 650 rpm. 

A t  460 rpin, however,  a 4% d e g r a d a t i o n  i n  t h e  COP can be  obse rved .  

A series of r u n s  was conducted t o  e v a l u a t e  the e f f e c t  of  i.ntloor 

a i r  t empera tu re  on h e a t i n g  c a p a c i t y  and COP o v e r  a -range of ou tdoor  a i r  

t e m p e r a t u r e s ,  m a i n t a i n i n g  t h e  indoor-Can speed  a% 850 rpm.  Indoor  a i r  

t empera tu res  of 18, 21, and 27OC (65 ,  70,  and 80'F) w e r e  used i n  t h e s e  

tests. F i g u r e  6 . 4  shows a t r e n d  toward reduced  h e a t i n g  capaci . ty  and COP 

w i t h  i n c r e a s e d  indoor  a i r  t e m p e r a t u r e ,  as would h e  expec ted .  However, 

the s c a t t e r  i n  t h e  d a t a  f o r  t h e  h i g h e r  i n d o o r  a i r  t empera tu res  p r e c l u d e s  

a meaning.fu1 q u a n t i t a t i v e  comparison.  

5 . 2  Fan Pe r f  orrnance 

6 . 2 . 1  'Lndoor-unit f a n  

The indoor -un i t  f a n  is d r i v e n  by a 3-speed motor;  t h e  speeds  are 

1 - i s t e d  by t h e  sys tem manufac tu re r  as 1050,  950,  and 850 rpm. A c t u a l  f a n  

speeds  observed  i n  t h e  l a b o r a t o r y  were 850,  650, and 460 rpm.  

The r e s u l t s  of t h e  indoor- fan  test are p r e s e n t e d  i n  F ig .  6 .5 .  The 

e f f i c i e n c y  shown i s  d e f i n e d  as a i r  power d e l i v e r e d  d i v i d e d  by e l e c t r i c a l  

power i n p u t  t o  t h e  fan iiiotor. Thus,  i t :  i s  a combined f a n  and motor 

e f f i c i e n c y  and wou1.d be e q u a l  t o  t h e  product  of t h e  motor e f f i c i e n c y  and 

t h e  f a n  e f f : i . c iency ,  i f  t hey  were known s e p a r a t e l y .  I n  t h e  c a s e  of  t h e  

indoor  f a n ,  t h e  e f f i c i e n c y  is estimated t o  peak a t  a value of abou t  0 . 2 2  

at a f low r a t e  somewhat below 1170 m3/hr (1000 cfm) and d rops  r a p i d l y  as 

t h e  f low rate i s  i n c r e a s e d .  (All t h e  tes t  p o i n t s  w e r e  t aken  a t  an 

a i r f l o w  rate: g r e a t e r  t h a n  t h a t  a t  which maximum e f f i c i e n c y  i s  oht -a ined .  ) 
* 
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ORNL-RWG 98-6403 
OUTDOOR A I R  TEMPERATURE ("F) 
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E f f e c t  of i n d o o r  a i r  t e m p e r a t u r e  on sys t em performance. 
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The nominal f l o w  ra te  as used i n  t h e  syst:em i s  about 2000 m 3 / h r  (1180 

cfm) ;  i t  i s  a p p a r e n t ,  t h e n ,  t h a t  t h e  Ear l  i s  s l i g h t l y  mismatched t o  t h e  

a p p l i c a t i o n  as i n s t a l l e d  i n  t h e  tes t  l o o p ,  and t h a t  a f a n  hav ing  similar 

c h a r a c t e r i s t i c s  and a be t te r  match could  ope race  al; a h i g h e r  ef:f:i.ciency. 

However t h e  r e s i s t a n c e  c u r v e  of  the. air system w i l l .  b e  i n f  1.uenc:e~d not 

o n l y  by t h e  hea t -exchanger  d e s i g n  and i t s  l o c a t i o n  i n  t h e  indoor  u n i t ,  

b u t  a l s o  by t h e  r e s i s t a n c e  g e n e r a t e d  hy t h e  home a i r - d u c t  network and 

t h e  a i r  f i l t e r .  Accord ingly ,  e x t e r n a l  v a r i a b l e s  must be cons ide red  i n  

e v a l u a t i n g  t h e  matching  of  t h e  f a n  t o  t h e  a p p l i c a t i o n .  

6 .2 .2  Outdoor-uni t  f a n  

The  obse rved  ou tdoor -un i t  €an and mcstor c h a r a c t e r i s t i . c s  are shown 

i n  F i g .  6 .6 .  The peak combined f a n  and motor e f f i c i e n c y  i s  0.13 a t  a 

f low r a t e  of 3100 m3/hr (1800 cfm) ,  and t h e  e f f i c i e n c y  c u r v e  i.s f a i r l y  

f l a t .  The f low rate  a s  a p p l i e d  is a b o u t  4000 rn3/hr (2.350 cfm);  thus i t  

i s  a p p a r e n t  t h a t  t h e  ou tdoor  f a n  as i n s t a l l e d  i n  t h e  test loop  a l s o  

o p e r a t e s  a t  less t h a n  peak e f f i c i e n c y  i n  t h e  u n f r o s t e d  c o n d i t i o n ,  b u t  

t h e  p e n a l t y  i n  t h i s  case i s  n o t  as g r e a t  as t h a t  f o r  the i n d o o r  u n i t .  

I n  the ou tdoor  u n i t  1:here is  no a i r  d u c t i n g ,  s o  t.he a i r  r e s i s t a n c e  

w i t h  a n  u n f r o s t e d  c o i l  depends s o l e l y  on the a i r f l o w  c h a r a c t e r i s t i c s  of  

t h e  ou tdoor -un i t  components as provided  by t h e  manufac tu re r ,  assuming 

the  c o n t r a c t o r  f o l l o w s  t h e  i n s t a l l a t i o n  i n s t r u c t i o n s .  However, wi.th 

f r o s t  accumula t ion  t h e  r e s i s t a n c e  t o  a i r f l o w  through the outdoor  c o i l  

w i l . 1  i n c r e a s e ,  and t h e  f a n  mist be sel.c?.ct:ed a c c o r d i n g l y .  S i n c e  t h e  

e f f . i c i e n c y  of t h e  ou tdoor  fan of t h e  test u n i t  w i . 1 1  increase soinenhat_ as 

a i r f l o w  i s  reduced  from t h e  tes t  condi - t ion ,  i t  a p p e a r s  that  oper:3.-t:i.ori o f  

t h e  f a n  i n  t h e  f r o s t e d  c o n d i t i o n  may have been a n t l c i - p a t e d .  

6 .2  a 3 1ncen.t-i-ves f o r  improving f a n  e f f  i c i e n s  

S t r o n g  economic i n c e n t i v e  f o r  i n c r e a s i n g  t h e  overa1.l e f f i c i e n c y  of 

b o t h  a i r  moving d e v i c e s  is  a p p a r e n t .  A n a l y s i s  of t h i s  i n c e n t i v e ,  g iven  

be low,  i s  t y p i c a l  of t h e  c o s t - e f f e c t i v e n e s s  ana1.ys:i.s t h a t  w i l l  b e  a p p l i e d  

i n  f u t u r e  work to  o t h e r  i.mprovements of t h e  heat pump s y s t e m s ,  

From Tab le  C . 2  (Appendix C )  t h e  f o l l o w i n g  val.ues are  o b t a i n e d  f o r  

t h e  indoor- fan  performance : 
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Overall e f f i c i e n c y :  16.6% a t  2040 m3/hr (1200 cfm) 
Power i n p u t :  0 .621  kW 

I f  i t  i s  assumed t h a t  t h e  indoor  u n i t  p r e s e n t l y  i n c o r p o r a t e s  a 65% 

e f f i c i e n t  e l e c t r i c  motor and a 25% e f f i c i e n t  f a n ,  improving the 

e f f i c i e n c y  of  t h e  motor t o  70% and t h e  f a n  e f f i c i e n c y  t o  30% w i l l  r e s u l t  

i n  a n  o v e r a l l  e f f i c i e n c y  of 2 1 % .  

I f  i t  is f u r t h e r  assumed t h a t  t h e  average-use c y c l e s  are 2080 and 

600 h e a t i n g  and c o o l i n g  load-hours  p e r  y e a r  r e s p e c t i v e l y , ’  t h e r e  i s  a 

351-kWhr annual s a v i n g s  r e a l i z e d  by t h e  e f f i c i e n c y  improvement i n  t h e  

indoor  fan-motor u n i t .  

To t r a n s l a t e  t h i s  s a v i n g  i n  energy  i n t o  c o s t  b e n e f i t ,  t h e  

f o l l o w i n g  v a l u e s  are assumed : 

P r e s e n t  c o s t  of e l e c t r i c i t y  4c/kWhr 
Year ly  r a t s  of e s c a l - a t i o n  of e l e c t r i c i t y  c o s t  3% 
I n t e r e s t  ra te  a v a i l a b l e  f o r  a l t e r n a t i v e  inves tmen t  7% 
Assumed u s e f u l  l i f e  of fan-motor u n i t  10 y e a r s  

Cons ide r ing  t h e s e  v a l u e s ,  a p r e s e n t  worth o€ $114 i s  computed f o r  

t h e  energy  s a v i n g s  of t h e  improved indoor  fan-motor u n i t .  A s i m i l a r  

ana l -ys i s  f o r  t h e  ou tdoor  fan-motor u n i t  r e s u l t s  i n  a p r e s e n t  wor th  of 

$157. I f  i t  i s  assumed t h a t  t h e  improved f a n s  and motors  r e q u i r e  a 

$30 c o s t  i n c r e a s e  passed  t o  t h e  bliyer of  t h e  h e a t  pump, a b e n e f i t / c o s t  

r a t i o  of 9 is  o b t a i n e d .  T h i s  i s  e q u i v a l e n t  t o  a payback p e r i o d  of about  

one y e a r  and ,  t h u s ,  i s  an  a t t r a c t i v e  inves tmen t  f o r  t h e  h e a t  pump owner. 

