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ABSTRACT 

Lamb, Glenn Doyle, M,S,, Purdue Univers i ty ,  December 1980, 
Seasonal  Performance of  Air Condi t ioners  - An Analysis  of 
t h e  DOE Tes t  Procedures:  The Thermostat and Measurement 
Er ro r s ,  Major P ro fessor :  David Re Tree, 

Two a s p e c t s  of  t h e  DOE t e s t  procedures  a r e  analyzed, 

F i r s t ,  t h e  r o l e  of  t h e  thermosta t  i n  c o n t r o l l i n g  t h e  cy- 

c l i n g  of cond i t ion ing  equipment i s  i n v e s t i g a t e d .  The t e s t  

procedures  c a l l  f o r  a c y c l i n g  scheme of 6 minutes  on .- 

24 d n u t e s  o f f  f o r  Tes t  D. To j u s t i f y  t h i s  c y c l i n g  scheme 

as being r e p r e s e n t a t i v e  of  c y c l i n g  i n  ' t h e  f i e l d ,  i t  i s  

a s s w e d  t h a t  t h e  thermosta t  i s  t h e  major f a c t o r  i n  con- 

t r o l l i n g  t h e  c y c l e  r a t e ,  T h i s  assumption i s  examined by 

s tudying  a closed-loop feedback model c o n s i s t i n g  of  a 

thermosta t ,  a hea t ing/cool ing  p l a n t  and a condi t ioned 

space,  Important  parameters  of t h i s  model a r e  indiv idu-  

a l l y  s t u d i e d  t o  determine t h e i r  i n f l u e n c e  on t h e  system, 

It i s  found t h a t  t h e  swi tch  d i f f e r e n t i a l  and t h e  a n t i c i -  

p a t o r  gain are t h e  major parameters  i n  c o n t r o l l i n g  t h e  

c y c l e  r a t e ,  T h i s  confirms t h e  t h e r m o s t a t ' s  dominant r o l e  

i n  t h e  c y c l i n g  o f  a system, 

The second aspec t  o f  t h e  t e s t  procedures  concerns 

t r a n s i e n t  e r r o r s  o r  d i f f e r e n c e s  i n  t h e  measurement of 

. cyc l i c  capac i ty ,  I n  p a r t i c u l a r ,  , e r r o r s  due t o  thermocouple 



x i i i  

response, thermocouple grid placement, dampers and 

nonuniform v e l o c i t y  and temperature d i s t r i b u t i o n s  a r e  

considered, Problems i n  t h e s e  four  a r e a s  a r e  mathematically 

modeled and t h e  b a s i c  assumptions a r e  s t a t e d ,  R e s u l t s  from 

t h e s e  models he lp  t o  c l a r i f y  t h e  problem 'a reas  and .g ive  an 

i n d i c a t i o n  ,of  t h e  inagnitude of  t h e  e r r o r s  involved,  It i s  

found t h a t  major disagreement i n  measured c a p a c i t y  can a r i s e  

. i n  t h e s e  four  a r e a s  and can be mainly a t t r i b u t e d  t o  t e s t  

set-up d i f f e r e n c e s  even though such a i f  f  e rences  a r e  allow- 

a b l e  i n  t h e  t e s t  procedures. An understanding of such 

d i f f e r e n c e s  w i l l  a i d  i n  minimizing many problems i n  t h e  

measurement o f  c y c l i c  capaci ty ,  



CHAPTER I - INTRODUCTION 

Sect ion  A - Background 

A s  t h e  decade of t h e  f 8 0 1 s  dawns, energy remains a 

v.ery important i s sue .  Many of t h e  d i f f i c u l t i e s  and incon- 

veniences caused by energy shor tages  and r i s i n g  c o s t s  

t h a t .  were experienced during t h e  1701s  are cont inuing i n t o  

t h e  '801s. T h i s  emphasizes again t h e  need t o  understand 

t h e  impl ica t ions  of our energy usage and reso lve  t h e  

problems r e l a t e d  t o  i t .  This, however, w i l l .  not  be easy 

because at t h e  h e a r t  of t h e  energy i s s u e  i s  t h e  dilemma 

bet.ween t h e  need f o r  energy and t h e  need t o  conserve 

energy. 

With t h e  imp.etus of t h e  1973 o i l  embargo, t h e  ' 7 0 1 s  

saw numerous changes a t t e m p t i n g . t o  s top ,  o r  a t  l e a s t  slow . . 

down, i n c r e a s i n g  energy consumption .and i t s  even more 

inc reas ing  cobt. New energy progrmu. ,  policies, i d g a s  &d 

a t t i t u d e s  f lour ished ,  a t t ack ing  waste, improving eff ic iency. ,  

providing a l t e r n a t i v e s  and promoting conservation. Ope 

such venture was t h e  enactment of t h e  Energy Pol icy and 

Conservation Act i n  1974 by t h e  United S t a t e s  government, 

1 l . k  energy conservat ion program f o r  consumer products l1 

(Federal  Reg i s t e r  [19791) .* An important  aspect  of t h i s  
. . 

*Reference l o c a t e d  a lphabe t i ca l ly  i n  L i s t  of References 



law is  t h e  requirement t h a t  c e r t a i n  s p e c i f i e d  consumer 

products  be l a b e l e d  w i t h  a seasonal  energy usage number 

which would al low a buyer t o  es t imate  t h e  c o s t  of opera t ing  

t h a t  product on a seasonal  bas is ,  It was hoped t h a t  t h e  

buyer would purchase t h e  more energy-ef f i c i e n t  products  

which would eventua l ly  c l e a r  t h e  marketplace of t h e  l e s s  

e f f i c i e n t  models. Thus, a  s i g n i f i c a n t  energy savings  could 

be r e a l i z e d  by t h e  use of highly e f f i c i e n t  consumer pro- 

d u c t s  (Thomas [I9801 ), 

Central  air cond i t ione r s  and heat  pumps a r e  among those 

consumer products  t o  be labe led ,  To t h i s  end, t h e  United 

S t a t e s  Department of  Ehergy (DOE) with t e c h n i c a l  a s s i s t a n c e  

from t h e  National  Bureau of Standards (IBS) had t o  develop 

s tandard  t e s t  procedures t o  obta in  a number f o r  t h e  l a b e l ,  

She Seasonal Energy Ef f i c i ency  Ratio (SEER), which would be 

both informat ive  t o  t h e  congumer. and no t  over ly  burdensome 

f o r  t h e  air cond i t ion ing  i n d u s t r y  t o  obtain.  The o p t i o n s  

were many as were t h e  t r ade -o f f s  and under t h e  c o n s t r a i n t s  

imposed on them, p a r t i c u l a r l y  time, NBS produced t h e  present  

s e t  of  t e s t  procedures. (See Thomas 119801 f o r  a d e t a i l e d  

dLscussion of t h e s e  opt ions ,  ) 

The t e s t  procedures b a s i c a l l y  c a l l  f o r  t h e  running of 

four  t e s t s  which in par t  comply with 'the American socie'ty of 

Heating, Ref r ige ra t ion  and Air Conditioning Engineers 

(ASHRAE) Standard 37-78 [I9781 and t h e  Air Conditioning 

and Ref r ige ra t ion  I n s t i t u t e  (MI) Standard 210-79 [I 979 I. 

Three o f  t h e  t e s t s ,  t e s t s  A, B and C,  a r e  conducted under 



s teady s t a t e  cond i t ions  and t h e  four th  t e s t ,  t e s t  D, i s  a 

c y c l i c  t e s t .  These t e s t s ,  a long w i t h  t h e i r  bas ic  opera t ing  

cohai t ions ,  -are l i s t e d  i n  Table 1A-1.  The r e s u l t s  of these  

t e s t s  a r e  used t o  u l t i m a t e l y  c a l c u l a t e  t h e  SEER. See t h e  

Federal  Regis te r  [lg79 I '  f o r  this ca lcu la t ion .  ' The opt ion '  ' , 

is  a l s o  given t o  e l imina te  t e s t s  C and D and subs t i tu t ' e  

i n s t e a d  an assigned value of 0.25 f o r  t h e  degradation 

c o e f f i c i e n t  (CD) and then  c a l c u l a t e  t h e  SEER. The degra- 

da t ion  c o e f f i c i e n t  c h a r a c t e r i z e s  t h e  t r a n s i e n t  response of 

t h e  u n i t  and i s  defined i n  t h e  Federal  Reg i s t e r  I1979 1.- 

However, t e s t i n g  has not  gone smoothly. VJhile t h e  

air condi t ioning  i n d u s t r y  has  performed s teady s t a t e  t e s t s  

f o r  years ,  t h e  new requirements of t e s t  C and 3, namely 

low numidity ( a  dry c o i l  t e s t )  and t r a n s i e n t  measurements, 

have caused many d i f f i c u l t i e s  and r a i s e d  Eany ques t ions  

(Thomas 119801 ), It should be emphzsized t h a t  t h e  i n d u s t r y  

as a whole has  made a s i n c e r e  e f f o r t ' t o  abide by t h e  t e s t  

procedures. They have spent  a cons iderable  amount of time 

and money t r y i n g  t o  understand and comply w i t h  them. 

Nevertheless,  at  a DOE t e s t  procedure workshop held J u l y  15- 

16, 1980 at Purdue Universi ty ,  i t  was made very c l e a r  t h a t  

problems stil l  e x i s t  (DOE Workshops [I980 I ), 

.The Air Conditioning and Ref r ige ra t ion  I n s t i t u t e  (ILRI) . 

responded . to t h e s e  problems by sponsoring a s tudy of t h e  

t e s t  procedures. This  study was conducted by t h e  

Ray Vi. Herrick Labora tor ies  and a r e p o r t  was 

published i n  March, 1979 (See Thomas, Tr.ee and ~oldschm' id t  



Table 1A-1 Summary of  Requirements for W H  Test Procedures 

Indoor Indoor : outdoor Outdoor .. Mode. 
.Wet-Bulb . of Dry- Bulb .Dry-Bul b Wet-Bulb ( I , )  

Temperature Temperature. Temperature. 'Temperature Operation 
. . 

67OF (19.4'~) - 9 5 ' ~  (35 '~)  Tes t  A 8 0 ' ~  (26.7'~) 7 5 ' ~  (2j,g°C) s t e a d y - s t a t e  

Tes t  B 8 0 ' ~  ( ~ 6 . 7 ~ ~ )  6 7 ' ~  ( 19.lI0C) 8 2 ' ~  ( ~ 7 . 8 ~ ~ ) .  6 .5 '~  (18.3'~) s teady-s te t8  

..a 

Test  C 8 0 ' ~  (26.7'~) , See Note 8 2 ' ~  ( ~ 7 . 8 ~ ~ )  ------- s t eady-s ta t e  
(2)  

Test  D 8 0 ' ~  (26.7'~) See Note 82'5' (27.8'~) ------- , . c y c i i c  .. 

(2) 6 min. on-time 
24 min: off-t ime 

1 - Applies only t.o those u n i t s  which r e j e c t  contlensate 
. t o  t h e  outdoor c o i l .  

2- S h a l l  a t  no ti.me exceed t h a t  value of t h e  wet-bulb 
temperature which r e s u l t s  i n  t h e  production of condensate 
by t h e  i n d ~ o r  c o i l  a t .  t h e  dry-bulb temperatures.  e x i s t i n g  
f o r  t h e  ai.r enter ing  t h e  . indoor  por t ion  of  t h e  un i t . .  



[19791). W E  has  a l s o  attempted t o  be r2sponsive t o  t h e s e  

problems by funding a continued i t u d y  of t h e  t e b t  procedures 
. . 

which is  presen t ly  being completed by t h e  Ray We Herrick 

~ a b o r a t o k i e s .  The ARI r e i o r t  along with the: Master ' s  t h e s i s  

of Steven Thomas [I9801 forms t h e  bas&& f o r  t h e  present  

study, It i s  recowended t h a t  t h e s e  two doc'uments be care- 

f u l l y  reviewed b y . a l 1  who a r e  concerned with . the t e s t  

procedures, 

s e c t i o n  B - Purpose of t h e  Present  Work 

The p u r p ~ s e  of this work i s  t o  camplete a por t ion  of ; 

t h e  above DOE study. Th i s  work wLll addreds two important  '. 
; .  

a s p e c t s  of t h e  t e a t  procedures. ~ i r s t , t h e  r o i e  o f  t h e  

thermostat  i n  c o n t r o l l i n g  t h e  cyc l ing  of condi t ioning  
8 . .  

equipment w i l l  be a n a l y t i c a l l y  invps t iga ted .  While t h e  

cyc l ing  of equipment in t e s t  D i s  done manually, t h e  pre- ', 

s c r i b e d  duty cyc le  of s i x  minutes on - twenty-four 'minutes 

o f f  i s  t h e  r e s u l t .  of thermostat  dynamics as descr ibed by 

t h e  NEMA Standards 11972 1. To j u s t i f y  this; cycl ing  scheme 

as being r e p r e s e n t a t i v e  of cyc l ing  i n  t h e  f i e l d ,  NBS has  

assued i ;hat .bhe thermostat  i s  t h e  major factor i n  cont ro l -  

l i n g  t h e  cycle  r a t e  of  a condi t ioning  system. This assump- 

t i o n  w i l l  be examined by s tudying a closed-loop feedback . 

model c o n s i s t i n g  of  a thermostat ,  a heat ing/cool ing p l a n t  

and a condit ioned space. The important  .paramet.ers of t h i s  

system w i l l  be i n d i v i d u a l l y  s t u d i e d  t o  determine t h e i r .  

i n f l u e n c e  on t h e  system. I n  t h i s  way, t h e  r o l e  .of t h e  

thermostat  will be- b e t t e r  understood. 