6 . 3  Heat-Exchanger and Capi l lary-Tube Per f  orniance 

Performance d a t a  t h a t  r e p r e s e n t  t h e  o p e r a t i o n  of t h e  h e a t  exchangers  

and c a p i - l l a r y  t u b e  are p r e s e n t e d  and d i s c u s s e d  t o g e t h e r  because  t h e i r  

operal: ion i s  i n t e r r e l a t e d .  With a c a p i l l a r y - t u b e  c o n t r o l ,  r e f r i g e r a n t  

f l ow r a t e  through t h e  t u b e  i n c r e a s e s  b o t h  wi.th p r e s s u r e  and subcoo l ing ;  

t h u s  t h e  condens ing  t empera tu re  and p r e s s u r e  f o r  a g iven  o p e r a t i n g  

environment  may b e  e l e v a t e d  t o  some leve l  by t h e  r e s t r i c t i o n  of f low by 

t h e  c a p i l l a r y  t u b e  r e g a r d l e s s  of t h e  h e a t  t r a n s f e r  c a p a c i t y  of t h e  

condenser .  
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Opera t ing  c o n d i t i o n s  on t h e  e v a p o r a t o r  s i d e  are n o t  d i r e c t l y  

c o n t r o l l e d  by t h e  c a p j l l a r y  t u b e ,  and t h e  e v a p o r a t o r  n a t u r a l l y  assumes 

a r e f r i g e r a n t  t empera tu re -p res su re  l e v e l  t h a t  a l l o w s  t h e  v o l u m e t r i c  

c a p a r i t y  of t h e  comprpssor t o  match t h e  f l o w - r a t e  b a l a n c e  e s t a b l i s h e d  

on t h e  h igh  s i d e .  OC c o u r s e ,  changes on che low s i d e  are  r e f l e c t e d  on 

t h e  h igh  s i d e ,  and v i c e  versa, through t h e i r  e f i e c t  on compressor  

c a p a c i t y .  IIowPver, t h e r e  i s  no d i r e c t  c o n t r o l  ove r  e v a p o r a t o r  e x i t  

c o n d i t i o o s  i n  a cap i  1 la i -y- tube c o n t r o l  sys tem.  

6 . 3 . 1  Condenser ( indoor  c o i l )  -._ _.-._ .-.-.-.-_-.. ~ 

Table  6 . 1  shows condenser  o p e r a t i n g  pa rame te r s  as a f u n c t i o n  of a 

r ange  of oulidoor a i r  t empera tu res  from --11°C (12°F)  t o  1 8 ° C  ( 6 4 ° F ) .  The 

e x i t  subcoo l ing  r anges  from 1 4  C "  (25 F') a t  t h e  l o w  ambient  t o  31. C "  

(56 Fo) a t  t h e  h i g h  ambient ( t h i r d  column),  and t h e  d i f f e r e n c e  between 

condensing t empera tu re  and mean a i r  t empera tu re  ( f i f t h  column) r anges  

from 12-27°C ( 2 2 4 8 ° F )  f o r  t h e  s a m e  c o n d i t i o n s .  The approach  of r e f r i g -  

e r a n t  ex i . t  t empera tu re  t o  i n l e t  a i r  t empera tu re  i s  c l o s e :  3.1-5.2 C "  

(5 .5 -9 .3  F " ) .  

It w a s  e v i d e n t  from measurement of re turn-bend s u r f a c e  t empera tu res  

a t  t h e  indoor  c o i l  t h a t  t h e  condenser  o p e r a t e s  about  one-half  f u l l  of 

l i q u i d ,  and t h a t  t h e  p o r t i o n  of t h e  h e a t  exchanger  devoted  t o  condensing 

i s  rel.ative1.y s m a l l .  F i g u r e  6 . 7  shows a t empera tu re  p r o f i l e  f o r  t h e  

indoor  c o i l  under  t h r e e  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .  These d a t a  were 

t aken  by a 'nand-held s u r f a c e  thermometer ,  and ,  w h i l e  t h e  v a l u e s  shown 

probably  do n o t  r e f l - e c t  a c c u r a t e  r e f r i g e r a n t  t e m p e r a t u r e s ,  t h e  shape  of 

the t empera tu re  p r o f i l e  i s  q u i t e  clear.  

The p resence  of a l a r g e  amount of l i q u i d  i n  t h e  condenser  i s  o f t e n  

a t t r i b u t e d  t o  an  e x c e s s  of r e f r i g e r a n t  cha rge  i n  t h e  h e a t i n g  mode. We 

are unable  t o  de t e rmine  from t h e  test d a t a  whether  t h e  l i q u i d  i n v e n t o r y  

is  t h e  r e s u l t  o f  an  e x c e s s  charge  o r  t h e  consequence of t h e  c a p i l l a r y -  

t u b e  c h a r a c t e r i s t i c s .  
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ORNL-DWG 78-5413 
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F i g .  6.7.  Temperature p r o f i l e  of i n d o o r  coil a t  r e t u r n  bends ,  
o p e r a t i n g  conditions as follows: 

Outdoor air Indoor  a i r  
t empera tu re  t empera tu re  

Run [ " C  ( O F 1 1  __ [ " C  ( O F 1 1  __ 
1 17.8 ( 6 4 )  2 1  (70) 
2 10.5 (51) 21 (70) 
3 -3 .3  (26) 2 1  (70) 
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6.3.2 Evapora to r  (outdoor  c o i l )  

Evapora to r  o p e r a t i n g  pa rame te r s  are l i s t e d  i n  Table  6 .2  f o r  a range  

of  ou tdoor  t empera tu res .  F o r  t h e  -11 and -3OC (12 and 27'F) ambien t s ,  

t h e  e v a p o r a t o r  ex i t  vapor  i s  i n  t h e  w e t  s a t u r a t e d  r e g i o n ,  and t h e  h e a t  

t r a n s f e r  r a t e  canno t  b e  computed from r e f r i g e r a n t  t empera tu re  d a t a .  

Under t h e s e  c o n d i t i o n s ,  t h e  e v a p o r a t i n g  t empera tu re  i s  c l o s e  t o  t h e  a i r  

t empera tu re  ( f i f t h  colunm),  l e a v i n g  l i t t l e  o p p o r t u n i t y  f o r  s u p e r h e a t i n g .  

A t  h i g h e r  ambient  t e m p e r a t u r e s ,  t h e  s u p e r h e a t  r a n g e s  u p  t o  16 Co ( 2 8  Po). 

While t h e  d i f f e r e n c e s  between e v a p o r a t i n g  t empera tu re  and mean a i r  

t e m p e r a t u r e  range  from 2-12 Co (4-2.2 FO), t h e  approach  of r e f r i g e r a n t  

e x i t  t empera tu re  t o  a i r  i n l e t  t empera tu re  varies i.n a more compl ica ted  

iiianner from 6-2 Co (11-4 FO). Achieving  t h e  c l o s e s t  approach  w i t h  t h e  

h i g h e s t  h e a t  t r a n s f e r  ra te  i s  a s u r p r i s i n g  resu1 . t .  'This i s  p robab ly  

a t t r i b u t a b l e  t o  t h e  combined c h a r a c t e r i s t i c s  of t h e  compressor  and 

c a p i l l a r y  t u b e ,  b u t  a t  p r e s e n t  w e  have no s imple  e x p l a n a t i o n  of  t h e  way 

i n  which e v a p o r a t o r  t empera tu res  v a r y  w i t h  ambient  t empera tu re  level.  

6 .4  System Heat Losses  

Two p r i n c i p a l  s o u r c e s  of h e a t  l o s s  Irom t h e  sys tem t h a t  d e t r a c t  

d i r e c t l y  Irom h e a t i n g  c a p a c i t y  w e r e  i n v e s t i g a t e d  i n  t h i s  s t u d y :  (1)  the 

compressor  s h e l l  and ( 2 )  t h e  d i s c h a r g e  l i n e  and r e v e r s i n g  v a l v e .  I n  t h e  

Lest sys t em,  t h e  compressor  is l o c a t e d  i n  t h e  stream of a i r  approaching  

t h e  ou tdoor -un i t  f a n ;  a c c o r d i n g l y ,  t h e r e  i s  a b r i s k  f low of  a i r  a c r o s s  

t h e  u n i n s u l a t e d  s h e l l ,  and c o n d i t i o n s  f o r  h e a t  l o s s  are  i d e a l .  The 

i n s u l a t e d  d i s c h a r g e  l i n e  e x p e r i e n c e s  an  a p p r e c i a b l e  t empera tu re  drop  i n  

l e a d i n g  from t h e  compressor  d i s c h a r g e  i n  t h e  ou tdoor  u n i t  t o  t h e  condenser  

c o i l  i n  t h e  indoor  u n i t ,  i n  s p i t e  of t h e  i n s u l a t i o n .  It a p p e a r s  t h a t  a 

ma-jor f r a c t i o n  of t h i s  l o s s  o c c u r s  a t  the r e v e r s i n g  valve. 

These l o s s e s ,  as computed from t h e  test d a t a ,  are p r e s e n t e d  i n  

Tab le  6 . 3 .  The a p p a r e n t  coinpressor h e a t  r e j e c t i o n  is  l a r g e  - -  over  1.5 kW 

(5000 B t u / h r ) .  The loss i s  computed as t h e  d i f f e r e n c e  between e l e c t r i c  

power i n p u t  t o  t h e  compressor  and the  e n t h a l p y  g a i n  of t h e  r e f r i g e r a n t  

between s h e l l  i n l e t  and d i s c h a r g e .  While i t  is  p o s s i b l e  t h a t  t empera tu re  



Table 6.2. Steady-state outdoor-coil (evaporator) performance 

Outdoor air Evaporating Exit Heat Mean AT Minimum AT 
temperature" temperature b superheat transferred ai.rrefrig. air in-refrig. out 

[ " C  (OF)] [ " C  (OF)] IC" @")I [kW (Btu/hr) ] [C" ( F " ) ]  [c" (FO!l 

~~ 

-11.1 (12.0)  -14 ( 6 )  0 1 . 9  ( 3 . 5 )  3.8 ( 6 . 9 )  

- 3 . 1  ( 2 6 . 5 )  -10 ( 1 4 )  0 4.7 ( 8 . 5 )  6.1 (11.0) 

3.1 ( 3 7 . 5 )  - 6 ( 2 2 )  6 (11) 7 . 0 0  (23,900) 5.8  ( 1 0 . 4 )  4 . 1  ( 7 . 3 )  

5 . 4  ( 4 1 . 7 )  - 4 ( 2 4 )  8 (15) 7.44  (25 ,400)  6 .8  (12 .2 )  3.2 ( 5 . 8 )  

d 

d 

- 
- 

10.6 (51.0) - 2 ( 2 8 )  12 (22) 8.15 (27,800) 8.9 (16.1)  1.9  ( 3 . 5 )  

17.9  ( 6 4 . 3 )  ' 2 (35) 16 (28) 8.94 ( 3 0 , 5 0 0 )  1 2 . 1  (21.8) 2.1 ( 3 . 7 )  

a 
Runs 17, 18, 19, 1 0 ,  2 ,  and 1, respectively, as listed in Table B . l .  Nominal indoor air temperature 
is 21°C (70°F).  

bBased on observed low-side pressure. 