The second h a l f  of t h i s  work w i l l  s tudy t r a n s i e n t  

e r r o r s  o r  d i f f e r e n c e s  i n  t h e  measurement of c y c l i c  capaci ty .  

In  p a r t i c u l a r ,  e r r o r s  due t o  thermocouple response, thermo- 

couple g r i d  placement, dampers and nonuniform v e l o c i t y  and 

temperature d i s t r i b u t i o n s  w i l l  be considered, Er ro r s  i n  

t h e s e  four  a r e a s  a r e  c l o s e l y  a s s o c i a t e d  with t h e  t e s t  

set-up, Since many a s p e c t s  of t h e  t e s t  set-up a r e  not  

c l e a r l y  def ined  i n  t h e  governing s tandards  (ASHRAE 37-78 

and ARI 210-79) o r  t h e  DOE t e s t  procedures and vary from 

company t o  company, t h e  comment h a s  been made t h a t  t e s t  

set-ups a r e  be ing  t e s t e d  r a t h e r  than air condi t ioning  u n i t s  

(DOE \Vorkshops 11980 I), T h i s  work w i l l  attenipt t o  r e s o l v e  

this problem, and a i d  i n  ob ta in iog  a c o r r e c t  a d  repro- 

duc ib le  measurement of t h e  c y c l i c  capaci ty  of  a u n i t ,  

Sec t ion  C - L i t e r a t u r e  Sampling 
' - 

There is ample l i t e r a t u r e  concerning t h e  thermostat .  

I n  some cases ,  i t  i s  ccnsidered simply as a black box, 

o d o f f  switch, Other r e fe rences  cons ider  i t  i n  more 

d e t a i l ,  s tudying  some of i t s  component p a r t s .  The emphasis 

of this work i s  on t h e  r o l e  of t h e  thermostat  i n  a system 

and t h e  i n f l u e n c e  of i t s  g a r m e t e r s  on t h a t  system, 

Therefore,  only those  re fe rences  t h a t  deal  with this 

s u b j e c t  w i l l  be discussed. 

Several  models e l d s t  i n  t h e  l i t e r a t u r e  which inc lude  

t h e  thermostat  as one element o f  a condi t ioning system. 

Nelson [I9741 proposed a r a t h e r  d e t a i l e d  model which i s  



shown i n  Figure 1C-1. The purpose of this model was t o  

s imula te  a r e s i d e n t i a l  hea t ing  system on .an analog compu- 

t e r .  .He found t h a t  t h e  performance of the '  heat ing.  equip- 

ment' w a s  in f luenced by t h e  thermostat  design. I n  p a r t i -  

cu la r ,  t h e  cycle  r a t e  could be changed by a d j u s t i n g  t h e  

a n t i c i p a t o r  cu r ren t ,  He a l s o  j u s t i f i e d  an exponent ial  

approximation t o  t h e  hea t ing  p l a n t  response.. Nelson (19741 

and Nelson and Magnussen [I9741 f u r t h e r  s t a t e d  t h a t  t h e  

e f f e c t  of fu rn i sh ings  (thermal mass) i n  a room was t o  c u t  

t h e  temperature swing as much as h a l f  when compared t o  an 

empty room. This  had t h e  e f f e c t  of changing t h e  cycle  r a t e .  

Using this same model, Anderson and Tobias O9741 found 

t h a t  t h e  switch d i f f e r e n t i a l  (SD) and t h e  a n t i c i p a t o r  

temperature r i s e  (K,) a f f e c t e d  t h e  cyc le  r a t e .  They a l s o  

s t a t e d  t h a t  f o r  S D > . ~ ~ ' F  (. I ~ ~ C )  t h e  cycle  r a t e  i s  n e a r l y  

independent o f  t h e  hea t ing  p l a n t  response time. 

Gable and Koenig [I977 ]  inc luded t h e  thermostat  i n  

t h e i r  computer s imula t ion  of a hea t ing  system t o  s tudy 

c e r t a i n  energy-saving ideas ,  They concluded t h a t  t h e  cyc le  

r a t e  depended on t h e  a n t i c i p a t o r ,  t h e  t ime constant  of  t h e  

bimetal, element, t h e  switch d i f f e r e n t i a l  and t h e  percent  

o&ime. For a s e t  po in t  of 7 0 ' ~  (21°c) they  found 

K ~ - 4 . 3 7 ' ~  ( 2 . 4 3 ° ~ ) ,  r,=7 min., SD=I   OF (.8j0c) and 6 cph 

at 50% on time, They modeled t h e  a n t i c i p a t o r  simply as a 

s teady s t a t e  gain device. 

The National E l e c t r i c a l  Manufacturers Associat ion 

(NEMA) Standards [I 972 I provided d e f i n i t i o n s  of thermostat  



Figure  1C-1  Thermostat Model of Nel'son 



terms and t e s t i n g  condi t ions  t h a t  could be used s tudy 

t h e  dynamic performance o f ,  a thermostat ,  These t e s t s  

inc luded a switch d i f f e r e n t i a l  t e s t  and a cyc le  : r a t e  t e s t  

which were used t o  s tandardize  thermostat  design. Both 

Mdion [1978] and McBride [1979] used t h e  NRU Standards 

t o  determine Component va lues  f o r  t h e i r  models, 

Didion 11978 1 examined i n  some d e t a i l  t h e .  c,omponent 

p a r t s  of t h e  thermostat , ,  such as t h e  bimetal  element and 

t h e  a n t i c i p a t o r  hea te r ,  His computer s imulat ion compared 

va r ious  types  of -thermostats and concluded t h a t  t h e  a n t i c i -  

p a t i n g  thermosta ts  genera l ly  provided b e t t e r  comfort due t o  

t h e i r  higher  cyc l ing  r a t e  th& t h a t  provided b y e t h e  unant i -  

c i p a t i n g  thermostats ,  a t t r i b u t e d  t h e  higher  cycle  r a t e  

t o  t h e  a x t i c i p a t o r  and. t h e  switch d i f f e r e n t i a l ,  His model 

w i l l  be s tud ied  f u r t h e r  i n  Chapter 11, 

Experimeziting on 'low vol tage  t h e r m o s t a t s  i n ;  a t e s t  

room, Cape and T u l l  [ 19691 measured 9, t o  be . 8 - 2 . 0 ~ ~  

1 1 ° ~ ,  They found t h a t  t h e  type of hea t lng  system 

had l i t t l e  e f f e c t .  0.n cycling.  he; a l s o  provided a good 
.. . . . 

discuss ion  on t h e  r o l e  of t h e  a n t i c i p a t o r  and how it' 

i nc reased  cyc l ing  t o  decrease temperature swings. ; 

~ c ~ r i d e  [ 19791 provided a very comprehensiie study 

of  t h e  thermostat '  which was supported by extens ive  f i e l d  and 

l abora to ry  work as well as a h l a y t i c a l  i n v e s t i g a t i o n .  His 

model i s  shovm i n  Figure 1C-2, He a l s o ' e x d n e d  t h e  com- 

ponent p a r t s  of t h e  thermostat  both a a l y t i c a l l y  and with 

s e v e r a l  t e s t s ,  i nc lud ing  t h e  NEMA Standards t e s t s .  His 



Figure 1C-2 Thermostat Model of-McBride 
. . 



numerical r e s u l t s  concerning t h e  switch d i f f e r e n t i a l ,  t h e  

bimetal  element, e t c ,  w i l l  be discussed i n  Chapter 11, 

McBride had s e v e r a l  conclusions which concerned t h e  

thermostat ,  He found Chat t h e  bimetal  element could be 

a p p r o e a t e l y  modeled as a f i r s t  o rde r  system, and t h a t  

t h e  a n t i c i p a t o r  could be descr ibed simply as a s teady s t a t e  
.. . 

gain  device, He found t h a t  changing air - r e l o c i t i e s  and 

temperature ramp r a t e s  had . l i t t l e  e f fec t .  on cycling. 

F ina l ly ,  he ccncluded t h a t  t h e  a n t i c i p a t o r  w a s  t h e  domi- 

nant  f a c t o r  i n  cyc l ing  t h e  equipment, 

Tvo more re fe rences  =e o,f i n t e r e s t  i n  understanding 

t h e  thermostat ,  Both Murphy [l9771 and Hart [ 19781 prepared 

percent  on -time versus  on-time p l o t s  of experimental  d a t a  

taken from an air condi t ioner  and a hea t  pump ( h e a t i n g  

mode), r e spec t ive ly ,  Both p l o t s  showed on-time tending  t o  

a f i n i t e  v a l u e . a s  percent  on-time tended t o  zero, i n d i c a t i n g  

t h a t  t h e  thermostat  was c o n t r o l l i n g  t h e  cycl ing,  Similar, 
/ 

r e s u l t s  . . w i l l  be found a n a l y t i c a l l y  i n  Chapter 11, 

Chapter I11 of t h i s  work w i l l  look at t r a n s i e n t  

measurement e r r o r s  a s soc ia ted  wi th  f o u r  a reas :  thermo- 

couple response, thermocouple g r i d  placement, dampers and 

nonuniform v e l o c i t y  and temperature d i s t r i b u t i o n s  a t  t h e  

measuring l o c a t i o n s ,  There i s  some l i t e r a t u r e  on t r a n s i e n t  

measurements t h a t  p e r t a i n s  t o  t h e s e  four  a reas ,  There i s  a 

wealth of l i t e r a t u r e  concerning s teady s t a t e  measurement 

e r r o r s ,  Only s e l e c t e d  s teady s t a t e  l i t e r a t u r e  i n  t h e s e  

a r e a s  v r i l l  be inc luded i n  t h i s  sanpl ing,  



m e n  us ing  thermocouples f o r  t r a n s i e n t  temperature 

measurements, t h e r e  a r e  a t  l e a s t  two concerns: accuracy 

and time response, ,  Didion [lg80-B] pointed out that  the 

making and handl ing  of thermocouples could cause inaccura- 

c i e s ,  He mentioned t h a t  s o f t  s o l d e r  should be used f o r  t h e  

junct ions ,  i n s t e a d  of s i l v e r  s o l d e r  o r  spot welding. Cold 

working of  ' the  thermocouple wires  could a l s o  cause inaccura- 

c i c o  and ohould be a ~ o l d e d i  He noted t h a t  using a s e r i e s  

arrangement where temperature d i f f e r e n c e  i s  measure& 

i n s t e a d  o f  i n d i v i d u a l  temperatures,  would ~ n i r n i z e  t h e s e  

i n a c c u r a c i e s  because they  would tend t o  cancel  each o ther .  

Anderson and McGill [I9801 s t a t e d  t h a t  a f l u c t u a t i n g  

thermocouple r e fe rence  junct ion temperature and'  no i se  

c o n t r i b u t e  . t o  thermoccuple inaccuracy  as high as 1-2O~. 

They hare  found t h e  r e fe rence  junct ion  oven t o  be more, 
. . 

r e l i a b l e  than t h e . i c e  ba th  o r  t h e  e l e c t r o n i c  i c e  bath,  

They also suggested approgr ia t e  room and 'equipment ground- 

.ing, thermocouple wire l e n g t h s  l i m i t e d  t o  50 f t ,  (15 m ) ,  

and -wire s h i e l d i n g  t o  minimize t h e  e f f e c t s  of 'no ise .  

Johnson e t ,  al. [I957 I made thermocouple measurements 

i n  a changing temperature f i e l d .  They s t a t e d  t h a t  i f  t h e  

thermocouple i s  placed fac ing  upstream and then  bent back 

downatrean, copduc~ion e r r o r s  could be neglec ted  because 

t h e r e  would be e s s e n t i a l l y  no g rad ien t  from t h e  l e a d s  t o  

t h e  junct ion t o  d i s t o r t  t h e  measurement, They a l s o  claimed 

t h a t  r a d i a t i o n  e f f e c t s  a r e  s m a l l  f o r  cond i t ions  s i m i l a r  t o  

those  used i n  t h e  DOE. t e s t  procedures. . .  . 



Thomas [I980 I and Murphy and ~ o l d s c h m i d t  [ig78] 

showed t h a t  t h e  time response of t h e  thermocouple caused 

t h e  measured capaci ty  t o  l a g  t h e  a c t u a l  capaci ty  but t h a t  

f o r  a t ime cons tant  of 2.5 seconds, t h e  e f f e c t  was . l e s s  ,than 

1%. Moffat 119571 provided a good d i scuss ion  on thermo-. 

couple .response, He b r i e f l y  developed t h e  thermocouple, 

, theory, and described t h e  e f f e c t  of mass,. v e l o c i t y  and & r e  

diameter on t h e  time re,sponse o f . , t h e  thermocouple, He noted, 

f o r  example, t h a t  time response i s  -shor.tened by using t h i n n e r  

wire o r  i q c r e a s i n g  t h e  ve loc i ty ,  Moffat a l s o  mentioned f i v e  

common sources  of measurement devia t ion ,  First, h e . c i t e d  

copduction. To avoid e r r o r ,  he suggested s t r i p p i n g  t h e  

mire about f i v e  diameters back t o  t h e  insu la t ion .  . Second, 

he mentioned t h e  s i z e  of t h e  weld o r  so ldes  bead, This  

should be ~ e p t  'as small  ,as p o s s i b l e  t o  reduce t h e  thermal 

mass. Third, .he comented  on junct ion  shape, . H e  suggested 

t h a t  t h e  . w i r e s  from t h e  junct ion form an open loop, , Fourth, 

r a d i a t i o n  was mentioned,. F i f t h ,  he c i t e d  o r i e n t a t i o n  i n  

t h e  air. stream, These last  two e f f e c t s  were considered 

small when temperatures and v e l o c i t i e s  are low such as in 

air condi t ioning  o r  hea t  pump appl ica t ions ,  

E r r o r s  due t o  g r i d  placement a r e  mainly, caused by 

thermal. mass e f f e c t s ,  mass t r a n s f e r  and heat  t r a n s f e r  

through t h e  duct v~alls. I n  t h e i r  f i n a l  r e p o r t  on t h e  WE 
. . 

t e s t  procedures, Kelly 'and Parken 119781 warned t h a t  . 

cons idera t ion:  plust be given t o  t h e s e  e f f e c t s ,  , Colborne. 

[I957 1, i n  s tudying t h e  performance of i n t e r m i t t e n t l y -  f i r e d  



o i l  furnaces,  a l s o  noted t h a t  t h e s e  e f f e c t s  needed tc~ be 

inc luded when cons ider ing  t h e  c y c l i c  performance of t h e  

furnace,  

Murphy and Goldschmidt [I9781 provided an exce l l en t  

a n a l y s i s  of  g r i d  placement and thermocouple response appl i -  

cab le  t o  t h e  t e s t  procedures. Using a computer s imulat ion,  

they  s t u d i e d  t h e  e f f e c t s  of thermal mass, hea t  t r a n s f e r  

and i n s u l a t i o n  on t h e  c y c l i c  capac i ty  measurement made at  

s e v e r a l  i o c a t i c n s ,  They found t h a t  these  e f f e c t s  caused 

t h e  measured capac i ty  t o  decrease as i t  was measured f u r t h e r  

downstream, Vfhen comparing t h e  c y c l i c  capaci ty  neasured 

at  t h e  blower e d t  (nea r  t h e  c o i l )  t o  t h e  capac i ty  measured 

20 f t ,  (6m) do~vnstrewn, they  found a 9% d i f fe rence ,  It i s  

recomnend.ed t h a t  t h i s  r e f e r e n c e  be consul ted f o r  more 

i n s i g h t  i n t o  t h e  problem of  g r i d  placement. 

Cer ta in  s teady s t a t e  r e s u l t s  a r e  u s e f u l  because they 

~ ~ 0 \ T i d e  an upper bound on t h e  e f f e c t s  of hea t  t r a n s f e r ,  

Kuelfiert [I9801 d id  t e s t i n g  on thermal s to rage  u n i t s  and 

found t h a t  forced w a r m  air which passed through a 6 f t .  

(1.8m) s e c t i o n  of  shee t  metal  duct ing  had i t s  temperature 

change 2 - 3 ' ~  ( 1.1-1 . ~ O C ) .  .This i n d i c a t e d  t h a t  heat  t r a n s f e r  

was t ak ing  p lace ,  McPherson et. al. [I9511 proposed a simpler 

method of f ind ing  t h e  e f f i c i e n c y  of a furnace which 

inc luded measuring duct l o s s e s ,  They found 2-3% losses in 

capac i ty  due t o  heat  t r a n s f e r  through t h e  ducting. Rise 

and Holmq 11977 1 s t a t e d  t h a t  an uninsula ted  duct i n  an 

unheated d r a w l  space e i g h t  l o s e  1.5 ~ t u / f t ~ - h r -  O F  



(8.5 w/mZOc) and t h a t  1 in.  (2.54 cm) of i n s u l a t i o n  vrould 

reduce this l o s s  by a f a c t o r  of th ree ,  Al l  of t h e  above 

r e s u l t s  came from heat ing  p lan t s ,  But they i n d i c a t e  t h a t  

heat  t r a n s f e r  does a f f e c t  capaci ty  measurements, This  f a c t ,  

then, should a l s o  be considered when t e s t i n g  air condi- 

t i o n e r s ,  

The dampers have t h e  e f f e c t  of t rapping  cold  air around 

t h e  eva3orator co i l .  Thomas 0980 ] claimed that t h i s '  s l u g  

of co ld  air would have a small e f f e c t  on t h e  measurement of 

capaci ty .  Murphy and Goldschmidt [I 9791 discussed 

r e f r i g e r a n t  dynamics as they  r e l a t e d  t o  s t a r t -up  condi t ions,  

They i n d i c a t e d  t h a t  such dynamics a r e  d i f f i c u l t  t o  p r e d i c t  

and made t r a n s i e n t  temperature measurements uncer ta in ,  

They discussed t h e  off- t ime e f f e c t s  o f  t h e  r e f r i g e r a n t  

flow. They found t h a t  t h e i r  evaporator c o i l  f i l l e d  with 

hot  r e f r i g e r a n t  from t h e  condenser at  shut  dovm which 

warmed t h e  surrounding air, They [19781 a l s o  s tud ied  o f f -  

t ime e f f e c t s  of t h e  t e s t  set-up by computer s imulat ion,  

They found t h a t  measurable cool ing  occurred during t h e  

off- t ime ar,d t h a t  heat  t r a n s f e r  during t h e  off-t ime affec- 

t e d  t h e  s t a r t -up  condi t ions  of t h e  subsequent t e s t .  The 

r e s u l t s  of both of these  r e fe rences  a r e  app l i cab le  t o  

t h e  r o l e  of dampers i n  t h e  t e s t  i n s t a l l a t i o n ,  

Nonuniform v e l o c i t y  and temperature d i s t r i b u t i o n s  can 

cause uncer t a in ty  i n  temperature measurements. Kelly and 

Parken [ 19781 cautioned t h a t  these  nonuniformit ies  could 

cause measurement problems and encouraged. t h e  use of .good 



airmixers. fn fact, W t19801 could not get accep 
. . 

t a b l e  r e s u l t s  u p t i l  he- placed s e v e r a l  air mixers i n  t h e  

duct. Only then  was he a b l e  t o  r ecord  r e p r e s e n t a t i v e  tem- 

p e r a t u r e s  i n  o r d e r  t o  compute capaci ty .  

Many e x c e l l e n t  t e x t s  a r e  a v a i l a b l e  which d i scuss  

t r a n s i e n t  measurement problems i n  general. Several  of . 

t h e s e  have been consul ted and have provided i n s i g h t  i n t o  .the 

problems investigated i n  this work. They a r e  recommended 

f o r .  t h e i r  genera l  information andc b ib l iograph ic  l i s t i n g s .  . 
. . 

see Doebelin 11975 I, Beckvrith and Buck [1961'1, Holman t1966 1 

and McAdams tl95W . 



CHAPTER I1 -. THE THERMOSTAT e ,  8 .  . .  . . 

Sect ion  A - In t roduc t ion  t o  t h e  Thermostat Model 

Res iden t i a l  energy consumption has  been, and cont inues 

t o  be, t h e  sub jec t  of much s tudy as t h e  need f o r  energy 

e f f i c i e n c y  and conservation~.increases, I n  t r y i n g  t o  under; 

. ' s t and  and p r e d i c t  such 'energy consumption, i t  has been 
. . , . . . . . 

recognized t h a t  t h e  ' thermostat  has  an important r o l e  . 
. 

(McBrlde [ 19791 ). Since condi t ioning  t h e  air, both hea t ing  

apd cool ing ,  i s  a l a r g e  consumer energy, i t .  seems 

l o g i c a l  t h a t  . ' t h e  . r o l e  of t h e  thermostat  be inc luded when 

cons ider ing  t h e  seasonal  performance .of t h e  condi t ioning  

equipment, 

Accordingly, t e s t  D of t h e  DOE t e s t  procedures c a l l s  

f o r  a duty cyc le  of s i x  minutes on - twenty-four minutes 

o f f  which i s  based on thermostat  dynamics, For most 

c e n t r a l  air cond i t ione r s  arid heat  p u g s ,  t h e  thermostat  

is ad jus ted  so  t h a t  the  equipment c y c l e s  a t  about 3 c y c l e s  

p e r  hour (cph) at  5074 on-time.. ( 3  cph i s  chosen mainly 

f o r  equipment l i f e  and, to:  a l e s s e r  degree, f o r  comfort 

cons idera t ions ,  ) Since most thermosta ts  conform t o  t h e  

.NEMA Standards [ 19721 , they should maintain a d e f i n i t e  

cyc l ing  p a t t e r n  given 3 cph a t  50% on-time, This  cyc l ing  

p a t t e r n  'is discussed'  i n  t h e  NEMA Standards and can be 



roughly a p p r o d a t e d  by a paraboia as s h o k  i n  f i g u r e  2A-1. 

Th i s  curve w i l l  h e r e a f t e r  be c d l e d  t h e  N W  curve . . 

(Thomas [I9801 ), The s i x  minutes of on-time i s  based on 

t h e  observat ion  t h a t  many air cond i t ione r s  and hea t  pumps 

appear  t o  have reached s teady s t a t e  condi t ions  by s i x  

minutes (Thomas [I980 I ,  Murphy and Golcischmidt [ 19781 ). 

24 minutes o f ' o f f - t i m e  makes a t o t a l  of 30 minutes of 

cyc le  t i a e ,  o r  2 cph, and makes a duty cycle  c o n s i s t i n g  of 

20% on-time.,. From t h e  NINA curve, 20% on-time corresponds 

t o  about 2 cph. T h i s  i n d i c a t e s  t h a t  t h e  t r a n s i e n t  t e s t  i s  

governed by a duty cycle  t h a t  i s  r e p r e s e n t a t i v e  of i d e a l  

thermostat  cyc l ing  even though t h e  t e s t  procedures do not  ' 

a c t u a l l y  use  a thermostat  f o r  cycling. 

The assumption made i n  t h e  t e s t  procedures, as re f l ec . t ed  

by t h e  choice of t h e  duty cycle ,  i s  t h a t  t h e  thermostat  i s  

t h e  major f a c t o r  i n  c o n t r o l l i n g  t h e  cyc l ing  of .a system. 

Much work has been done i n  t h i s  regard,  notably t h e  work 

of McBride [1979], The purpose of this work i s  t o  f u r t h e r  

i n v e s t i g a t e  this assumption. T h i s  will be done by examining 

a simple mathematical model of a condi t ioning  system which 

i n c l u d e s  t h e  thermostat ,  The p a r m e t e r s  o f  t h i s  system w i l l  

be a n a l y t i c a l l y  s tud ied  t o  'determine t h e i r  i n f l u e n c e  on t h e  

c y c l i c  behavAor o f  the eyatern. 

Sec t ion  B - The Thermostat Model 

Several  models of t h e  condi t ioning  system e x i s t .  Th'ey 

vary i n  complexity and purpose but usua l ly  . . i nc lude  t h e  





t he rmos ta t ,  t h e  hea t ing/cool ing  p i a n t  and t h e  cond i t ioned  

space. See Nelson [ 19741 and McBride 119791 f o r  two of 

t h e s e  models, Didion [I 978 1 has  a l s o  proposed a model 

and it is shown i n  b lock  form i n  F igure  2B-1.   his 

closed-loop feedback model i s  n o t  as d e t a i l e d  as t h o s e  of 

Nelson and McBride, but  i t  does i n c l u d e  t h e  t h r e e  b a s i c  

groups  of  a c o n d i t i o n i n g  system: t h e  c o n t r o l l e r ,  t h e  

h e a t i n d c o o l i n g  p l a n t  and t h e  cond i t ioned  space. T h i s  model 

w i l l  be used t o  s tudy  t h e  r o l e  of  t h e  the rmos ta t  i n  t h e  

conditioning system. The i n c l u s i o n  o f  t h e  n~osses l f  i n  

t h e  model i s  i n t e n d e d  t o  account f o r  t h o s e  e f f e c t s  which 

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

p l a n t ,  For example, i n  t h e  c o o l i n g  mode, t h e s e  l o s s e s  would 

r e p r e s e n t  h e a t  g a i n s  from leakage ,  h e a t  t r a n s f e r  from t h e  

o u t s i d e ,  e t c ,  It will be assumed i n  t h i s  work t h a t  t h e  

e f f e c t s  o f  mass t r a n s f e r  ( l e a k a g e ) ,  h e a t  t r a n s f e r  and t h e r -  

m a l  s t o r a g e  ( t h e  walls. and t h e  f u r n i s h i n g s )  a r e  adequate ly  

modeled by t h e  space  l o s s e s ,  However, t h e r e ' i s  some 

i n d i c a t i o n  t h a t  f u r n i s h i n g s .  do have an i n f l u e n c e  on c y c l i n g  
.. ~ 

beyond t h a t  which i s  modeled as t h e  space l o s s e s .  See 

Goldschmidt and Murphy 11979 ] and Nelson 19741 . 
Before proceeding  t o  t h e  a n a l y s i s ,  one more comment is 

necessary.  Only t h e  h e a t i n g  p l a n t  w i l l  be considered.  To 

s t u d y  t h e  e f f e c t s  o f  t h e  c o o l i n g  p l a n t  on t h e  system, t h e  

o n l y  model change n e c e s s a r y  i s  t o  r e v e r s e  t h e  r o l e ' o f  t h e  

a n t i c i p a t o r ,  I n  t h e  h e a t i n g  node, t h e  a n t i c i p a t o r  i s  

a c t i v a t e d  d u r i n g  t h e  on-time, I n  t h e  c o o l i n g  mode, t h e  
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Figure 2B-1 Thermostat Model of Didion 



a n t i c i p a t o r  i s  a c t i v a t e d  during t h e  of  f-time. However, t h e  

results t h a t  w i l l  be o b t a i n e d  ( t h e  i n f l u e n c e  of  t h e  system 

parameters  on t h e  c y c l e  r a t e )  w i l l  apply  t o  both  t h e  heat-  

i n g  and c o o l i n g  modes. 