C 
Inlet air temperature adjusted for fan power input and conpressor-shell heat rejection (adjustment 
estimated for wet-suction conditions). This is an approximate value taken as the difference 
between mean air temperature and refrigerant evaporating temperature. 

Heat transfer rate cannot be computed because quality of vapor at evaporator exit is not known. 
d 

w 
c 
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measurement e r r o r s  i n t r o d u c e d  by r e f r i g e r a n t - l i n e  h e a t  conduct ion  c l o s e  

t o  t h e  compressor  t end  t o  e x a g g e r a t e  t h i s  appa ren t  l o s s ,  i t  i s  clear  

t h a t  t h e  l o s s  i s  s u b s t a n t i a l .  Of c o u r s e ,  i f  t h e  compressor s h e l l  w e r e  

i n s u l a t e d ,  t h e  r e f r i g e r a n t  d i s c h a r g e  t empera tu re  and the motor tempera- 

t u r e  would be i n c r e a s e d ;  t h e r e f o r e ,  i t  would be  n e c e s s a r y  t o  i n v e s t i . g a t e  

t h e  p o s s i b i l i t y  of compressor o v e r h e a t i n g  b e f o r e  t h e  a d v i s a b i l i t y  of 

p r o v i d i n g  i n s u l a t i o n  could  be  de te rmined .  

Some heat-pump manufac tu re r s  i n s u l a t e  t h e  compressor  f o r  sound 

r e d u c t i o n ,  and t h e r e  w i l l  obv ious ly  b e  some a t t e n d a n t  t he rma l  b e n e f i t .  

The manufac tu re r  of t h e  t es t  compressor  i s  expec ted  t o  o f f e r  i n s u l a t i o n  

k i t s  i n  t h e  n e a r  f u t u r e ,  which cou ld  b e  used t o  r educe  compressor-she1.l 

h e a t  l o s s .  

The d i s c h a r g e  l i n e  of t h e  test sys tem i s  i n s u l a t e d  by a foamed- 

e l a s tomer  s h e a t h  approximate ly  5 mm (3/16 i n . )  t h i c k .  I n s p e c t i o n  of t h e  

t empera tu re  d a t a  (Table  B.1.) l e a d s  t o  the c o n c l u s i o n  t h a t  most of t h e  

d i s c h a r g e - l i n e  h e a t  l o s s  occur s  a t  t h e  r e v e r s i n g  v a l v e .  The computed 

l i n e  l o s s  r anges  from 0.15-0.66 kW (500-2240 B t u / h r ) .  It i s  n o t  clear 

from t h e  d a t a  how much of t h i s  l o s s  i s  r e j e c t e d  t o  t h e  s u c t i o n  gas  a t  t h e  

r e v e r s i n g  v a l v e  (no t  cons ide red  t o  b e  a d i r e c t  o r  t o t a l  loss) o r  t o  t h e  

ambient  a i r  ( a  d i r e c t  and t o t a l  l o s s ) .  

It i s  c lear ,  however, t h a t  such h e a t  l e a k s  r educe  t h e  h e a t i n g  

c a p a c i t y  of t h e  sys tem s u b s t a n t i a l l y  and w a r r a n t  c l o s e  a t t e n t i o n  i n  t h e  

d e s i g n  of h i g h - e f f i c i e n c y  sys tems.  

6.5 Compressor Opera t ion  

C e r t a i n  compressor performance pa rame te r s  are l i s t e d  i n  Table  6 . 4 .  

A s  would be  expec ted ,  b o t h  power i n p u t  and r e f r i g e r a n t  mass f low rate 

i n c r e a s e  w i t h  i n c r e a s i n g  ou tdoor  a i r  t empera tu re  as t h e  r e s u l t  of 

i n c r e a s e d  suc t ion -gas  d e n s i t y .  A l so ,  as wou1.d b e  expec ted ,  t h e  p r e s s u r e  

r a t i o  d e c r e a s e s  as ambient  t empera tu re  i n c r e a s e s ,  b u t  n o t  s u b s t a n t i a l l y .  

The i n c r e a s e d  heat-exchanger  t empera tu re  d i f f e r e n c e s  a t  h i g h  ambients  

t end  t o  m a i n t a i n  t h e  p r e s s u r e  r a t i o  a t  a h i g h  l e v e l .  



Table  6 . 4 .  Compressor o p e r a t i n g  parameters  

Combined 
mot o r  - c omp r e s s o r  

Volumetr ic  
r a t i o  e f f i c i e n c y  

R e f r i g e r a n t  
P r e s s u r e  

mass f l o w  ra te  
[kg /h r  ( l b / h r )  1 e f f i c i e n c y a  

Outdoor a i r  
t empera ture  

Power i n p u t  
[kW (B tu /h r )  ] 

[ " C  (OF)] 

b 

b 
- 5 

b 
- -11.2 ( 1 2 . 0 )  3 .52  ( 1 2 , 0 0 0 )  101 ( 2 2 3 )  4 .95 

- - - 3 . 1  ( 2 6 . 5 )  3 .60 ( 1 2 , 2 9 0 )  128 ( 2 8 3 )  4 . 8 1  

3 .1  ( 3 7 . 5 )  3.96 ( 1 3 , 5 0 0 )  142 ( 3 1 2 )  4 . 6 3  0 .40  0 . 5 4  

5 . 4  ( 4 1 . 7 )  4 . 0 9  ( 1 3 , 9 6 0 )  149 ( 3 2 9 )  4 .59 0 . 4 1  0.55 

1 0 . 6  ( 5 1 . 0 )  4 . 1 9  ( 1 4 , 2 9 0 )  160 ( 3 5 3 )  4.57 0 . 4 3  0 .56  

17.9 ( 6 4 . 3 )  4 .66 ( 1 5 , 9 0 0 )  174  ( 3 8 4 )  4 .53  0 . 4 4  0.56 w 

a 
E f f i c i e n c y  d e f i n e d  a s  t h e  r a t i o  of  i d e a l  i s e n t r o p i c  work (between a c t u a l  s h e l l  i n l e t  
c o n d i t i o n  and d i s c h a r g e  p r e s s u r e )  t o  a c t u a l  e l e c t r i c a l  power i n p u t .  

bCornpressor e f f i c i e n c y  could  n o t  be  computed w i t h  w e t ,  s a t u r a t e d  vapor  i n l e t .  



The f i f t h  coluinn of  Table  6.4 shows combined motor and compressor  

e f f i c i e n c y  as v a r y i n g  from 0.40 t o  0.44 f o r  t h o s e  c o n d i t i o n s  a t  which 

t h i s  parameter  cou ld  be  computed. E f f i c i e n c y  i n  t h i s  c a s e  is d e f i n e d  

a s  t h e  r a t i o  of i d e a l  i s e n t r o p i c  work, based  on observed  suc t ion -gas  

c o n d i t i o n s  e n t e r i n g  t h e  compressor  s h e l l  and observed  d i s c h a r g e  p r e s s u r e ,  

t o  t h e  a c t u a l  e l ec t r i ca l  power i n p u t .  Accord ingly ,  t h i s  e f f i c i e n c y  

parameter  i n c o r p o r a t e s  l o s s e s  due t o  motor i n e f f i c i e n c y ,  suc t ion -gas  

h e a t i n g ,  gas  t h r o t t l i n g  l o s s e s  i n  t h e  valves and m u f f l e r s ,  mechanica l  

f r i c t i o n ,  and i n t e r n a l  h e a t  t r a n s f e r  i n t o  a s i n g l e  v a l u e .  Th i s  pa rame te r  

shou ld  be c o n t r a s t e d  t o  compressor e f f i c i e n c i e s  computed on t h e  b a s i s  of 

s u c t i o n - p o r t  and d i scha rge -por t  c o n d i t i o n s  i n t e r n a l  t o  t h e  s h e l l ,  s i n c e  

they  w i l l  be  d i f f e r e n t  . 
The s i g n i f i c a n c e  of t h e  0.40 t o  0 .44  e f f i c i e n c y - p a r a m e t e r  v a l u e s  

i s  tha t .  t h e  compressor power i n p u t  i s  2 . 3  t o  2 .5  t i m e s  as much as wou1.d 

b e  r e q u i r e d  by a p e r f e c t ,  100%-ef f i c i e n t  compressor .  However, s i n c e  a 

" p e r f e c t "  compressor  i s  n o t  a c h i e v a b l e ,  i t  i s  not  a r e a s o n a b l e  b a s i s  f o r  

comparison.  

e f f i c i e n c y  of 0.85 and a s u c t i o n - p o r t  t o  d i scha rge -por t  i s e n t r o p i c  

e f f i c i e n c y  of 0.75, f o r  a combi-ned e f f i c i e n c y  of  0 . 6 4 .  Large open 

compressors  o p e r a t e  a t  t h e s e  e f f i c i e n c y  l e v e l s .  On t h i s  b a s i s ,  t h e  

t e s t - s y s t e m  compressor power requi rement  i s  about  50% g r e a t e r  t h a n  t h a t  

of  an " e x c e l l e n t "  cornpressor.  