The t h r e e  main groups of this model can be f u r t h e r  

d e t a i l e d .  The c o n t r o l l e r  group c o n s i s t s  of  *he b imeta l  

element,  t h e  swi tch  and t h e  a n t i c i p a t o r .  The b imeta l  element 

atld t h e  a n t i c i p a t o r  a r e  modeled as f i r s t  o r d e r  systems while  

t h e  scritch i s  simply an on-off func t ion ,  The h e a t i n g  

p l a n t  i s  a c t i v a t e d  by t h e  switch and i-s also modeled t o  

respond as a f i r s t  o r d e r  system. The cond i t ioned  space .  i s  

modeled as a s imple  l i n e a r  system, See Figure 2 ~ - 2  f o r  a 

more d e t a i l e d  b lock  diagram of  t h i s  system. 

S t a t e  e q u a t i o n s  can be w r i t t e n  f o r  t h e  b locks  i n  

,Figure 2s-3. They a r e  l i s t e d  as fo l lows:  

d Te = - .I (T, + T, - T,) 
Te - 

E = 1 when Te <TSET 

= 0 when Te > TSET + S D  

= unchanged when .TSET < T e  >TSET + SD 

Where, 

T ' = tempera ture  o f  t h e  b imeta l  element, OF (OC) 
e 

' e 
= t i n e  c o n s t a n t  of  t h e  b imeta l  element,  sec.  



Figure 2B-2 Closed-loop Feedback Me1 w i t h  E%pressions 



T a  = t empera tu re  r i s e  of t h e  a n t i c i p a t o r ,  ' OF (OC) 

= t ime c ,ohstant  of  t h e  a n t i c i p a t o r ,  sec ,  ''a 

K = ~ t e a g y  s t a t e  t empera tu re  r i s e  of  t h e  a n t i c i p a t o r ,  
a F ( C )  

x~ = o u t p u t  o f  t h e  h e a t i n g  p l a n t ,  O ~ / h r  (OC/S) 

t = t ime c o n s t a n t  of  t h e  h e z t i n g  p l a n t ,  sec ,  
P 
$ = s t e a d y  s t a t e  t empera tu re  r i s e  of  t h e  h e a t i n g  

p l a n t ,  oF/hr (OC/S) 

Ts = t empera tu re  r i s e  of  t h e  cond i t ioned  space, OF,  (OC) 

L = l o s s e s  o f  t h a  cond i t ioned  space  OF/hr (OC/S) 
. . E = ~ w Z t c h ~  ' 

S D  = swi tch  d i f f e r e n t i a l ,  OF (OC) 

TSET = s e t - . p o i n t  tempera ture ,  O F  (OC). . 

T h i s  system of  l inear r  d i f f e r e n t i a l  e q u a t i o n s  i s  so lved  

and a r a t h e r  l e n g t h y  express ion  f o r  T e  as a f u n c t i o n  of  . 

t i m e  i s  obta ined .  T h i s  express ion  and more d e t a i l s  concern- 

i n g  i t s  d e r i v a t i o n  can be found i n  the -.  he 

e x p r e s s i o n  f o r  T i s  computer coded, and by an i t e r a t i o n  
e 

scheme, on-times and o f f - t i m e s  can be c a l c u l a t e d  f o r  

d i f f e r e n t  . l o s s e s  L. Once an on-.time and an off- t ime a r e  
. . .  . 

knovm f o r  a g iven  l o a d ,  c y c l e  t ime,  c y c l e  r a t e  and p e r c e n t  

on-time a r e  c a l c u l a t e d  by t h e  fo l lowing:  

c y c l e  t ime  = on- time + o f f  ?t ine  

c y c l e  r a t e  = 6O/cycle t ime 

% on-time = (on-time/cpcle time) x 100 

These r e s u l t s  can  be p l o t t e d  and t h e  i n f l u e n c e  of  t h e  

d i f f e r e n t  p a r a n e t e r s  on t h e  system can be cbserved. 



The express ions  f o r  T and t h e  init ial  c o n d i t i o n s  e 
c o n t a i n  n i n e  parameters ,  Each of  t h e s e  w i l l  be de f ined  o r  

d i s c u s s e d  and s i x  o f  them w i l l  be s t u d i e d  t o  d e t e r n i n e  t h e i r  

i n f l u e n c e  on t h e  system, It i s  assumed t h a t  each parameter  

h a s  a range  of v a l u e s  over  which i t  can reasonab ly  be 

expected t o  va ry  and each parameter  w i l l  be a s s i g n e d  a 

base  value,  The parameter  t o  be s t u d i e d  w i l l  be al lowed t o  

va ry  while  all o t h e r s  are h e l d  c o n s t a n t  at t h e i r  base  va lue ,  

I n  this way, i t s  i n f l u e n c e  on c y c l i n g  can be i s o l a t e d .  

T h i s  w i l l  a l s o  permi t  comparisons t o  be made between 

parameters ,  The l ist t h a t  fo l lows  g i v e s  a - b r i e f  d e s c r i p t i o n  

o r  exp lana t ion  of each parameter ,  i t s  range  of  v a l u e s  and 

i t s  base  va lue ,  These are  a l s o  summarized . i n  Table 2& 1.  

The NEMA Standards  [I9721 may a l s o  be consu l t ed  f o r  a -more  

comprehensive l ist  of  d e f i n i t i o n s  p e r t a i n i n g .  t o  t h e  thermo- 

stat,  . - 

1. Thermostat s e t  p o i n t  - TSET, O F  (OC) 
. . .  

T h i s  i s  t h e  tempera ture  s e t t i n g  on t h e '  t he rmos ta t  

which an occupant would a d j u s t  t o  h i s  o r  h e r  preference .  

It w i l l  be s e t  a t  6 8 ' ~  ( 2 0 ' ~ )  f o r  t h e  computer s i m u l a t i o n '  
. . 

and w i l l  n o t  vary,  TSET i s  used i n  t h e  i n i t i , a l  c o n d i t i o n s  

f o r  c a l c u l a t i n g  both  on t ime and o f f  t ime,  

2 .  Time c o n s t a n t  of  t h e  b imeta l  element - T ~ ,  mine 

T h i s  i s  t h e ' t i m e  t h e  b imeta l  element t a k e s  t o  r e a c h  

6396 of i t s  s teady  s t a t e  v a l u e  vrheh s u b j e c t e d  t o  a s t e p  change 

i n  temperatuk.e. I n  t h e  the rmos ta t ,  t h i s  t empera tu re  change 



Table 28-1 Sumnary of Thenrcstat Paramtaps 
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i s  caused by a combination of t h e  condit ioned space, t h e  

w a l l  t o  which t h e  thermostat  i s  mounted and t h e  heat  from 

t h e  a n t i c i p a t o r .  McBride !19791 c a l c u l a t e s  T t o  be e 
around s i x  n inu tes ,  w h i l e  Mdion [I9781 suggests  va lues  of 

th ree- f ive  minutes. Th is  s e c t i o n  w i l l  l e t  vary over  

three- ten  minutes with f i v e  minutes being t h e  ass igned 

base value. 

3. Time constant '  of t h e  a n t i c i p a t o r  - r a' m i n .  

There i s  some confusion about 7,. McBride [ 19791 

de f ines  7, t o  be t h e  time requ i red  f o r  t h e  a c t u a l  a n t i c i -  

p a t o r  hea t e r  t o  reach 63% of i t s  s teady s ta te  value. A s  

t h e  hea t e r  i s  an' e l e c t r i c a l  r e s i s t a n c e  hea te r ,  i t  reaches  

s teady s t a t e  i n  a mat te r  of seconds and McBridet s T, i s  

e s s e n t i a l l y  zero, Didion [19781, on t h e  o t h e r  hmd, de f ines  

t o  b e t h e  t ime requ i red  f o r  t h e  bimetal  element t o  sense 'a 

63% of t h e  s teady  s t a t e  temperature of the. .heater.  H i s  ra 

v a r i e s  from seve ra l  minutes t o  almost h a l f  an hour. .This  

s e c t i o n  w i l l  conform t o  Didion's  d e f i n i t i o n  o f .  7, and l e t  

ta vary from zero-three minutes and vdll assume v w y  long  

va lues  of 7, a r e  mcommon, The base value  f o r  ra , w i l l  be 

1.5 minutes. 

4. ' Time constant  of t h e  heat ing/cooling p l a n t  - 7 , min. 
P 

T h i s  i s  t h e  time i t  t a k e s  t h e  heat ing/cool ing p l a n t  

t o  produce 63% of i t s  s teady  s t a t e  output ,  For r =0-2 
P 

minutes, t h e  p l a n t  corresponds t o  e l e c t r i c a l  r e s i s t a n c e  

hea t ing  o r  t o  c e n t r a l  air condi t ioners  and hea t  p u p s .  



F o r  .z = 4-6 minutes ,  a fo rced  h o t  air system i s  impl ied  and 
P 

for ? = 15-30 'n inu tes ,  a r a d i a n t  hea t in 'g  system i s  implied.  
P . -  

The range  of  T f o r  this s e c t i o n  will be 0-1.5 minutes  with, 
P 

0 minutes  t h e  base  value.  

5. Switch D i f f e r e n t i a l  - SD, OF (OC) 

Again, t h e r e  i s  some confus ion  concerning this term. 

Manual d i f f e r e n t i a l  and o p e r a t i n g  d i f f e r e n t i a l .  m e  NENA 

t e rms  but  s w i t c h  a i , R f e r e n t i a l  i s  not, Manual d i f f e r e n t i a l  

i s  de f ined  i n  . t h e  NEMA Standards  [I9721 as If tho differeilce 

i n  s c a l e  s e t t i n g s  between cut - in  and cut-out  p o i n t s  d e t e r -  

mined by manually r a i s i n g  and lower ing  t h e  the rmos ta t  

s e t t i n g  wi th  no e l e c t r i c a l  l o a d O t 1  Opera t ing  d i f f e r e n t i a l  

(OD) i s  d e f i n e d  as " t h e  d i f f e r e n c e  between cu t - in  and cut -  

o u t  p o i n t s  measured at  t h e  the rmos ta t  under s p e c i f i e d  

o p e r a t i n g   condition^.^^ Didion [I9781 e q u a t e s  SD with manual. 

d i f f e r e n t i a l  and s t a t e s  t h a t  OD = RR ( 7,)  + SD where RR I s  

t h e t e m p e r a t u r e r a m p .  He c i t e s  .75-2O~ (.42-l . lOc) a s a  

s u i t a b l e  range. McBri.de [ 19791 , however, e q u a t e s  S D  w i t h  

OD and c la ims  .5-1  OF (.3:.8O~) as a range. T h i s  s e c t i o n  

will equate  SD wi th  OD and let SD vary  over  1-JOF (.6-1.7'~) 

with 1  T OF ( . ~ O C )  as a base  value.  SD i s  used i n  t h e  

inltid c o n d i t i o n s  f o r  c a l c u l a t i n g  both  on-time and o f f  - 
t ime. 

6. A n t i c i p a t o r  t empera tu re  r i s e  - Ka, OF (OC) 

T h i s  i s  t h e  number 'of degrees  above ambient t h a t  t h e  

a n t i c i p a t o r  h e a t e r  adds t o  t h e  air w i t h i n  t h e  the rmos ta t  



cover. Didiod t 1978 1: s t a t e s  t h a t  3-lo°F ( 1 .7 -5 .6°~)  i s  

' the  range  f o r  K a  while  McBride [I9791 c a l c u l a t e s  K,= t o  be 

about. 3 ' ~  (1 . ~ O C ) .  T h i s  s e c t i o n  w i l l  l e t  K = v a r y  1-3'~ 

( .6-1.7°~)  w i t h  2 ' ~  ( l . l 0 c )  as t h e  base  value.  Note t h a t  

t h i s  parameter  can be a d j u s t e d  manually i n  some t h e r m o s t a t s  
. . 

and i s  cons ide red  t o  be t h e  dominant f a c t o r  t h a t  c o n t r o l s  

cyc l ing .  See McBride [I9791 f o r  a good d i s c u s s i o n  of  t h e  
. .  . . . 

a n t i c i p a t o r  tempera ture  r i s e .  , 

. . 

7 Steady s t a t e  p l a n t :  o u t p u t  - K 
P' O ~ / h r  .(OC/hr) 

This section will let K vary from 4OF/hr - 16O~/hr 
P 

( 2 .  z0c/hr-8. g9c/hr) with a base, value of lo°F)hr (5.6O~/hr) . 
8. Losses  i n  t h e  cond i t ioned  space  - L, OF/hr (Oc/hr) 

A l l  of  t h e  e f f e c t s  t h a t  oppose t h e  ou tpu t  of t h e  hea t -  

i n g  o r  c o o l i n g  p l a n t  a r e  lumped t o g e t h e r  and a r e  c a l l e d  t h e  

space  l o s s e s .  These e f f e c t s  i n c l u d e  mass t r a n s f e r  ( l eakage)  

and h e a t  t r a n s f e r  i n t o  and out of  t h e  c o n d i t i o n e d  space  as 

wel l  as t h e  thermal  s t o r a g e  e f f e c t s  o f  the '  v r a l l s ,  f u rn i sh -  

i n g s ,  e t c .  (That  t h e s e  e f f e c t s  can be lumped t o g e t h e r  i s  

n o t  e x a c t l y  t r u e ,  e s p e c i a l l y  t h e  thermal  mass e f f e c t s ,  

bu t  this assumption i s  deemed adequate  f o r  t h i s  model.) 

L v a r i e s  i n  increments  of  $/I0 i n  o r d e r  t o  g e n e r a t e  

d i f f e r e n t  p e r c e n t  on-times. 

The swi tch  i s  a c t i v a t e d  by . t h e  movement of  t h e  b imeta l  

element and sends  an on or o f f  s i g n a l  t o  both  t h e  hea t ing /  
.. , , 

c o o l i n g  p l a n t  and t h e  a n t i c i p a t o r .  I n  t h e  h e a t i n g  . mode, , 



both  dev ices  a r e  e i t h e r  switched on o r  o f f ,  I n  t h e  c o o l i n g  

mode, one dev ice  i s  on while  t h e  o t h e r  i s  o f f ,  E h a s  a 

v a l u e  o f  one o r  zero,  i n d i c a t i n g  on o r  o f f  r e s p e c t i v e l y .  

S e c t i o n  C - R e s u l t s  

F i g u r e s  2C-1 through 2C-12 show t h e  r e s u l t s  of  study- 

i n g  t h e  six parameters :  SD, r,, r K and K a' 'p' a P TWO 

d i f f e r e n t  t y p e  p l o t s  f o r  each o f  t h e s e  pa ramete r s  a r e  shown. 

The f i r s t  t y p e  p l o t  f o r  each paPameter shoes  c y c l e  rate 

v e r s u s  p e r c e n t  on-time, These p l o t s  all have t h e  g e n e r a l  

shape of t h e  NZMA curve  and c l e a r l y  show t h e  i n f l u e n c e  o f  

each pmamete r  on t h e  c y c l i n g  o f  t h e  system. T h i s  i n f l u e n c e  

w i l l  be d i s c u s s e d  i n  more d e t a i l ,  

The second type  p l o t  f o r  each parameter  shows on-time 

v e r s u s  p e r c e n t  on-time, A l l  o f  t h e s e  p l o t s  i n d i c a t e  t h a t  

on-time t e n d s  t o  a non-zero v a l u e  as p e r c e n t  on-time t e n d s  

t o  zero,  T h i s  c a ~  probably  be a t t r i b u t e d  t o  t h e  a n t i c i p a t o r  

i n i t i a t i n g  on-time and t h e  swi tch  d i f f e r e n t i a l  caus ing  t h e  

on-time t o  have a f i n i t e  v a l u e  even though t h e  pe rcen t  on- 

time i s  t e n d i n g  t o  zero. T h i s  i n d i c a t e s  t h a t  t h e  the rmos ta t  

h a s  t h e  dominant r o l e  i n  c o n t r o l l i n g  t h e  c y c l i n g  of  t h e  

system. With t h e  a i d  o f  F igures  2C-1 through 2C-12, t h e  

i n f l u e n c e  uf t h e  s i x  pa ramete r s  can be d i scussed  i n  more 

d e t a i l ,  The swi tch  d i f f e r e n t i a l .  v a r i e s  over  a r e l a t i v e l y  

small range  b u t  changes i n  SB have a s t r o n g  i n f l u e n c e  on 

cycl ing .  T h i s  i s  seen  i n  F'igure 2C-1.. A s  SD g e t s  smal l e r ,  

t h e  c y c l e  r a t e  i n c r e a s e s .  T h i s  L s  t o  be expected s i n c e  S D  



PERCENT ON-TIME 
Figure 2C-1 Switch ~ifferential - Percent QI-tinre vs Cycle Rate 



. ' PERCENT ON-TIME 
Figure 2C-2 Switch   if f e r ~ t i a l  - Percent On-t&ne ' vs On-time . . 



PERCENT ON-T I ME 
' Figure 2C-3 Bimetal.Thre Constant - Percent QI-time vs Cycle Rate 



PERCENT BN-TIME 
Figure 2C-4 Bimeta l  Time Constant - Percent O n - t k  vs 01-tirre 



PERCENT ON-TIME 
F i g w e  2C-5 Anticipator T h e  Constant - Percent QI-time. vs Cycle.Rate . .  



. .. 
PERCENT ON-T I ME 

Figure 2C-6 Anticipator Time Constant, - Per-t --time M O n t b  
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L .  ~ i & e  2C-7 Plant Theconstant -Percent Q~-thk'vs Cycle I?&- , .... . " .  .. . . - 
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PERCENT ON-TIME 
Figure 2C-8 Plant Time Constant - Percent O1-time vs On-- 



PERCENT ON-T I ME 
Figure 2C-9 AntLcipator G a i n  - Percent O n - t h  vs Cycle Rate 



, .  PERCENT ON-T I ME 
Figure, 2C-10 Anticipator Gain - Percent C b - t i m  vs. O n - t h  



PERC-ENT . ON-T I ME , 

Figure 2C-11 Plant Gain - Percent C n - t h  vs Cycle Rate . 



PERCENT BN-TIME 
Figure 2C-12 Plant Gain - Percent m - t h  vs On-time 



i s  e s s e n t i a l l y  t h e  d i f f e r ence  between tu rn ing  t h e  equipment 

on 'and . o f f ,  

The time constant  of t h e  b imeta l  element a l s o  has a 

s i g n i f i c a n t  e f f e c t  on cyc l ing  i f  i t  i s  allowed t o  vary over 

t h e  extremes of i t s  range, But f o r  r e l a t i v e l y  s m a l l  changes 

in. re,. i t s  e f f e c t  on cyc l ing  i s  secondqry t o  t h a t  of SDo 

See F'igure. 2C-3, 

Figure 2C-5 shows t h e  e f f e c t  of t h e  a n t i c i p a t o r  t ime 

constant ,  It can be - seen  t h a t  i t s  e f f e c t  i s  not .  very 

s i g n i f i c a n t .  The extreme case  of \=O does not  i n c r e a s e  

t h e  cyc l e  r a t e  more than 1 cph over  t h e  case  where 

'a =3 minutes, 

The i n f l u e n c e  of t h e  heating/c.ooling p l a n t  time 

constant  i s  a l s o  no t  very s i g n i f i c a n t  i n  a f f e c t i n g  t h e  cyc le  

r a t e .  I n  f a c t ,  as 7 i n c r e a s e s  from 5 minutes t o  20 minutes, 
P 

t h e  cyc le  r a t e  s t a y s  about t h e  same at  2,4 cph maximum, 

This  i s  seen i n  mgure  2C-7. 

Mgure  2C-9 shows t h e  e f f e c t  of t h e  a n t i c i p a t o r  

temperature r i s e .  After  SD, Ka has  t h e  l a r g e s t  e f f e c t  on 

cyc l ing  r e l a t i v e  t o  i t s  range of va r i a t i on .  A s  K, i n c r e a s e s  

from 2 ' ~  t o  9 ' ~  (1. l0c - 5,o0c),  t h e  cyc le  r a t e  i n c r e a s e s  

from about 3 cph t o  almost 8 cph, This  i s  important  

because i n  some thermosta ts  Ka can be ad jus t ed  manually 

so t h a t  s eve ra l  d i f f e r e n t  cyc le  r a t e s  can be produced f o r  

t h e  same percent  on-time, 

The l a s t  parameter t o  be s tud i ed  i s  K t h e  s teady 
P' 

s t a t e  p l a n t  output. A s  can be seen i n  Figure  2C-11, K 
P 



has  l i t t l e  e f f e c t  on t h e  cyc l e  r a t e .  This  agrees  with t h e  

conclus ions  reached by McBride [I9791 on t h e  e f f e c t  of t h e  

temperature ramp i n  cycling.  

These r e s u l t s  a r e  s k a r d z e d  i n  Table 2C-1. Each 
. . 

?ammeter  i g  l i s t e d ,  i ts  in f luence  on t h e  system noted and 

t h e  , r e l a t i v e  importance of  each parameter on cy.cling i s . .  . 
, . 

i n d i c a t e d  by a ranking. Th i s  ranking i s  somewhat a r b i t r a r y ,  

but  i t  does he lp  t o  compare t h e  i n f luence  o f  each parameter 

ou cycling. 

In.oummary, i t  has  been seen t h a t  t h e  pmameters  t h a t  

have t h e  l a r g e s t  e f f e c t  on t h e  cyc l e  r a t e  are as soc i a t ed  

wi th .  t h e  thermostat.  T h i s  i n d i c a t e s  t h a t  t h e  thermostat  i s  

t h e  major f a c t o r  i n  determining t h e  cyc l ing  of t h e  system. 

Furthermore, i t  has  been seen t h a t  t h e  on-time of t h e  system 

t ends  t o  a non-zero va lue  as percen t  on-time tends  t o  zero. 

This  a l s o  emphasizes t h e  dominant r o l e  of t h e  thermostat., 

A s  f a r  as t h e  IX)E t e s t  procedures a r e  concerned, i t  

was seen t h z t  : t h e  duty cyc l e ,  f o r  ' t e s t  D could be explained , .  . 

by i d e a l  thermosta t  dynamics. Since  t h e  above r e s u l t s  

confirm t h e  major r o l e  of t h e  thermosta t  i n  t h e  system, 

this f u r t h e r  j u s t i f i e s  t h e  p re sc r ibed  duty cycle.  , That is, 

a s i x  minute on - twenty-four minute o f f  cyc l ing  scheme 

should be . r e p r e s e n t a t i v e  of a c t u a l  f i e l d  opera t ion  of air 

condi t ion ing  equipment ope ra t ing  at  20% on -time. 
. . . . .  



Table 2C-1 Qualitative Results of Ccmputer Sixnulatian 

Par~neter Effect an Cycling Magnitude of Effect Rank 

I . s D  
' 

As sD k e a s e s ,  Largest effect rel- 1 

1 

cydle +a& hcxws ative to its range 

AS % increases, Large effect, Ka 2 

cycle rate increases m u a l l y  adjustable 

7 e A s  re decreases, large effect over 3 

cycle rate increases extranes of range 

1 

'a As ',decreases, Relativelysmall 4 

cycle rate increases effect 

T - As T increases, ,Little effect 5 
P P 

cycle rate decreases - after 5 minutes 

'b . As K increases, Smallest effect of 6 
P 

cycle rate increase paramters 



CHAPTER I11 - SELECTED MEASUREMENT ERRORS 

Sec t ion .  A - I n t r o d u c t i o n  

For more t h a n  a yea r ,  t h e  air c o n d i t i o n i n g  i n d u s t r y  

h a s  been t e s t i n g  t h e i r  p r o d u c t s  accord ing  t o  t h e  DOE test 

procedures  i n  o r d e r  t o  l a b e l  them wi th  an SEER, I n  this time, 

t h e r e  have been many q u e s t i o n s  and concerno about  t h e  bes t  

p rocedures  and t h e  measured r e s u l t s ,  The i n d u s t r y ,  i n  

g e n e r a l ,  h a s  made a determined e f f o r t  t o  unders tand and com- 

p l y  with t h e  t e s t  ~ rocedu re s -  Large amounts of  t ime and 

money have been spen t  t o  o b t a i n  new equipment, b u i l d  o r  

redestgn t e s t  chambers and fo rmula te  new t e s t i n g  s t r a t e g i e s ,  

I n  s p i t e  o f  this e f f o r t ,  t e s t  r e s u l t s  con t inue  t o  be ques- 

t i o n e d  because  many manufac turers  have found t h a t  by simply 

changing t h e i r  t e s t  i n s t a l l a t i o n ,  whi le  s t i l l  conf o'rming t o  

t h e  governing procedures, t h e y  o b t a i n  d i f f e r e n t  r e s u l t s  

(DOE GVorkshops [ 19801 ), T h i s  i s  a r e a l  problem, But a f a r  

more s e r i o u s  problem cou ld  w i s e  i f  a manufacturer  were t o  

have a uni t  t e s t e d  by an independent  t e s t i n g  l a b o r a t o r y ,  

such  as ETL, and t h e  r e s u l t s  . for  t h e  same u n i t ,  when 

t e s t e d  by t h e  mdnufacturer ,  d i d  n o t  agree.  As this h a s  

happened, i t  i s  i m p e r a t i v e  t h a t  t h i s  problem be r e s o l v e d  

s o  t h a t  manufac tu re r s  may have conf idence  i n  t h e i r  t e s t  

r e s u l t s  and may have t h o s e  r e s u 1 t s . r e p r o d u c e d  by an 



independent t e s t i n g  l abo ra to ry  as well as by competitors. 

(It should be noted t h a t  some manufacturers have, obtained 

good agreement between t h e i r  r e s u l t s  and those  of m.) 
The major i ty  of t h e s e  problems stem from t h e  measure- 

ment of t h e  c y c l i c  capac i ty  of a t e s t  uni t ,  QWtazyo 

T h i s  quan t i t y  r ep re sen t s  t h e  amount of cool ing done i n  a 

s ix  minute on per iod and i t s  def in ing  equation is: 

C- = SpeCific heat ,  ~tu/lbm-OF  kg -OC) r 
6C = Temperature d i f f e r e n c e  ac ros s  t h e  c o i l ,  

OF (OC) 

t, = On time, mLn 
3 v = Spec i f ic  volume ft3/lbm ( m  /kg) 

Wn = Humidity r a t i o  

Measurements for .  t h e  c a l c u l a t i o n  of t h e  i n t e g r a l  i n  

Eq. jA-1 come from t h e  t r a n s i e n t  t e s t  D. A11 t h e  o t h e r  

terms a r e  ca l cu l a t ed  from measurements taken during t h e  

preceding t e s t  C. These measurements are  governed by 

ASHRAE Standard 37-78, ARI Standard 210-79 and s p e c i f i c  

p rov is ions  i n  t h e  test  p rocedwe .~ .  However, t h e  above two 

s tandards  were w r i t t e n  f o r  s t e a d y  s t a t e  t e s t i n g  an2 do not 

address  some of t h e  problems of  t r a n s i e n t  measurements. 