An " e x c e l l e n t "  compressor might o p e r a t e  w i t h  a motor 

A change i n  compressor e f f i c i e n c y  w i l l  not produce t h e  same p e r c e n t  

change i n  sys tem e f f i c i e n c y  because  t h e  a d d i t i o n a l  energy  i n p u t  r e s u l t i n g  

from an  i n e f f i c i e n c y  i s  r e f l e c t e d  as an  i n c r e a s e  i n  sys tem c a p a c i t y .  

That  i s ,  i f  COP = h e a t  o u t l e n e r g y  i n ,  t h e  r e s u l t  of a r e d u c t i o n  i n  

i n e f f i c i e n c y  i s  : 

h e a t  o u t  - Aloss 
energy  i n  - Aloss  * 

COP = 

Table  6 . 4  shows t h e  v o l u m e t r i c  e f f i c i e n c y  of t h e  compressor ,  based  

on s h e l l  i n l e t  c o n d i t i o n s ,  v a r y i n g  from 0.54  t o  0.56. Volumetr ic  

e f f i c i e n c y  i s  computed h e r e  by t h e  f o l l o w i n g  r e l a t i o n s h i p :  
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where 

= v o l u m e t r i c  e f f i c i e n c y ,  
"V 

(3s 

li = observed  r e f r i g e r a n t  f l o w  ra te ,  
r e f  

= d e n s i t y  01 r e f r i g e r a n t  vapor  e n t e r i n g  t h e  compressor  s h e l l ,  

D = compressor d i sp l acemen t  (swept volume) 

N = compressor  speed .  

7. FROSTING-DEFROSTING TEST liESULTS 

7.1 System Performance under  F r o s t i n g  Conditxions 

The performance of t h e  heat-pump systeiii o p e r a t i n g  i n  t h e  h e a t i n g  

mode., and s u b j e c t e d  t o  f r o s t i n g - d e f r o s t i n g  c o n d i t i o n s ,  w a s  eva l -ua ted  a t  

two ambient  a i r  dry-bulb t e m p e r a t u r e s ,  --3 0 and 2 .5  "C ( 2 6 - 2 7  and 36----37"F) 

and a t  one c o n d i t i o n  of  re la t ive  huin id i ty ,  90-1 00%. 

Tests  w e r e  conducted i n i t i . a l . 1 ~  w i t h  30-min f r o s t i n g  i n t e r v a l s  

(normal ly  c o n t r o l l e d  by t h e  c a m  i n c o r p o r a t e d  by t h e  heat-pimp manufac- 

t u r e r )  and s u b s e q u e n t l y  w i t h  l o n g e r  f r o s t i n g  i n t e r v a l s .  As would b e  

expec ted ,  t h e  sys tem performance Eor t h e  f i r s t  30 min of e i t h e r  tes t  i s  

s imi l a r ;  however,  t h e r e  i s  a d i f f e r e n c e  i n  t h e  d e f r o s t  c y c l e  as t h e  

f r o s t i n g  p e r i o d  i s  ex tended ,  as w i l l  b e  shown I.ater. 

7 . 1 . 1  T e s t s  a t  2 . 5 O C  

F i g u r e s  7 . 1  th rough 7.5 show t:he manner i n  which several of the 

performance pa rame te r s  v a r y  d u r i n g  t h e  90-min f r o s t i n g  i n t e r v a l  w i t h  

t h e  2-3OC (36--37"F) ou tdoor  a i r  t empera tu re .  F i g u r e  7.1. d i s p l a y s  t h e  

v a r i - a t i o n  of the h e a t i n g  c a p a c i t y  and COP as a f u n c t i o n  of t h e  f r o s t i n g  

t i m e .  The d e g r a d a t i o n  i.n t h e  heat-pump per formance ,  as m a n i f e s t e d  by 

the decre .ase  i n  b o t h  the h e a t i n g  c a p a c i t y  and COP as f r o s t  accumula tes  

on t h e  heat exchanger ,  i s  t h e  r e s u l t  of  t h e  dec.rease i n  t h e  v o l u m e t r i c  

air.El.ow ra te  a c r o s s  t h e  f i n n e d - c o i l  h e a t  exchanger  and t h e  the rma l  

r e s i s t a n c e  of t h e  f r o s t .  The decrease i n  t h e  a i r f l o w  ra te  and t h e  

co r re spond ing  i n c r e a s e  i n  t h e  a i r  p r e s s u r e  drop  a c r o s s  t h e  c o i l  are 

shown as f u n c t i o n s  of  f r o s t i n g  rime i n  Fi.g. 7 . 2 .  The v a r i a t i o n  i.n 
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s u c t i o n  and d i s c h a r g e  p r e s s u r e  i s  shown i n  P i g .  7 .3 ,  and t h e  compressor 

and outdoor-f  an power consump t io t i  i s  p r e s e n t e d  i n  F i g .  7 . 4 .  

F i g u r e  7.5 d i s p l a y s  t h e  d e c r e a s e  i n  m a s s  f low ra te  of r e f r i g e r a n t  

as f r o s t i n g  o c c u r s  on t h e  outdoo:r h e a t  exchanger .  From 0 t o  4.0 m i i i ,  

t h e r e  i s  a l inear  v a r i a t i o n  of f low w i t h  t i m e .  A f t e r  about  40 min,  t h e  

f r o s t  accumula t ion  a f f e c t s  t h e  m a s s  f l ow ra te  of r e f r i g e r a n t  more 

s u b s t a n t i a l l y  as evidenced  by t h e  s t e e p  downfa l l  of t h e  cu rve  i n  t h e  40- 

t o  9(7--min i n t e r v a l . .  Bes ides  a d e c r e a s e  i n  h e a t i n g  c a p a c i t y ,  t h i s  

r e f r i g e r a n t  f l o w  d e c r e a s e  may r e s u l t  i n  improper  c o o l i n g  oE t h e  

compressor  motor .  

A f t e r  t h e  Xl-rnin f r o s t f n g  p e r i o d  t h e  o u t d o o r - c o i l  a i r  p r e s s u r e  

d rop  j.s abou t  doubled ,  and the a i r f l o w  i s  reduced  by about  20%, I n  

s p i t e  of  t h i s ,  izhe h e a t i n g  c a p a c i t y  i s  dec reased  o n l y  7 X ,  and t h e  COP 

j-s down o n l y  3 % ,  Outdoor-fan power h a s  i n c r e a s e d  about  4% i n  t h i s  

p e r i o d  - 
After 1 h r  of f r o s t i n g ,  t h e  h e a t i n g  c a p a c i t y  h a s  dropped by about  

20% and t h e  COP by l o % ,  a t  which t i m e  t h e  ou tdoor  a i r f l o w  i s  ha lved  and 

t h e  c o i l  a i r  p r e s s u r e  drop  i s  t r i p l e d .  'The d e g r a d a t i o n  i n  sys tem 

performance i s  surpr i s ing1 .y  s m a l . 1 ~  c o n s i d e r i n g  t h e  l a r g e  r e s t r i c t i o n  of 

1:ii.e ou tdoor  c o i l .  

A f t e r  90 min of  f r o s t i n g ,  t h e  sys tem performance f i n a l l y  approaches  

a s t a t e  of r a p i d  d e c l i n e .  System p r e s s u r e  i s  dropping  r a p i d l y ,  and 

performance d e g r a d a t i o n  i s  e x t e n s i v e .  A f t e r  90 min of f r o s t i n g ,  an  

approximate  70% d e c r e a s e  i n  a i r f l o w  r a t e  h a s  dec reased  t h e  h e a t i n g  

capac i - ty  by about  4 0 % ,  t h e  COP by 30%, t h e  low-side p r e s s u r e  by 45%,  

t h e  h igh - s ide  p r e s s u r e  by 3 3 % ,  and t h e  compressor-motor power by 23%. 

The outdoor-f  an  power i n c r e a s e  i s  about  1.0%. 

7 . 1 . 2  Tests a t  -3°C I 

System performance a t  t h e  lower f r o s t i n g  t e m p e r a t u r e ,  -3OC 

(26----27'F) , i s  i l  l.us t r a t e d  i n  F i g s .  7.6-7.10. The performance t r e n d s  

are  s imi l - a r  t o  t h o s e  a t  2-3"C, excep t  t h a t  t h e  ra te  of d e g r a d a t i o n  i n  

performance i s  more r a p i d  t h a n  a t  t h e  h i g h e r  t empera tu re .  Th i s  i s  a 

s u r p r i s i n g  r e s u l t ,  because  the absoI .u te  humidi ty  i s  I.ower a t  -3OC t h a n  
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a t  2.5'12. It can b e  seen f rom F i g s .  7.6-7.10 t h a t  t h e  l eve l  of 

performance d e t e r i o r a t i o n  r eached  a f t e r  60 min a t  -3°C was abou t  t h e  

same as t h a t  observed  a f t e r  90 min a t  2.5"C. 

A t  t h e  end of t h e  30-min i n t e r v a l ,  o u t d o o r - c o i l  a i r f l o w  i s  ha lved ,  

t h e  a i r  p r e s s u r e  drop  i s  more t h a n  doubled ,  h e a t i n g  c a p a c i t y  i s  down 1 4 % ,  

and t h e  COP h a s  dropped 10%. 

It shou ld  b e  remembered, of  c o u r s e ,  t h a t  a l l  of t h e  f r o s t i n g  tests 

i n  t h i s  s t u d y  were conducted a t  n e a r l y  100% re la t ive  humid i ty ,  which i s  

a s e v e r e ,  b u t  no t  uncommon, o p e r a t i n g  environment .  A t  lower  relat  ive 

humid i ty  l e v e l s ,  i t  would b e  expec ted  t h a t  t h e  rate of f r o s t i n g  and 

sys tem performance d e g r a d a t i o n  would be  lower .  An i n v e s t i g a t i o n  of t h i s  

e f f e c t  i s  an  a p p r o p r i a t e  s u b j e c t  f o r  a f u t u r e  i n v e s t i g a t i o n .  