T h e  t e s t  procedures a r e  unclear  on ma t t e r s  concerning t h e  

t e s t  set-up such as iaplementat ion of t h e  dampers and 

thermocouple g r i d  placemCnt. Therefore,  d i f f e r e n t  r e s u l t s  



f o r  Q c ,  cou ld  be o b t a i n e d  from. t h e  'same u n i t  by t e s t i n g  

i t  i n  two' d i f f e r e n t  t e s t  set-ups,  a l though both  .might con- 

form t o  t h e  s t a n d a r d s  and t h e  t e s t  procedures .  A s  a result,  

q u e s t i o n s  and problems have a r i s e n . .  

The purpose  o f  t h i s  c h a p t e r  i s  t o  examine s e v e r a l  

s o u r c e s  o f  measurement e r r o r  i n  t h e  t e s t  p rocedures , ' .  T h i s  

w i l l  n o t  i n c l u d e  e r r o r s  due t o  t e s t  t o l e r a n c e s ,  i n h e r e n t  

equipment i n a c c u r a c i e s ,  e t c ,  (See Thomas 11 9801 . f o r  t h i s  ' 

e r r o r  a n a l y s i s . )   he e r r o r s  t h a t  w i l l  be d i s c u s s e d  a r e  

niainly concerned 'with t h e  t e s t  set-up and a r e  t h e  pr imary 
I 

c ause  of  t h e  q u e s t i o n s  and problems mentioned above. 

S e c t i o n  B w i l l  d i s c u s s  v a r i o u s  "minoru s o u r c e s  of  e r r o r  - 

and r e l a t e d  q u e s t i o n s  d e a l i n g  with t h e  t e s t  procedures.  

S e v e r a l  o f  t .hese  q u e s t i o n s  w i l l  l e a d  i n t o  S e c t i o n s  D through 

G i n  which f o u r  "majortt sources  of  e r r o r  w i l l  be a n a l y t i -  . 

tally studied.  They .a re :  thermocoupf e  response,  g r i d -  

placement, dampers and nonuniform v e l o c i t y  and t empera tu re  

d i s t r i b u t L o n s .  S e c t i o n  C w i l l  d e s c r i b e  a s imple  h e a t  . 

exchanger mo'del t h a t  vcill be used t o  a i d  i n  s tudy ing  t h e s e  

f o u r  a r e a s  of  measurement e r r o r .  S e c t i o n  H will dj.scus.s - 

exper imenta l  d a t a  r e l a t e d  t o  t h e s e  f o u r  a r e a s  and all * '  

GQInBace t h i  s d a t a  wit.h Lhs purely h a a l y t i c a l  r e y j k s .  u f '  t h e  

p r e v i o u s  s e c t i o n s , '  
. , 

S e c t i o n  B - Several Q u e s t i o n s  and Problems 

.The , i n t e n t  of  this. s e c t i o n  i s  t o  b r i e f l y  d i s c u s s .  

s e v e r a l  t r a n s i e n t  measurement problems and q u e s t i o n s  as a 
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p r e l u d e  t o  t h e  l a t e r  s e c t i o n s  of  this chapter .  Most of  

t h e s e  concerns have been r a i s e d  while  t r y i n g  t o  under-.  

s t a n d  and conduct t h e  WE t e s t s  (DOE WIorkshops 11980 I.). 

It i s  hoped t h a t  t h i s  an'd subsequent s e c t i o n s  w i l l  r e s o l v e  

some of  t h e s e  concerns. 

The . f i r s t  concern d e a l s  with ASHRAE .S tandard  37-78 

and ARI S tandard  210-79.. These s t a n d a r d s ,  were w r i t t e n  . fo r  

s t e a d y  s t a t e  t e s t i n g  and do n o t  a d d r e s s  some o f  t h e  prob- 

lems o f  c y c l i c  t e s t i n g .  For example, where may t h e  thermo- 

couple  g r i d  be p laced  i n  r e l a t i o n s h i p  t o  t h e  p r e s s u r e  t a p s  

o r  t h e  dampers? T h i s  and many o t h e r  q u e s t i o n s  could  be 
. . 

e l i m i n a t e d  by new s t a n d a r d s  w r i t t e n  f o r  c y c l i c  t e s t i n g ,  

The on-time . f o r  t h e  c y c l i c  t e s t  i s  s i x  minutes  and 

this h a s  been quest ioned.  Chapter I showed t h a t  t h e  s i x  

minute on - twenty-four minute o f f  c y c l i n g  scheme, i s  

r e p r e s e n t a t i v e  o f  f i e l d  c y c l i n g  at a 20% load.  Furthermore,  

much a i r . c o n d i t i o n e r  and h e a t  pump d a t a  appear  t o  r e a c h  

' . . s t e a d y  ' s t a t e  o p e r a t i n g  c o n d i t i o n s  by s i x  minutes  (Thomas 

11980 1, Nguyen [I98 1 I). If t h i s  i s  t r u e  g e n e r a l l y ,  t h e n  an 

on-time l e s s  t h a n  s i x  minutes  might n o t  a l low some u n i t s  t o  

r e a c h  s t e a d y  s t a t e .  An on-time g r e a t e r  t h a n  s i x  minutes  

.would a l low s t e a d y  s t a t e  c o n d i t i o n s  t o  r educe  t h e  t r a n s i e n t  

e f f e c t s .  S i n c e  t h e  i n t e n t  of  t h e  t e s t  i s  t o  measure t h e  

t r a n s i e n t  e f f e c t s ,  i t  appears  t h a t  t h e  p r e s e n t  duty  c y c l e  

i s  p r o p e r l y  def ined.  

' A f t e r  be ing  c a l c u l a t e d  from measurements t aken  dur ing  

t h e  s t eady  s t a t e  t e s t  C ,  do V, 'cp  , V and W n remain c o n s t a g t  

dur ing  t e s t  D? 



While i t  i s  a good assumption t h a t  c i s  c o n s t a n t  
P 

d u r i n g  t e s t  D, t h e r e  i s  some q u e s t i o n  as t o  t h e  constancy 

o f  t h e  humidi ty r e l a t e d  terms, Boaever, t h e  d i f f i c u l t y  of 

a c c u r a t e  t r a n s i e n t  measurement of  humidi ty j u s t i f i e s  t h e  

assumption o f  constancy,  T h i s  work w i l l  a l s o  c o n s i d e r  

v  andWn t o  be c o n s t a n t s  and l / v ( l i W , )  dl1 o f t e n  be 

w r i t t e n  s imply as t h e  d e n s i t y ,  p ,  

. V .  i s  n o t  c o n s t a n t  i n  a c y c l i c  t e s t ,  Fans need 

s e v e r a l  seconds b e f o r e  they  a r e  up t o  speed, However, V 

i s  usual ly  r e g a r d e d  as c o n s t a n t  and r e p r e s e n t s  ano the r  good 

t r a d e - o f f  made by NBS. 

Assuming V t o  be time independent ,  can i t  a l s o  be 

assumed uniform over  t h e  c r o s s  s e c t i o n  where t empera tme '  

measurements a r e  be ing  made? 

Without good air m i a n g  and s t r a i g h t e n i n g ,  V \rill n o t  

g e n e r a l l y  be uniform. T h i s  nonuniformity may a f f e c t  :. 

thermocouple r e s p o n s e  t i n e  and l e a d  t o  s u b s t a n t i a l  e r r o r s ,  

T h i s  w i l l  be d i s c u s s e d  i n  S e c t i o n  G, 

\Vithout good air mixing, t h e  tempera ture  o f  t h e  cooled 

air s t ream (Tout ) w i l l  p robably  n o t  be uniform e i t h e r , '  

Depending on t h e  thermocouple g r i d  l o c a t i o n  and t h e  v e l o c i t y  

d i s t r i b u t i o n ,  s i g n i f i c a n t  e r r o r s  could  r e s u l t .  See Section 

G. 

A t  t h e  start of  t h e  s i x  minute on- t ine ,  t h e  tempera ture  

d i f f e r e n c e  a c r o s s  t h e  evagora to r  c o i l  (ATo) i s  n o t  a lways,  

zero.  Th i s  is  a r e s u l t  o f  t h e  dampers and r e f r i g e r a n t  c o n t r o l .  

However, t h e  ? p e r a t i o n  of t h e  dampers i s  n o t  c l e a r l y  de f ined  i n  



t h e  t e s t  procedures  so  t h a t  depending on c o n s t r u c t i o n ,  

t i g h t n e s s ,  placement, e tc . ,  many d i f f e r e n t  .va lues  f o r  ATo 

cou ld  be obta ined ,  The i m p l i c a t i o n s  of  t h i s  w i l l  be dis- 

cussed  i n  S e c t i o n  F o  

Room tempera ture  (T,) and outdoor  tempera ture  (T wr 1 

are allowed to fluctuate + - 0.5 OF (0.3 OG) and could 

f l u c t u a t e  more dur ing  a c t u a l  t e s t i n g .  The e f f e c t  of  this 

f l u c t u a t i o n  h a s  n o t  y e t  been analyzed,  It i s  recommended 

t h a t  this e f f e c t  be i n v e s t i g a t e d  s o  t h a t  i t s  effect on. 

capacity may be known. I n  t h e  subsequent  s e c t i o n s ,  T, 

and T mr. w i l l  be assumed t o  be c o n s t a n t  and uniform. 

, Faat t y p e  of  e r r o r s  a r e  a s s o c i a t e d  w i t h  t h e  data 

a c q u i s i t i o n  system? 

Proper  s e l e c t i o n ,  maintenance and unders tanding  of  

t h e  d a t a  a c q u i s i t i o n  system should  minimize any e r r o r s  

a s s o c i a t e d  wi th  r e c o r d i n g  da ta ,  However, t h e r e  a r e  a t  

l e a s t  f o u r  p o t e n t i a l  t r o u b l e  s p o t s  t h a t  should  be mentioned, 

S e v e r a l  d e v i c e s  measure a q u a n t i t y ,  such as power, by t h e  

. u s e  of  ~ c o u n t s , ~  It i s  conce ivab le  t h a t  a f u l l  count  could  

be l o s t  due t o  t h e  t iming of  t h e  measurement. Depending on 

t h e  v a l u e  o f  t h a t  count,  i t s  l o s s  could  s i g n i f i c a r i t l y  

a f f e c t  t h e  measurement. 

Many i n t e g r a t i o n  schemes use  t h e  count method a n d . t h e  

above c a u t i o n  a p p l i e s ,  However, wi th  t h e  i n c r e a s i n g  use  

of  computers, numerical  i n t e g r a t i o n  w i l l  o f t e n  be used t o  

c a l c u l a t e  t h e  i n t e g r a l  i n  Eq. 3A-1 .  Hence, c a r e  should be 

t aken  t o  i n s u r e  t h a t  an a c c u r a t e  numerical  i n t e g r a t i o n  

ochcmc i& ~ ~ e d .  



S i n c e  thermocouples produce s u c h  wall vo l t ages ,  small 

e l e c t r i c a l  . ' v a r i a t i o n s  can a f f e c t  t h e i r  accuracy. Therefore,  

a f l u c t u a t i n g  r e f e r e n c e  junc t ion  tempera ture  and n o i s e  a r e  

p o s s i b l e  s o u r c e s  o f  e r r o r .  Four '  methods of  ma in ta in ing  

t h e  r e f e r e n c e  tempera ture  a r e  t h e  i c e  ba th ,  t h e  e l e c t r o n i c  

i c e  ba th ,  t h e  t r i p l e  p o i n t  o f  water  and t h e  oven. Whichever 

method i s  used, i t  i s  impor tant .  t h a t  i t s  tempera ture  

remain as s t a b l e  as p o s s i b l e .  To m i n i m i z e  t h e  e f f e c t s  of 

n o i s e ,  a p p r o p r i a t e  grounding and s h i e l d i n g  should  be  used. 

A s  far as e r r o r s  a s s o c i a t e d  vrith equipment c a l i b r a t i o n ,  

t o l e r a n c e s  and i n h e r e n t  i n a c c u r a c i e s  a r e  co.nc erned, Thomas 

[I9801 h a s  p repared  a u s e f u l  e r r o r  a n a l y s i s  r e l a t e d  t o  t h e  

t e s t  procedures  which should  be consul ted. ,  I n  t h e  p r e s e n t  
a .  

. , . . 
work, . n o  e r r o r  w i l l  be assumed concerning  t h e  d a t a  acqui-' 

s i t i o n  system., 

How does t.hermocouple response  t ime a f f e c t  t h e  c a p a c i t y  . . 
measurement? 

. T h i s  w i l l  .be: d i scussed  i n .  d e t a i l  in. s e c t i o n -  D: 
. . 

.Where' should  t h e  therniocouples be placed? ., . . 
. , 

T h i s  will be d i s c u s s e d  i n  S e c t i o n  2, 

What e f f e c t . d o  thermal  mass and h e a t  t r a n s f e r  through 
% .  duct v r d l s  have on t h e  capacity measurement? 

T h i s  w i l l  a l s o  be d i scussed  i n  S e c t i o n  E. 

How s i g n i f i c a n t  a r e  r a d i a t i o n  e f f e c t s ? '  

  he ' l i t e r a t u r e  i n d i c a t e s  t h a t  r a d i a t i o n  e f f e c t s  a r e  

g e n e r a l l y  small (Johnson, e t . a l .  [1957], Mof f a t  [ I  9571 ). 

S e v e r a l  c a l c u l a t i o n s  v r i l l  c o n s i d e r  this s ta t ement  t o  s e e  
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Let  

S u b s t i t u t i n g  t h e s e  v a l u e s  i n  Eq. 3B-3, (Tt.-Tdr) = .02OF 

( - . O l O ~ ) .  For a two-ton u n i t ,  t h i s  change i n  measured 

t empera tu re  r e s u l t s  i n  a change o f  measured c a p a c i t y  of  

l e s s  t h a n  .5%. I f  t h e  walls were at 80°F ( 2 7 O ~ ) ,  t h e  

change i n  measured c a p a c i t y  would be  l e s s  than 1 .5%. The 

v a l u e s  used i n  t h i s  example a r e  generous and i n  a c t u a l  

o p e r a t i o n ,  r a d i a t i o n  e f f e c t s  would be smal ler .  I n  t h i s  

work, r a d i a t i o n  e f f e c t s  w i l l  be cons ide red  n e g l i g i b l y  

small .  

The use  o f  i n s u l a t i o n  i s  d e s i r a b l e  i n  t h e  t e s t  set-up. 

Any h e a t  t r a n s f e r  i n t o  t h e  cooled a i r s t r e a m  w i l l  cause  i t s  

tempera tu re  t o  r i s e  which w i l l  r educe  t h e  measured c a p a c i t y  

o f  t h e  u n i t ,  I n  o r d e r  t o  measure as n e a r l y  as p o s s i b l e  

t h e  a c t u z l  c a p a c i t y ,  all such e f f e c t s  should  be minimized. 

Therefore ,  as much i n s u l a t i o n  as p r a c t i c a l  should  be used 

t o  e f f e c t i v e l y  e l i n i n a t e  t h e  e f f e c t s  o f  h e a t  t r a n s f e r .  

T h i s  .;rill be d i s c u s s e d  i n  more d e t a i l  i n  S e c t i o n  3. 



Sect ion C - Heat Exchanger Assumptions 

Before t h e  measurement e r r o r s  of Sec t ions  D through 

G can be analyzed, some assumptions about t h e  heat  exchang- 

e r  a r e  needed, Many au tho r s  and numerous d a t a  i n d i c a t e  t h a t  

t h e  heat  exchanger can ,  be modeled as a f i r s t  o rder  system, 

a t  l e a s t  as a f i r s t  approximation (Hart [1978], Murphy 

[1977]), F igures  3C-1 and 3C-2 show two temperature drop 

ac ros s  t h e  c o i l  ve rsus  time p l o t s  obta ined from two d i f f e r e n t  

sources  (Thomas [1980]), It i s  observed t h a t  they a r e  

roughly exponent ia l  i n  shape, The d a t a  p o i n t s  i n  Figure  

3C-1 begin at t h e  o r i g i n ,  show a s teady s t a t e  temperature 

d i f f e r e n c e  of about 2 4 ' ~  (13 '~)  and have a time cons tan t  of 

about 60 seconds. (The t ime cons tan t  i s  def ined as t h e  time 

i t  t akes  t o  reach 63% of t h e  s teady s t a t e  value.) On t h e  

o t h e r  hand, t h e  d a t a  p o i n t s  i n  Figure  3 C - 2  do not  begin 

at  t h e  o r i g i n ,  show a s teady  s t a t e  temperature d i f f e r e n c e  

of  about 1 6 ' ~  ( 9 ' ~ )  and have a t ime constant  of about 

75 seconds, Both appear t o  have reached s teady s t a t e  by 

s i x  minutes o f  on-time. 

With these  considera t ions ,  t h e  fol lowing modeling 

assumptions r r i l l  be made, It should be remembered t h a t  this 

hea t  exchanger model i s  q u i t e  a r b i t r a r y .  The i n t e n t  of  

this model i s  t o  provide a base f o r  comparisons which t v i l l  

be made i n  t h e  next  four  sec t ions ,  

1 ,  The heat  exchanger w i l l  be modeled as a f i r s t  

o rder  system with Tout equal t o  ' t h e  temperature of t h e  cooled 

'air stream. 



ON TIME IN MIN-' 
Figure 3C-1 AT vs 'TIME Curve w i t h  ATo=O [Experimental) 





2. The t ime cons tan t ,  T h y  w i l l  vary between30 and ' 
90 seconds. The f a c t  t h a t  i t  i s  not  zero w i l l  be a t t r i b -  

u t ed  t o  t h e  thermal mass of t h e  c o i l  and r e f r i g e r a n t  dyna- 

mics, 

3. Room temperature, Try w i l l  equal 80°F ( 2 7 ' ~ ) .  , 

4. Steady s t a t e  temperature, Tss, w i l l  equal 60°F 

(16Oc). 

5. The t.emperature d i f f e r e n c e  ac ros s  t h e  heat ex-. 

changer, AT=Tr-Tout, w i l l  equal. 2 0 ' ~  ( 1  lot) a t  s teady 

state .  

6. The initid temperature of t h e  c o i l  and t h e  

surrounding air, To, w i l l  vary from 6 0 ' ~  ( 1 6 ' ~ )  t o  8 0 ' ~  

(27"~) but w i l l  equal 8 0 ' ~  (27 '~ )  u n l e s s  otherwise s t a t ed .  

7. Only t h e  hea t  exchanger ( c o i l )  w i l l  be considered 

t h e  forthcoming a n a l y s i s  of capac i ty  measurement. T h i s  

means t he  e f f e c t s  of  a blower assembly. w i l l  no t  be consi- 

dered, i . e .  a i r -handle r  u n i t s  w i l l  no t  be discussed. 

A block di'agram f o r  t h i s  .system can be wr i t t en  as: 

I n  equat ion form, this i s  w r i t t e n  as 

t dT*Ut 
.h at- + Tout = TSS 

Solving tUs d i f f e r e n t i a l  equation gives :  



Therefore, t h e  temperature d i f f e r e n c e  ac ros s  t h e  c o i l  i s  

Figure 3c-3 shows a p l o t  of  4 ~ .  vs TIME f o r  th=30, 60 and 90 

seconds, These curves  w i l l  be c a l l e d  i d e a l  curves  because 

they a r e  considered t o  have been generated under i d e a l  condi- 

t i o n s ,  i.e. p e r f e c t  thermocouple response, p e r f e c t  air mix- 

ing ,  no thermal s to rage  o r  heat  t r a n s f e r  e f f e c t s ,  no dampers, 

etc .  The i d e a l  capac i ty  can be found by i n t e g r a t i n g  Eq. 3C-3  

over six minutes, 

For numerical comparison, l e t  
3 3 ' p = Density of  air = .071 lbm/ft  ( 1 . 1 4  kg/m ) 

c = S p e c i f i c  hea t  = .24 ~ t u / l b m O ~  (1 K J / ~ ~ ' c )  
P 
V = Veloc i ty  = 15 f t / s e c  (4.6 m 's) 

2 2 A = Cross-sect ional  a r e a  = 1 f t  (,09m ) 

S u b s t i t u t i n g  t h e s e  va lues  i n t o  Eq. 3C-4, 

QIDEAL = 168'7 Btu (494 W.hr) f o r  rh=)O sec  

QIDEAZ, = 1534 B ~ u  (450 W.hr) f o r  rh=60 sec  

QIDEAL = 1389 Btu (40'7 W.hr) f o r  rh=90 sec  

QIDEAL f o r  rh=  30 seconds & ' J i l l  be used throughout t h e  

remaining s e c t i o n s  as a base .  value. It roughly corresponds 

t o  a :+ t on  un i t .  Ana ly t ica l  p r ed i c t i ons  f o r  capac i ty  

which inc lude  t h e  e f f e c t s  of f i n i t e  thermocouple response, 

thermal mass e f f e c t s ,  ef c. w i l l  be compared t o  QIDEAL. 



TIME I N  SEC 
Figure 2-3 iW vs TIHE Curves @nalyticdl) 



Thi s  w i l l  provide a r e l a t i v e  magnitude of  e r r o r  which i s  

caused by th.ese d i f f e r e n t  ef fects . .  . . 

Since QIDGAL w i l l  be r e f e r r e d  t o  f requent ly ,  Table 

3C-1 w i l l  summarize t he  numerical va lues  used i n  i ts  calcu- 

l a t i o n ,  

Sec t ion  D - . Thermocou~le R e s ~ o n s e  

One of t h e  t r a n s i e n t  measurement concerns of t e s t  D 

i s  t h e  response t ime of t h e  temperature sensing device, 

Since  this response time i s  f i n i t e ,  i t  i s  important  t o  deter-  
. . 

mine i t s  in f luence  on t h e  c y c l i c  capac i ty  measuremen.t, 

The fol lowing quote from t h e  Federal  R e g i s t e r '  b r i e f l y  

d e f i n e s  t h e  response time f o r  t h e  t e s t  procedures,  
. . 
' ' " Ins t rumentat ion s h a l l  have a response time, 

of  ,2 ,5 ,  seconds o r  l e s s ,  Response .time, i s  t h e  t ime 
r equ i r ed  f o r  t h e  ins t rumenta t ion  t o  ob ta in  63% of 
t h e  f i n a l  s teady  s t a t e  temperature @f f erence when 
sub jec ted  t o '  a s t e p  change i n  temperature dif . fer- .  

. ence of 150F o r  more If . (Federa l  Reg i s t e r  [ 19791). 

'Phe ' ins t rumentat ion coqmonly used c o n s i s t s  of thermocouples 

and an app rop r i a t e  record ing  device. Two important  f a c t o r s  

impl ied  i n  t h e  above de f in i t i on .  t h e  medium 

which t h e  response time of  t h e  'measuring device ( h e r e a f t e r ,  

a thermocouple) i s  found i s  air. The d i s t i n c t i o n  i s  impor- 

t an t , ' because  i f  some othermedium were used,' such as water, 

t h e  response t ime w0ul.d be. q u i t e  d i f f e r e n t ,  Second, 

impl ied  t h a t  th,e ... v e l o c l t y  of . the  air stream i s  comparable . 
. . . . . .  ... . , . . ~. . . 

t o  t h a t  which' passes  through t h e  air condi t ion ing  un i t .  I f  
. . 

an &represen ta t ive  v e l o c i t y  'were used, t h e  response time 
. . could a l s o  be unrepresehtat i .ve.  



Table3C-1 NbmaAcal Values for QIDEAL 



Response Time 

A d e f i n i n g  equa t ion  f o r  thermocouple response  can be 

found i n  most h e a t  t r a n s f e r  books such as K r e i t h  [19731. 

A lumped parameter  a n a l y s i s  i s  u s u a l l y  made and e r r o r s  due 

t o  h e a t  conduct ion through t h e  l e a d s  and r a d i a n t  energy 

exchange a r e  cons ide red  n e g l i g i b l e ,  These s i m p l i f i c a t i o n s  

where 

= Output tempera ture  as measured by t h e  t h e m o -  
Tmeas couple  

To 
= I r i i t i a L  tempera ture  of  ' t h e  thermocouple 

* t  = .Time c o n s t a n t  o f  t h e  thermocouple 

m = Mass o f  t h e  thermocouple 

C 
P 

= s p e c i f i c  h e a t  o f  t h e  thermocouple 

h r Convective 'heat t r a n s f e r  c o e f f i c i e n t  

As = S u r f a c e  a r e a  o f  t h e  thermocouple 

A s  can be  seen  i n  Eq, 3D-2, t h e  t ime  c o n s t a n t  i s  a f u n c t i o n  

o f  m,. As and h. 

Depending on how t h e  thermocouple i s  made, i ts  j u n c t i o n  

can be modeled as a ' c y l i n d e r ,  a s p h e r e  o r  some o t h e r  

geomet r i ca l  body,. See F igure  .3D-1'. Assuming c o n s t a n t  . . 

p r o p . e r t i e s  CJT. a copper-conetantan t h e r m o ~ o u p l e ,  the t ime 



Cylindrical 

Spherical 

Figure 3D-1 Cylindrical and Spherical Thermocouple 
Junctions 1, ', 



constant  can be a n a l y t i c a l l y  s tud i ed  a f t e r  making appropri- 

' a t e  s u b s t i t u t i o n s  f o r  t h e  su r f ace  area ,  t h e  heat  t r a n s f e r  

c o e f f i c i e n t ,  etc.  Spec i f i ca l l y ,  i t s  dependence on v e l o c i t y  

and wire th ickness  i s  desir.ed. 

First, consider  a cy l in ,d r i ca l  junction. Its volume 

and su r f ace  a r e a  a r e  given by 

where 

D = mameter  of wire 

L = Length of junct ion . . - - . . . 

The convective . . heat  t r a n s f e r  c o e f f i c i e n t  i s  found by 

consider ing a f r e e  r i g h t  c i r c u l a r  c y l i n d e r '  normal t o  an 

air . flow. A b i g  "assumption i s  made here.' It . . w i l l  be assumed 

t h a t  t h e  wire l e a d s  t o  t h e  junction: a r e  s m a l l  compared t o  

t h e  junction (which i s  no t  t r u e )  so  t h a t  c l a s s i c a l  cor re la -  

t i o n s  . .  may be used. - K r e i t h  [1973'] recommends t h e  fol lowing . 
. . 

co r re l a t i on .  . . 

' where 

K = Average cesvec t iv  hea t  t r a n s f e r  c o e f f i c i e n t ,  
. , Btu/hr f t  F (W/maOC). 

k = Thermal conduct iv i ty  of  air, .016 Btu/hr f tZOF 
(.027 W/m06) . . 