7 .1 .3  D e f r o s t  w a t e r  c o l l e c t i o n  

The amount of f r o s t  c o l l e c t e d  on t h e  ou tdoor  c o i l  w a s  measured by 

c o l l e c t i n g  t h e  w a t e r  d i s c h a r g e d  by t h e  sys tem d r a i n  a f t e r  t h e  d e f r o s t  

p e r i o d .  Th i s  method i s  approximate  because  t h e r e  i s  no c o n t r o l  of t h e  

r e s i d u a l  water on t h e  c o i l  and in t h e  c o l l e c t i n g  t r a y .  Table  7 . 1  

p r e s e n t s  t h e  d a t a  f o r  d e f r o s t  w a t e r  c o l l e c t e d .  

T a b l e  7 . 1 .  F r o s t  accumula t ion  a s  approximated 
by d e f r o s t  water d r a i n  c o l l e c t i o n  

Outdoor a i r  F r o s t i n g  Water 
t empera tu re  p e r i o d  c o l l e c t e d  

Run 
N o .  

(ml) [ " C  ( O N 1  (min) 

2 .5  (35-37) 
2.5 (35-37) 
2.5 (35-37) 

2 .5  (35-37) 

-3.0 (26-27) 
-3.0 (26-27) 
-3.0 (26-27) 

-3.0 (26-27) 

30 
30 
30 

90 

30 
30 
30 

60 

1 
2 
3 

1200 
1275 
1340 

4 2850 

1000 
% 40 

1100 

1 5  40 
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Amounts c o l l e c t e d  r ange  from 840 t o  

would appcar  t h a t  the h i g h e r  tempera ture  

c o n d i t i o n  as would be  expec ted ,  b u t  t h i s  

c luded  i n  t h e  p r e v i o u s  s e c t i o n ,  where i t  

t empera tu re  r e s u l t e d  i n  the  g r e a t e r  r a t e  

2850 m l .  From t h e s e  d a t a ,  i t  

was t h e  mre  s e v e r e  f r o s t i n g  

i s  c o n t r a r y  t o  what w a s  con- 

was a p p a r e n t  t h a t  t h e  lower 

of f r o s t  accumula t ion .  

h l te rna t i .ve l .y ,  i t  i.s p o s s i b l e  t h a t  t h e  p a t t e r n  f o r m  of f r o s t  fo rma t ion  

v a r i e s  w i t h  t empera tu re  o r  t h a t  the amount of water r e t a i n e d  on the c o i l  

o r  i n  t h e  d r i p  pan i s  a f u n c t i o n  of t empera tu re .  

7 .2  Compressor Performance d u r i n g  D e f r o s t  Pe r iod  

During t h e  d e f r o s t i n g  i n t e r v a l ,  f o u r  va r i ab l - e s  were r eco rded  i n  

ana log  form as a f u n c t i o n  of t i m e .  The v a l u e s  of t h e  compressor-motor 

and outdoor-fan-motor power ( t h e  l a t t e r  i s  z e r o  d u r i n g  d e f r o s t )  and t h e  

h igh-  and low-side re i r r i -gerant  p r e s s u r e s  are  showri a s  a f u n c t i o n  of t i m e  

a f t e r  i n i t i a t i o n  o f  d e f r o s t  i n  F i g s .  7.11-7.14. F i g u r e s  7 . 1 1  and 7.12 

show the end o f  t h e  30- and 90-mi.n f r o s t i n g  i n t e r v a l s ,  r e s p e c t i v e l y ,  and 

t h e  s t a r t i n g  and end ing  of t h e  d e f r o s t  i n t e r v a l  f o r  ou tdoor  a i r  condi-  

t i o n s  oE 2.5"C (36-37°F) dry-bulb t empera tu re  and 90-100% r e l a t i v e  

humidi ty .  

I n  F i g s .  7.13 and 7.14 are  shown t h e  same v a r i a b l e s  f o r  30- and 

60-min f r o s t i n g  i n t e r v a l s  f o r  -3'C (26-27°F) dry-bulb a i r  t empera tu re  

and 9 &loo% r e l a t i v e  huinidi t y . 
Before advancing  a b r i e f  i n t e r p r e t a t i o n  of t h e  d e f r o s t i n g  e f f e c t s ,  

d e s c r i b e d  h e r e  by t h e s e  cu rves  and what w a s  observed  c o n c u r r e n t l y  a t  t h e  

r e f r i g e r a n t  Elow meter d u r i n g  t h e  d e f r o s t i n g  i n t e r v a l ,  i t  i s  p e r t i n e n t  

t o  n o t i c e  the s i m i l a r i t y  of shape  between t h e  s h o r t  f r o s t i n g  i n t e r v a l s  

(30 min) and the s i m i l a r i t y  between t h e  long  f r o s t i n g  i n t e r v a l s  (60 and 

90 rnin). The d e f r o s t  c y c l e  d u r a t i o n  i s  j u s t  under  4 min a f t e r  30-min 

f r o s t i n g  p e r i o d s  a t  b o t h  outdoor  t empera tu re  l e v e l s .  Fo r  t h e  l o n g e r  

f r o s t i n g  i n t e r v a l s ,  the d e f r o s t  c y c l e  l a s t e d  ove r  5 min a f t e r  60 min a t  

-3°C (26---27"F) and o v e r  7 min a f t e r  90 min a t  2.5"C (36-37°F). Some 

s low o s c i l l a t i o n s  in the system p r e s s u r e s  are  s e e n  i n  b o t h  d e f r o s t  

cycles a f t e r  l ong  f r o s t i n g  p e r i o d s ;  t hey  are n o t  s een  d u r i n g  d e f r o s t  

a f t e r  30-min f r o s t i n g  intervals .  
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The f o l l o w i n g  i n t e r p r e t a t i o n  of t h e  s t r i p - c h a r t  d a t a  f o r  compressor  

power and sys tem p r e s s u r e s  d u r i n g  d e f r o s t  is  c a r r i e d  o u t  f o r  t h e  t y p i c a l  

c a s e  shown i n  F i g .  7 .11 .  J u s t  p r i o r  t o  t h e  i n i t i a t i o n  oi d e f r o s t i n g ,  t h e  

i n d o o r - c o i l  c o n t e n t s  are about  one-half  subcooled  r e f r i g e r a n t  and one-half  

two-phase r e f r i g e r a n t ,  w h i l e  a t  t h e  ou tdoor  c o i l  t h e r e  i s  two-phase r e f r i g -  

e r a n t  and some s u p e r h e a t e d  vapor .  A t  the i n i t i a t i o n  oE r h e  d e f r o s t ,  the 

r e v e r s i n g  valve connec t s  t h e  d i s c h a r g e  of t h e  compressor  t o  t h e  ou tdoor  

c o i l  and t h e  s u c t i o n  s i d e  of  t h e  compressor  t o  t h e  end of  t h e  indoor  c o i l  

c o n t a i n i n g  s u p e r h e a t e d  g a s .  Some of t h e  vapor  i n  t h e  indoor  c o i l  empt i e s  

q u i c k l y  w i t h o u t  r e s t r i c t i o n  i n t o  the compressor  s u c t i o n ,  t h u s  c a u s i n g  t h e  

observed  jump i n  s u c t i o n  p r e s s u r e  immedia te ly  a f t e r  i n i t i a t i o n  o f  t h e  

d e f r o s t  c y c l e .  A s  t h e  p r e s s u r e  d rops  i n  t h e  w a r m  indoor  c o i l ,  t h e  

l i q u i d - r e f r i g e r a n t  c o n t e n t s  proceed  t o  b o i l  o f f  and pass through t h e  

compressor  i n t o  t h e  c o l d  ou tdoor  c o i l ,  where t h e  r e f r i g e r a n t  condenses  

and accumula tes .  C o n c u r r e n t l y ,  h igh - s ide  p r e s s u r e  i n  t h e  l i q u i d  l i n e  

d rops  as the indoor  c o i l  is  emptied and the outdoor-co i l  p r e s s u r e  remains  

low. 

During t h e  f i r s t  15  s e c  a f t e r  d e f r o s t i n g  i s  i n i t i a t e d ,  t h e  h igh - s ide  

p r e s s u r e  i s  s e e n  t o  drop  suddenly  from 260 p s i g  t o  abou t  140  p s i g ,  and 

t h e  low-side p r e s s u r e  i n c r e a s e s  from about  40 p s i g  t o  70 p s i g .  Bf tc rward  

t h e  h i g h - s i d e  p r e s s u r e  c o n t i n u e s  d e c r e a s i n g  b u t  a t  a lower rate, and t h e  

low-side p r e s s u r e  starts d e c r e a s i n g .  Both p r e s s u r e s  reached  a minimum 

a t  abou t  1 min d e f r o s t i n g  t i m e .  During t h i s  1-min p e r i o d  t h e  r e f r i g e r a r i t -  

l i n e  r o t a m e t e r  f l o a t  w a s  o s c i l l a t i n g  w h i l e  two-phase r e f r i g e r a n t  f l ow,  

ev idenced  by bubb les  i n  t h e  r o t a m e t e r  t u b e ,  w a s  observed .  A t  t h e  end of  

t h i s  p e r i o d ,  t h e  indoor  c o i l  has been evacua ted  t o  a l o w  ( suba tmospher ic )  

p r e s s u r e  because  h igh - s ide  p r e s s u r e  h a s  n o t  b u i l t  up enough t o  p a s s  

r e f r i g e r a n t  t h rough  t o  t h e  low s i d e .  Compressor power i s  s e e n  t o  f o l l o w  

s u c t i o n  p r e s s u r e  d u r i n g  t h i s  p e r i o d .  

A f t e r  abou t  1 min, o b s e r v a t i o n  of t h e  r o t a m e t e r  i n d i c a t e s  t h e  

resumpt ion  of  l i q u i d  r e f r i g e r a n t  f l owing  through i t .  The r o t a m e t e r  f l o a t  

rises s t e a d i l y  i n  t h e  l i q u i d  i n  t h i s  p o r t i o n  of t h e  d e f r o s t  c y c l e ,  as 

n o r i n d  Zunct ioning  as a vapor-compression sys tem i s  resumed. The system 

p r e s s u r e s  b e g i n  t o  i n c r e a s e  r a p i d l y  and approach  an ove r load  c o n d i t i o n  
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because of t h e  s topped  outdoor  f a n .  ‘The o u t d o o r - c o i l  t empera tu re  s e n s o r  

t e rmhates  t h e  d e f r o s t  c y c l e  b e f o r e  the ove r load  c o n d i t i o n  i s  reached .  

A t  t h e  t e r m i n a t i o n  of t h e  d e f r o s t  c y c l e  and resumption of t h e  

heac ing  mode, a t r a n s i e n t  i n  system o p e r a t i n g  c o n d i t i o n s  i s  e x p e r i e n c e d ,  

which a p p e a r s  t o  last no more than  1 min. 

7.3 Average COP f o r  t h e  F r o s t i n g - D e f r o s t i n g  Cycle 

For ambient  c o n d i t i o n s  under which f r o s t i n g  w i l l  o c c u r ,  a n  ave rage  

COP ove r  i h e  f r o s t i n g - d e f r o s t i n g  c y c l e  i s  t h e  s i g n i f i c a n t  measure of 

system e f f i c i e n c y .  A p r o p e r  method of e v a l u a t i n g  COP f o r  t h e  Erost ing-  

d e f r o s t i n g  c y c l e  would seem t o  depend upon whether  t h e  system were 

o p e r a t i n g  above o r  below t h e  b a l a n c e  p o i n t . ”  I f  t h e  system i s  o p e r a t i n g  

a t  ambient t empera tu res  below t h e  b a l a n c e  p o i n t ,  t h e  l o s s  i n  c a p a c i t y  

d u r i n g  f r o s t i n g  iilust be r e p l a c e d  by r e s i s t a n c e  heat:. T h e r e f o r e ,  c o n s t a n t  

h e a t i n g  o u t p u t  wi t11  supplementary r e s i s t a n c e  h e a t  a p p e a r s  t o  b e  a f a i r  

b a s i s  f o r  d e t e r m i n i n g  ave rage  COP under t h e s e  c o n d i t i o n s .  

For o p e r a t i o n  above t h e  b a l a n c e  p o i n t ,  no a d d i t i o n a l  r e s i s t a n c e  

hea t  would h e  needed; t h e r e f o r e ,  an average. COP w i t h o u t  supp lemen ta l  

h e a t  seems a n  a p p r o p r i a t e  measure f o r  t h i s  case. Cal .culat ions were 

performed t o  de t e rmine  an ave rage  e f f e c t i v e  COP under b o t h  sets of 

c o n d i t i o n s .  

Computed v a l u e s  f o r  ave rage  COP are shown i n  Table  7 . 2 ,  c o n t r a s t e d  

w i t h  t h e  COP a t  t h e  beg inn ing  of t h e  f r o s t i n g  p e r i o d .  Average v a l u e s  

are  computed assuming t h a t  compressor power i n p u t  d u r i n g  d e f r o s r  i s  l o s t  

from t h e  system. Average COP v a l u e s  w e r e  computed u s i n g  t h e  fo l l -owing  

e x p r e s s i o n s :  

+ e  
p e a t  res.)  avg. ove rATf ros t ing  + (‘res.) avg. over “ d e f r o s t  

pump h e a t  f r o s t i n g  i n t e r v a l  h e a t  d e f r o s t  per iod 

i n t e r v a l  per iod , COP = -7 
+ f i  ( Ehea t  ’ ‘res .) avg. over  “ f r o s t i n g  r e s .  ) avg. over A T d e f r o s t  

pump h e a t  f r o s t i n g  interval -e h e a t  d e f r o s t  p e r i o d  
i l i t  erva 1 period 

“Balance p o i n t  i s  d e f i n e d  as the ou tdoor  dry-bulb eemperature  a t  
which hr?aI:-.purnp c a p a c i t y  e x a c t l y  matches b u i l d i n g  h e a t i n g  l o a d .  



59 

Table  7.2. Average COP over  f r o s t i n g - d e f r o s t i n g  c y c l e  
-1_- 

Average COP 
w i t h  

no-fros  t supplementary 
e l e c t r i c  h e a t  

Average COP, 
f r o s t - d e f r o s t  

COP, 
Outdoor a i r  F r o s t i n g  D e f r o s t  
t empe r a t: u r e i n  t e r va 1 i 11 t e rva 1 

(min) (min) cycle  ["c (OF11 

2.5 (36-37) 30 3.7 2.05 1 . 7 3  1 .60  
2 . 5  (36-37) 90 7 . 3  2.05 1.69 1.48  

-3 ( 2 6 2 7 )  30 3.7 2.00 1.56  1 .42  
-3 (26-27) 60 5 . 1  2 . 0 0  1.47 1 . 3 3  

f o r  t h e  case where t h e  system i s  p e n a l i z e d  f o r  t h e  use  of supplementary 

r e s i s t a n c e  heat; f o r  t h e  case i n  which r e s i s t a n c e  h e a t  i s  n o t  used ,  

C! T 
q h e a t  pump, avg.  o v e r  f r o s t i n g  

i n t e r v a l  

A -r + E  
_____..___.__ 

f r o s t i n g  i n t e r v a l  

f r o s t i n g  

cop =. -I__---- 

'tieat pump, avg . over  lieat pump, avg . ATciefrost 

in t erv  a 1 
f r o s t i n g  i n t e r v a l  i n t e r v a l  d u r i n g  d e f r o s t  p e r i o d  

I n  t h e  above e x p r e s s i o n s ,  

4 = h e a t i n g  c a p a c i t y ,  

E = energy  i n p u t ,  

AT = t i m e  d u r a t i o n .  

For t h e  2.5'C (36-37'F) ou tdoor  a i r  c o n d i t i o n ,  t h e  average  CUP w i t h  

a 30-min f r o s t i n g  p e r i o d  i s  1 . 7 3  w i t h o u t  supplemeritnry r e s i s t a n c e  h e a t  

and 1.60 w i t h  supplementary h e a t :  84 and 78X of t h e  u n i r o s t e d  COP 

r e s p e c t i v e l y .  A t  t h e  - 3 O C  (26-27°F) c o n d i t i o n  and a 30-mi11 f r o s t i n g  

i n t e r v a l ,  the average  COP v a l u e s  are 1.66 and 1 . 4 2 :  78 and 71% o€ the 

u n f r o s t e d  c o n d i t i o n s .  

The v a l u e s  i n  Table  7.2 i l l u s t r a t e  tha t  cl. 30-min f r o s t i n g  p c r i o d  i s  

more energy  e f f i c i e n t  than t h e  60- and 90-min p e r i o d s .  However, t h e r e  

are n o t  s u f f i c i e n t  d a t a  t o  de te rmine  whether  the  m a n u f a c t u r e r ' s  30-mio 

t i m i n g  i s  optimum f o r  b e s t  e f f i c i e n c y .  This  could be the subjec t  of a 

f u t u r e  r e s e a r c h  s tudy .  
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8. REFRIGERANT CHARGE VAKIATION TESTS 

F i g u r e  8 . 1  shows t h e  manner i n  which system r e f r i g e r a n t  p r e s s u r e s  

v a r y  w i t h  r e f r i g e r a n t  cha rge .  Tes ts  w e r e  conducted w i t h  1 ~ 0 ° C  (50°F)  

outdoor  a i r  and 21."C ( 7 0 ° F )  i n d o o r  a i r  t:eniperatures. P r e s s u r e s  are seen 

t o  be  approx ima te ly  propi.'rti.cmal~ t o  r e f r i g e r a n t  cha rge  i n  t h e  undercharge 

c o n d i t i o n ,  and t o  l e v e l  o f f  somewhat i n  t h e  ove rcha rge  r ange .  Undercharge 

tests were t e r m i n a t e d  when bubb les  were observed i n .  t h e  l - iquid l i n e ,  a t  

abou t  1 . 8  kg ( 4  I b )  c h a r g e ,  i n d i c a t i n g  incomple t e  condensa t ion .  A s  would 

be  expec ted ,  t h e  e v a p o r a t i n g  t empera tu re  d e c r e a s e d  as cha rge  and s u c t i o n  

p r e s s u r e  dec reased .  T h i s  l-eads t o  a n  i n c r e a s i n g  level .  o f  s u p e r h e a t  a t  

t h e  e v a p o r a t o r  e x i t ,  as shown i n  F i g .  8 . 2 .  Supe rhea t  d rops  rapi.dl.y with 

i n c r e a s i n g  cha rge  i n  t h e  ove rcha rge  r ange ,  d ropp ing  t o  z e r o  i n  some of 

t h e  tests. 

R e f r i g e r a n t  mass f low r a t e  i s  h i g h l y  s e n s i t i v e  t o  r e f r i g e r a n t  cha rge  

as  shown i n  Fi-g. 8 .3 .  The s t e e p  drop i n  mass f 1 . o ~  ra te  as cha rge  i s  

reduced is t h e  consequence of b o t h  droppirig s u c t i o n  p r e s s u r e  and r i s i n g  

s u c t i o n  s u p e r h e a t .  

F i g u r e  8 . 4  shows the v a r i a t i o n  i n  h e a t i n g  c a p a c i t y  w i t h  c h a r g e ;  t h e  

s h a p e  of t h i s  cu rve  i.s s e e n  t o  be s i m i l a r  t o  t h a t  of t h e  illass f low rate  

cu rve  (F ig .  8.3) as wou1.d be  expec ted  s i n c e  c a p a c i t y  i s  e q u a l  t o  i r l r e  

p roduc t  of  rc3frLgeran-t f low r a t e  and entiiaI.py d i f f e r e n c e .  

The e f f e c t  of cha rge  on COP i s  shown i n  F i g ,  8.5. The COP i s  

e s s e n t i a l - l y  c o n s t a n t  i n  t h e  ove rcha rge  r ange  and d rops  o f f  i n  t h e  under- 

cha rge  r a n g e ,  b u t  less sharp1.y than  h e a t i n g  c a p a c i t y  arid r e f r i g e r a n t  

m a s s  f l ow rate. 

A s  h a s  been p o i n t e d  o u t  p r e v i o u s l y  i n  t h i s  r e p o r t ,  t.iie test system 

d i d  n o t  employ a s u c t i o n - l i n e  accumula to r ,  w h i l e  most ,  i f  no t  a l l ,  

c u r r e n t l y  manuEactured h e a t  pumps do  use a n  accumula to r ,  I n  f a c t ,  

c u r r e n t - y e a r  models of t h e  t e s t  system have a n  accumula to r .  S i n c e  t h e  

u s e  of a s u c t i o n - l i n e  accumulator  can  be expec ted  t o  a l t e r  <lie cha rge  

s e n s i t i v i t y  c h a r a c t e r i s t i c s  of a sys t em,  the performance changes 

p r e s e n t e d  here shou1.d n o t  be  c o n s i d e r e d  r e p r e s e n t a t i v e  of c u r r e n t  sys t ems .  

Comparison w i t h  f u t u r e  tes t  da t a  f o r  a n o t h e r  system may i n d i c a t e  t h e  

b e n e f i t s  i n  reduced cha rge  s e n s i t i v i t y  that  a c c r u e  from the use of a 

suc t ion - l i . ne  accumula to r .  
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Fig. 8 . 4 .  Heating capacity as a function of r e f r ige ran t  charge. 
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Appendix A. SYSTEN DESCRIPTION 

A.  1. Heat-Pump Manufacturer  Rat ings  and 
D e s c r i p t i o n  of Heat-Pump Components 

H e a t r i c a p a c i t y  
A t  8.3"C ( 4 7 ° F )  outdoor  a i r  and 

2 l 0 C  ( 7 0 ° F )  indoor  a i r  tempera ture  

A t  -8.3"C (17°F) outdoor  a i r  and 
21'C ( 7 0 ° F )  i n d o o r  a i r  tempera ture  

-- C o e f f i c i e n t  of performance 
A t  8 .3 "C  ( 4 7 ° F )  outdoor  a i r  and 

2 1  "C (70°F) indoor  a i r  tempera ture  

A t  --8.3"C (17°F)  outdoor  a i r  and 
2 1 ° C  (70°F) i n d o o r  a i r  tempera ture  

Cooling c a p a c i t y  
A t  35°C (95'F) ou tdoor  a i r  tempera ture  and 

2 7 ° C  (80'F) dry-bulb,  19°C (67°F)  
wet-bulb indoor  a i r  

Energy e f f i c i e n c y  r a t i o  

Compressor 

Type 
Number of c y l i n d e r s  
Displacement 
Speed (nominal) 

Outdoor c o i l  

Type 

Co i l  o r i e n t a t i o n  
F i n  t h i c k n e s s  
F in  p i t c h  
Tube o u t s i d e  d iameter  
Face area 

Air f low,  nominal 
Fan t y p e  
P r o p e l l e r  d iameter  
Fan o r i e n t a t i o n  
Fan l o c a t i o n  

R-2 2 

11.40 kW (39,000 B t u / h r )  

6 .50 kW (22,000 Bru/hr )  

2.2 

1 . 4  

10.55 kW (36,000 Btu/'nr) 

6 . 3  Btu/hr*W 

R e c i p r o c a t i n g ,  h e r m e t i c  
2 
7 4 . 1  cm3 ( 4 . 5 2  i n . 3 )  
3450 rpm 

Copper tube  and aluminum 
f i n s  w i t h  r e t u r n  bends 

H o r i z o n t a l  
0.16 mm (0.0063 i n . )  
14 f i n s / i n .  
9 . 5  mm (3 /8  i n . )  
0.86 x 0.59 m (0 .482  m2) 

[ 3 4  x 22 i n .  (5.19 f t 2 ) 1  
9000 m3/hr (2350 cfm) 
3 b l a d e s ,  p r o p e l l e r  
0 .51 m (20 .in.) 
H o r i z o n t a l  a x i s  
U p s t r e a m  of h e a t  exchanger 
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Indoor c o i l  

Type 

O r i e n t a t i o n  
F i n  t h i c k n e s s  
F i n  p i t c h  
Tube o u t s i d e  d iameter  
Face area 

Air f low,  nominal. 
Fan type 

Imp e 1- l e r  d iameter  
1mpell.e-t: l e n g t h  
Fan l o c a t i o n  

R e  f r i g e  r-?$ t con t r o 1s 
Cooling 

Heat ing  

R e f r i g e r a n t  revers i -ng c o n t r o l  
Charged tub ing  

Length 
S i z e  

Tube and f i n s  wi.th 

S l a n t e d  
0.16 m ( 0 . 0 0 6 3  i n . )  
14 f i n s / i n .  
9 . 5  mm ( 3 / 8  i n . )  
0 .48  x 0..56 m ( 0 . 2 6 9  m2) 

[ I 9  x 22 i n .  
2000 m3/hr (1200 cfm) 
C e n t r i f u g a l ,  forward- 

0 . 2 3  m (9  i n . )  p i t c h  diameter  
0.20 m (8 i n . )  
Downstream of h e a t  

exchanger 

r e t u r n  bends 

( 2 . 9  f t ’ ) ]  

curved i m p e l l e r  b l a d e s  

3 c a p i l l a r i e s  i n  paral.l.e.1, 
1 . 6 3  mm ( 0 . 0 6 4  i n . )  i n s i d e  
d i a m e t e r ,  0.76 m ( 3 0  i n . )  

1 c a p i l l a r y ,  2 . 0 3  mm ( 0 . 0 8 0  
l o n g  

i n . )  i n s i d e  d i a m e t e r ,  
0.96 m ( 3 8  i n . >  long  

(+-way v a l v e  

7 . 6 2  m (2.5 f t )  
6 . 4  mm (0 .25  i n . )  and 

1 9 . 1  nun (0.75 i n . )  

A.2. Schematic and D e t a i l s  of t h e  Outdoor 
and Indoor  Heat Exchangers 

A.2.1. Outdoor u n i t  ~ _ _ _ . . . . . .  

F i g u r e  A . l  shows t h e  i n l e t  maii.i.fold on t h e  outdoor  c o i l  and t h e  f o u r  

r e f r i g e r a n t  streams o r i g i n a t i n g  a t  p o i n t s  1, 2 ,  3 ,  and 4 .  The r e f r i g e r a n t  

t r a v e l s  through t h e  c o i l s  a c t i n g  a s  e v a p o r a t o r s  i n  t h e  h e a t i n g  mode and 

d i s c h a r g e s  as t h r e e  s t reains  i n t o  t h e  c o l l e c t o r  b e f o r e  f lowing  downstream 

to the l o w  s i d e  of  t h e  four-way r e f r i g e r a n t  r e v e r s i n g  v a l v e .  F i g u r e  A.2 

d i s p l a y s  t h e  c i r c u i t i n g  of t h e  r e f r i g e r a n t  r e t u r n  bends. 

s e n s o r  i s  l o c a t e d  on one of t h e  return bends a t  t h e  bottom of t h e  c o i l .  

The d e f r o s t  
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TO REVERS1 NG VALVE 
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Fig .  A . l .  Schematic of outdoor-co i l  r e f r i g e r a n t  c i r c u i t  i n  the 
tiea t i n g  mode. 
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Outdoor-coi l  cons t ruc t ion  d e t a i l  and r e f r i g e r a n t  c i r c u i t  
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A.2.2 Indoor  u n i t  

The re la t ive  p o s i t i o n s  of t h e  c e n t r i f u g a l  f a n  and t h e  indoor h e a t  

exchanger  are shown i n  F i g .  A . 3 .  The heat exchanger  is i n c l i n e d  from 

t h e  v e r t i c a l .  The f an ,  downstream from i t ,  induces  t h e  a i r  t o  che 

double-suc t ion  f a n  i m p e l l e r .  F i g u r e  A . 4  shows t h e  t h r e e  p a r a l l - e l  r e f r i g -  

e r a n t  c i r c u i t s  and t h e  d i r e c t i o n  of t h e  r e f r i g e r a n t  f low i n  t h e  h e a t i n g  

mode. 
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REFRIGERANT PATH 1-4 ,  2-2,3-3 
24 PASSES/PATH x 19in./PASS x Ift,/i2in. = 38ft/PATH 

3/8 in. OD COPPER TUBING 

Fig. A . 4 .  Schematic of indoor-coil. r e f r i g e r a n t  c i r c u i t  i n  the 
hea t ing  mode. 
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Appendix 8 ,  STEADY-STATE (NO-FKOS'C) EXPERIMENTAL DATA 

Table  B . 1  shows t h c  d a t a  c o l l e c t e d  and t h e  resiilts of some of t h e  

computat ions needed f o r  e v a l u a t i n g  t h e  performance of t h e  heat-piimp sys- 

tern o p e r a t i n g  under n o - f r o s t  c o n d i t i o n s  i n  t h e  h e a t i n g  mode. F i g u r e  B . l  

s l w w s  t h e  l o c a t i o n  of t h e  heat-pump components and t h e  r e f r i g e r a n t  f l o w  

p a t h  i n  t h e  h e a t i n g  mode. Inc luded  in the f i g u r e  i s  t h e  pressure-en tha lpy  

diagram f o r  R-22. The numbered p o i n t s  on [.he diagram correspond t o  

riiiriibered p o i n t s  on t h e  c i r c u i t  diagram. 
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liable B.1. S t e a d y - s t a t e  t e s t  d a t s  

A i r f l o w  H e s t i n g  
Power I n p u t ,  kW c a p a c i t y ,  kW COP ?owe:- i n p u t ,  11' - A i r  t e m ? e r a t u r e s ,  O F  R e f r i g e r a n t  t e m p e r a t u r e s ,  "F P r e s s u r e s ,  p s i 2  r a t e ,  cfn: Alrflow 

013 t doo r Indoor 
r a t e ,  R e f r i g .  

REV. Cap.  h t m o s .  Cap. Corn?. Out- In- indoor f 1 ow 
c o i l  c o i l  rate, Outdoor  ?.ndoor Refrig. A i r  T e f r i g .  A i r  h a p .  9 v a p .  Comp. Corn?. valve Cond. Cond. t u b e  p r e s s . ,  Corn?. t u b e  d i s c h .  d o o r  d o o r  coil, 

:Lc out in o u t  out r3 out i n  i n .  ~g s u c t .  i n  (est.) coil. c o i l  l b / h r  I b / h r  f e n  fan conpressor Total method method method method 

1 12/14/76 64.3 52.5 72.6 107.6 48.4 63.1 67.2 251 234.3 223.5 81.5 80.1 29.2 76 325 335 2330 123C 5320 383 458 587 4.66 5.72- 12.1~5 13.10 2.13 2.29 

3 12/15/76 26.5 21.9 71.7 96.2 25.7 20.1 15.7 17E 158.9 160.4 78.0 72.5 29.3 53.5 25C 260 2150 1220 5306 295 519 593 3.67 4.78 8.64 9.14 1.81 1.91 
-_  501 L69 4.;9 5.16 10.46 11.17 2.03 2.16 
374 469 4.56 5.51 11.14 12.52 2.02 2.03 

469 3.84 G.82 8.92 9.39 1.65 1.95 

4 1212.7176 41.2 33.6 71.6 1C5.3 37.9 32.1 28.9 217 198.8 1.90.3 82.0 78.2 29.3 66.2 297 307 2200 1080 4690 
4690 5 12/17/76 51.7 42.1 71.L 109.4 44.8 48.3 52.2 237 221.8 216.1 S3.9 81.0 29.3 73 322 

6 12/20/76 29.6 25.2 72.4 101.3 29..' 22.3 19.0 180 l62.2 1.65.1 62.0 76.2 29.3 57 270 280 2160 1.080 4620 319 5 15 
7 1/12/77 26.7 22.3 7L.1 103.6 27.;. 20.0 16.3 167 147.0 155.0 85.7 7S.S 28.9 55 2 75 285 2260 790 3400 319 516 390 3.91 4.82 6.92 7.77 1.74 1.61 
8 1/12/77 44.2 35.8 71.1 113.9 41.0 34.1 29.2 222 202.3 204.5 90.1 85.3 28.9 70 320 330 2170 780 3350 36 3 506 384 4.54 5.32 10.30 10.09 1.91 1.85 
9 1/12/77 33.9 27.5 70.3 106.8 33.2 25.5 21.2 158 167.3 172.9 S6.2 79.9 28.9 60 290 300 2230 750 3220 328 5 11 388 4.01 4.91 9.04 8.25 1.84 1.68 

2.05 
11 1/l8/77 53.8 45.1 65.4 97.9 43.4 54.1 58.9 237 220.0 210.8 73.1 71.8 29.0 66 2L5 255 2240 1150 5000 329 4CP 5 79 4.14 5.22 10.56 1 1 . L 1  2.02 2.1.9 
12 1/17/77 42.C 34.1 65.3 94.8 36.0 40.5 45.1. 221 203.9 196.8 72.3 69.0 28.9 61 260 320 514 603 3.88 5.00 10.21 1C.02 2.04 2.00 

Run 
No. 3 a t e  I n  o u t  I r. o u t  

2 12/15/76 51.0 4l.5 69.6 101.5 42.L 49.5 53.7 229 213.2 205.5 77.7 75.9 29.3 67.5 295 305 2160 1210 5356 35 3 499 590 4.17 5.25 10.56 1:..99 2.06 2.27 

252 484 332 2110 1.080 

10.59 10.69 2.03 10 1/17/77 41.7 33.5 72.5 101.2 37.6 38.7 L2.8 224 206.6 201.7 7l.0 75.7 28.9 63 275 285 2300 1230 5280 32s 511 6C8 4.09 5.21 

270 2310 1110 4830 
13 1/17/77 31.3 24.8 65.6 92.0 29.2 22.3 19.3 202 181.3 178.3 71.9 67.6 28.9 55 238 292 519 612 3.61 4.74 9 .GO 8.90 1.90 1.87 248 2240 1100 4810 
14 1/18/7i 31.1 25.4 81.0 105.9 30.6 23.1 19.0 189 168.2 172.1 88.8 82.1 29.0 57 278 307 52.1 587 3.85 4.95 3.68 8.45 1.75 1.72 288 2440 1150 4850 
15 1/18/77 49.6 4C.5 S2.6 114.2 44.3 46.0 50.5 244 226.1 223.0 92.1 87.9 29.0 71 327 337 2370 1130 4720 359 498 585 4.80 5.88 10.41 10.48 1.77 1.78 

17 2/2/77 12.0 9.7 71.6 90.2 14.2 7.9 5.0 135 114.5 125.0 77.1 67.8 29.5 43 211 221 2370 1200 5230 223 535 6CS 3.52 4.66 6.33 6.82 1.35 1.46 
1.77 18 2/2/77 26.9 20.7 70.5 93.8 25.8 18.9 14.0 185 164.8 166.7 76.4 70.3 29.5 52 240 250 2370 1170 5130 283 535 609 3.60 4.74 8.63 

19 2/2/77 3 7 . 5  30.1 72.5 100.0 34.4 33.3 37.2 218 202.4 201.2 79.4 75.1 29.5 60 265 275 2210 1100 4750 312 499 590 3.96 5.05 9.87 9.23 1.96 1.83 

16 111.8177 42.4 34.2 83.4 110.0 39.2 34.9 38.8 226 209.0 207.4 89.5 84.1 29.0 06 310 320 2390 1140 4790 338 505 587 4.26 5.35 10.19 10.63 1.90 1.99 

8.41 1.82 
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F i g .  R . 1 .  Schematic of refrigerant circuit, air path, and 
thermodynamic cycle in the heating mode. 



79 

Appendix C .  FAN-MOTOR PERFORMANCE CURVES 

C . 1 .  C e n t r i f u g a l  Fan (Indoor  U n i t )  

Table  C . l  i n c o r p o r a t e s  t h e  t h r e e  r u n s  u t i l i z e d  t o  de te rmine  t h e  

head-capac i ty  and power-capacity c u r v e s  f o r  the i n d o o r  f a n .  

Table  C . l .  Indoor-fan test d a t a  

Volume Sta t ic -developed  Fan-mo t or 
Run No. rate of a i r  head ,  k?, i n  p i i t  power 

( c f d  ( i n .  HZO) (kW) 

1190 

1183 

1038 

0.76 

0.82 

0.96 

0 . 6 2 1  

0 600 

0 . 5 4 1  

The  i n f o r m a t i o n  c o n t a i n e d  i n  Table  C.l w a s  used t o  compute t h e  o v e r a l l  

e f f i c i e n c y  of t h e  fan-motor u n i t  f o r  a v o l u m e t r i c  a i r f l o w  rate  between 

1000 and 1250 c E m .  This  i s  shown i n  m e t r i c  and E n g l i s h  u n i t s  i n  

Table C . 2 .  

Table  C . 2 .  Overall e f f i c i e n c y  of t h e  indoor-fan-motor u n i t  
as a f u n c t i o n  of airflow ra te  

S t a t i c -  Volumetric A i r  Power 
f low rate power i n p u t  

head 
developed O v e r a l l  

e f f i c i e n c y  
(kW) (kN [m3’hr (c fm)J  [kPa ( i n .  H 2 0 ) ]  

1670 (1000) 0.24 (0.98) 0.113 0 .522  0 .216  

0.22 (0.90) 0.114 0 . 5 7 1  0.200 1870 (1100) 

1950  (1150) 0 . 2 1  (0.84) 0.111 0.598 0.186 

2040 (1200) 0 .19 (0.75) 0.103 0 .621  0.166 

2120 ( 1 2 5 0 )  0 .16  ( 0 . 6 6 )  0.095 0.645 0 . 1 4 7  
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C .  2 .  P r o p e l l e r  Fan (Outdoor U n i t )  

The t h r e e  e x p e r i m e n t a l  runs used t o  o b c a i n  t h e  head-capac i ty  and 

input-power-capaci ty  cu rves  f o r  t h e  ou tdoor  f a n  are d i s p l a y e d  i n  

Table  C . 3 ,  

Table C .  3.  Outdoor-fan test d a t a  
I_ . .- ... .- ....... .- 

Volumet r i c  S ta t i c -deve loped  Pan-mo t o r  
Run No. f l ow r a t e  head ,  Ap . i n p u t  power 

( c f d  ( i n .  H ~ O ~  (kW) 

.1----1 ...-.-.__ -- -- 
1 2075 0 . 2 6  0 . 4 8 8  

2 1510 0 . 3 5  0.51.0 

3 1880 0 .30  0 . 4 9 8  

The o v e r a l l  f a n  e f f i c i e n c y  as A f u n c t i o n  of i.he v o l u m e t r i c  a i r f l o w  r a t e  

i s  d i s p l a y e d  i n  ‘Tab le  C . 4 .  Values were o b t a i n e d  from e x t r a p o l a t i o n  and  

i n t e r p o l a t i o n  of t h e  d a t a  i n  Table  C . 3 .  

Table  C .  4 .  O v e r a l l  e f f i c i e n c y  of t h e  outdoor-fail-motor un i t  
as a funct:ion of a i . r f l o w  r a t e  

..... ........ .- ....... . ........ -. .... .- -. .. 

A i r  Power S t a t i c -  

a i r f l o w  r a t e  power input: 
head 

[m3’hr (cfm’l [kPa ( i n .  HzO)] 

Volumetr ic  
developed 0veral . l  

(kW) (kW) 
e f f i c i e n c y  

2550 ( 1 5 0 0 )  0 .087  ( 0 . 3 5 )  0 .060 0.510 0.118 

2890 ( 1 7 0 0 )  0 . 0 8 2  ( 0 . 3 3 )  0 .064  0 .504  0 . 1 2 8  

3230 (1900) 0.073 ( 0 . 2 9 5 )  0 .064  0 .498  0.129 

3400 (2000)  0 .068  ( 0 . 2 7 5 )  0 .063  0 . 4 9 4  0 . 1 2 8  

3570 ( 2 1 0 0 )  0 .062  ( 0 . 2 5 )  0.060 0.489 0 . 1 2 3  

0.171 3740 ( 2 2 0 0 )  0 .057 ( 0 . 2 3 )  0 . 0 5 8  0 .481  

3310 ( 2 3 0 0 )  0 . 0 5 1  ( 0 . 2 0 5 )  0 . 0 5 4  0 .475  0 .114  
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