3 2 y = Kinematic v i s c o s i t y  o f ,  air, ' . l6xl0- f t  /sec 
(. 15x10-4m2/sec) : 
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Figure 3D-2 ihermwuple Response for Cylindrical Junction 





Comparing t h e  two s e t s  o f  curves,  i t  appears  t h a t  a s p h e r i -  

c a l  j u n c t i o n  responds  more r a p i d l y  t h a n  a c y l i n d r i c a l ,  

j u n c t i o n  of  t h e  same wire  th ickness .  I f  a c y l i n d r i c a l  

j u n c t i o n  i s  used, 28 A\VG.wire o r  s m a l l e r  i s  needed t o  have 

a response  t ime o f  2.5 seconds o r  l e s s  over  t h e  range  o f  

v e l o c i t i e s  t y p i c a l l y  found i n  uni$ary air c o n d i t i o n e r s  and 

h e a t  pumps. For a s p h e r i c a l  junc t ion ,  24,  A$VG :wire o r  
" 4 

s m a l l e r  should be used. To minimize respond? time, 
. , 

30 AWG wi re  i s  recommended. 

I t .  can a l s o  be i n f e r r e d  from F i g u r e s  3D-2 and 3 t h a t  

under  c o n d i t i o n s  of  low v e l o c i t y , .  t h e  t ime response  w i l l  

be q u i t e  long. Murphy and Goldschmidt (19781 r e p o r t  i t  

t o  be  on t h e  o r d e r  of  60 seconds. I f  a thermocouple hap- 

pened t o  be p l a c e d  i n  an a r e a  o f  low v e l o c i t y ,  i t s  l o n g  

t ime response  could  c a u s e  a s i g n i f i c a n t  e r r o r  i n  t h e  t r a n -  

s i e n t ,  tempera ture  measurement a t  t h a t  l o c a t i o n .  I n  f a c t ,  

i f  s e v e r a l  o f  t h e  thermocouples i n  a thermocouple g r i d  

(which i s  commonly used i n  t h e  DOE t e s t s )  were l o c a t e d  i n  

a r e a s  of  low v e l o c i t y ,  t h e  t r a n s i e n t  t empera tu re  measure- 

ment o f  t h e  g r i d  could be d i s t o r t e d  and l e a d  t o  l a r g e  

e r r o r s .  

E f f e c t s  o f  .Response Time 

The f a c t  t h a t  thermocouple r e sponse  i s  f i n i t e  means t h a t  

t h e  a c t u a i  c y c l i c  'apaci ty  o f  a u n i t  and t h e  c y c l i c  c a p a c i t y  
. . 

as c a l c u l a t e d  from thermocouple measurement could  d i f f e r .  

T h i s  d i f f e r e n c e  w i l l  now be examined. Eq. 3D-1 i m p l i e s  

tha t  a thermocouple can be modeled as a f i r s t  o r d e r  system. 



Combined wi th  t h e  f i r s t  o r d e r  h e a t  exchanger model, t h e  

fo l lowing  b lock  diagram r e p r e s e n t s  t h e  measurement of  t h e  

coo led  air, 

T h i s  can be w r i t t e n  i n  'equat ion form. 
't/? I. 

T h i s  can be so lved  f o r  Tmeas. 

T h i s  s o l u t i o n  assumes t h a t  a t  t = O ,  t h e  tempera ture  of  t h e  

thermocouple i s  t h e  same as t h a t  of  t h e  c o i l  and t h e  sur-  

rounding air, 'The tempera ture  d i f f e r e n c e  i s  now e a s i l y  

w r i t t e n ,  

With Eq. 3D-12, a AT v s  TIME curve  can be p l o t t e d  and t h e  

e f f e c t  o f  r t  can be observed. F lgure  JD-4 shows t h r e e  

such curves  corresponding t o  i t = O ,  2.5 a d  8 seconds, 

r e s p e c t i v e l y .  R e c a l l  t h a t  T t=O sac.  i n d i c a t e s  p e r f e c t  

r e sponse  so  t h a t .  t h e  t o p  curve  i n  F igure  3D-4 i s  an i d e a l  

curve  (as d e f i n e d  i n  S e c t i o n  C), A s  can be seen,  l o n g e r  



Figure 3D-4 -.Effect of r on Crr vs TIME Curves 
t 



r e sponse  t ime  c a u s e s  t h e  measured t empera tu re  t o  l a g  t h e  
, .. . , . -  

a c t u a l  temperature.  

Capaci ty  can a l s o  be computed by i n t e g r a t i n g  Eq. 3D-12 

over  s i x  minutes.  

QMEAS = p c  VA / AT dt 
P .. ' 0 

Note t h a t  i f  rt=O, W A S  = Q I D U .  For  r f 0, t h e  e r r o r . , ,  
t 

due t o  r e sponse  t ime w i l l  be g iven  by 

Percen t  e r r o r  = Q.1DEA.L - Q.MEAS x 100 
QI DEAL 

M g u r e  3D-5 shows t h e  p e r c e n t  e r r o r  i n v o l v e d  when v a r i o u s  

combinat ions o f  rh and rt a r e  considered.  The numerical. 

v a l u e s  used  a r e  t h e  same as t h o s e  found i n  Table  3C-1. 

A s  can be  seen,  t h e  e r r o r  i n  measuring Q 
CYC,  *Y 

due 

t o  thermocouple r e sponse  i s  r a t h e r  modest, on t h e  o r d e r  o f  

1%, when response  t ime i s  k e p t  a t  2.5 seconds o r  l e s s .  

With due c o n s i d e r a t i o n  t o  wire  t h i c k n e s s ,  j u n c t i o n  shape 

and v e l o c i t i e s ,  t h e  thermocouple measurement e r r o r  can be  

made n e g l i g i b l y  s m a l l  and a c c u r a t e  and r e l i a b l e  measure- 

ments  c a n  be made. However, i f  t h e s e  t h i n g s  a r e  n o t  
. . 

cons idered ,  s i g n i f i c a n t  e r r o r  c'&n r e s u l t .  . 

S e c t i o n  E - Grid  Placement 

The t r a n s i e n t  tempera ture  measurement of  Tes t  D i s  

u s u a l l y  made w i t h  thermocouple. g r i d s  normally c o n s i s t i n g  
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of  9-16  thermocouple^ p e r  g r i d ,  A s  no ted  i n  F'i&re JE-1, 

t h e  thermocouples  i n  t h e s e  g r i d s  can be connected i n d i v i -  

d u a l l y  t o  t h e  r e c o r d i n g  d e v i c e  o r  t h e y  can be connected i n  

p a r a l l e l  o r  i n  s e r i e s  t o '  each o t h e r  and t h e n  t o  t h e  r e c o r -  

di.ng device,  Each arrangement g i v e s  d f f e r e n t  t empera tu re  

in fo rmat ion ,  I n d i e d u a l  thermocouples would y i e l d  a rough 

t empera tu re  p r o f i l e  a c r o s s  t h e  c r o s s  s e c t i o n ,  depending on 

how many thermocouples  'were used, However, a recording 
. ! 

d e v i c e  with s u f f i c i e n t  channe l s  would be needed and an 

a d d i t i o n a l  a l g o r i t h m  f o r  de termining  t h e  t empera tu re  

d i f f e r e n c e  would a l s o  be needed b e f o r e  t h e  c a p a c i t y  could  

be computed, -A p a r a l l e l  . arrangement p r o v i d e s  e l e c t r o n i c  

ave rag ing  . so  ' t h a t  t h e  o u t p u t  t empera tu re  i s  t h e  average  o f  

t h e  t empera tu res  sensed  by t h e  thermocouples i n  t h e  g r id .  

The t empera tu re  d i f f e r e n c e  still  needs  t o  be found, A 

s e r i e s  arrangement,  o f t e n  c a l l e d  a thermopi le ,  i s  used 

t o  e i t h e r  i n c r e a s e  s e n s i t i v i t y  o r  t o  measure t empera tu re  

d i f f e r e n c e s ,  S i n c e  t h e  o u t p u t  t e m ~ e r a t u r e  i s  t h e  tempera- 

t u r e  d i f f e r e n c e ,  this arrangement i s  p r e f e r r e d  by some, Th i s  

work w i l l  c o n s i d e r  a g r i d  t o  mean any of t h e  above ar range-  

ment s whose u l t i m a t e  output  i s  t h e  t empera tu re  d i f f e r e n c e ,  

The major concern with thermocouple g r i d s  h a s  n o t  been 

' t h e i r  .make-up, bu t  t h e i r  placement wi th  r e s p e c t  t o  t h e  

evapora to r  c o i l  i n  t h e  t e s t  set-up, S ince  most manufac.- 

t u r e r s  t e s t  s e v e r a l  d i f f e r e n t  t m e s  of  equipment i n  t h e i r  

t e s t  chambers, m o d i f i c a t i o n s  i n  t h e  t e s t  se t -up  a r e  o f t e n  

necessa ry ,  For  this reason ,  t h e  t e s t  p rocedures  do n o t  
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Figure 3 ~ - 1  Common Thermocouple Grid Arrangements 



s p e c i f y  a l o c a t i o n  f o r  t h e  grids..  However, some manufac- 

t u r e r s ,  whi le  t e s t i n g  t h e  same un i t ,  have ob ta ined  d i f f e r e n t  

measured c a p a c i t i e s  by moving t h e  g r i d s  from one l o c a t i o n  

t o  a n o t h e r  (DOE Workshops [ 19801 ). T h i s  s e c t i o n  -1.1 

c o n s i d e r  t h e  problem of  g r i d  placement and t h e  p o t e n t i a l  - 
d i f f e r e n c e s  i n  measured c a p a c i t y  due t o  g r i d  l o c a t i o n .  

(Gr id  placement wi th  r e s p e c t  t o  t h e  dampers w i l l  be dis- 

cussed  in S e c t i o n  F.) 

There appear  t o  be f i v e  phenomena t h a t  could a f f e c t  

t h e  measured c a p a c i t y  o f  a u n i t  due t o  t h e  placement of  

t h e  gr id .  I f  t h e  g r i d  were moved, t h e s e  e f f e c t s  might change, 

f u r t h e r  a f f e c t i n g  t h e  measured capac i ty .  They a r e : .  

1,  Nonuniform v e l o c i t y  and tempera ture  d i s t r i b u -  

t i o n s  over  t h e  c r o s s  s e c t i o n  of  t h e  g r id .  

2. Lag t i m e  due t o  t h e  s e p a r a t i o n  of  t h e  g r i d  from 

t h e  c o i l .  

3. Mass t r a n s f e r  ( l eakage)  i n t o  t h e  duct.  

4. Heat t r a n s f e r  through t h e  duct  w a l l ,  

5. Th.ermal s t o r a g e  e f f e c t s  o f  t h e  walls a ~ d  o t h e r  

massive o b j e c t s ,  

The f i r s t  of t h e s e  e f f e c t s  w i l l  be cons ide red  i n  d e t a i l  

i n  S e c t i o n  Go For t h e  remainder o f  this s e c t i o n ,  t h e  

v e l o c i t y  and t empera tu re  w i l l  be cons ide red  uniform o v e r  

t h e  c ross - sec t ion .  
. . .  

Lag Time 

Due t o  t h e  s e p a r a t i o n  .of t h e  .downstream g r i d  from 

t h e  c o i l ,  a l a g  . t ime w i l l  e x i s t .  T h i s  w i l l  d e l a y  t h e  



temperature . .  , measurement -of a slug of air. since a slug of 

air .leaving the coil takes a finite amount of time to reach 
. . 

, . .  

the grid., In most . . test facilities, this separation is not 

more than 10-15 ft (3.1-4.6~). Since typical velocities 

range from 5 ft/sec - 20 ft/sec (1.5m/s - 6.lm/s), lag times 
. . . . 

will be on the order of -5-3 seconds or less. The effect of 

lag time on transient capacity measuremefit was found to be 

minimal. (Eqs. 3D-12, 13 were slightly modified to account 

for 1ag.time.) For a lag time of 5 seconds, the error in 

measured capacity was less than 1%. Consequently, lag time 
. . 

will be neglected in this work. 

With regard to the upstream grid, lag time effects will 
. . 

also be small. Furthermore, assuming that the inlet grid 

always measures 80°F (.27OC), changing its placement will have 
. . 

a negligible effect on measured capacity. 

Leakage 

The big effect of mass transfer, room air leaking, into 

the duct, is caused by the leakage between the downstream 

temperature measuring location and location where the flow 

rate is measured. ' 

For a condition'where the initial temperature drop across 

the coil is zero, it can be shown that the effect on capacity 

of air leakage into the test set up between the coil and the 

temperature grid is zero. 

Figure 3E-1A shows a schematic diagram of the energy 

entering the duct between coil and temperature measuring location. 
. . 

I .  , . 
An energy balance gives 
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. solving for TM gives 

The temperature drop as measured by the two sets of sensors 

would be 
m, - I 

(Tr - TM) = ATm - [ T ~  - T , 1 
1 2  out 

but TR - Tout =' AT 

The calculated capacity would be 

Substituting 10 into 11 and assuming Al is constant gives 

The effect of adding mass after the downstream measuring 

point is to increase the mass flow rate being measured. This 

would tend to make the calculated cooling capacity too large. 

The calculated capacity would be 

and the percent error would be 

Percent error = QIDEAL - QCAL = 100 
QIDEAL 

i* h3 = i'h .1 + xh,. Then 

percent error .=. -X 

where'X is percent leakage. 



80 

Therefore, a 2% leakage error would give capacity which is 2% 

too large. The present standards allows a 2% leakage rate. 

Heat Transfer Effects. 

During -the on-time of test D, energy will be trans- 

ferred by conduction and convection from the room air, 

through the insulation (if any) and the duct wall and into 

the cooled air stream. The net effect of this transfer ,is 

a decrease in measured capacity. The magnitude of this 

decrease will be examined by con,sidering the overall heat . - ., .. 

transfer coefficient (.U), the surface area of the test . . 

set-up and the temperature difference between room air and 

cooled air. As was mentioned above, this analysis will be 

done without regard to thermal storage effects. 

The overall heat transfer c0efficient.i~ defined by 

the following equation: 

u = I (all'areas assumed equal) R +RI+Rw+Ri (3E-1) 
0 

where 

Reciprocal of the outside film coefficient .Ro = 7 = 
7 .  

0 

RI = R-value of insulation .I 

- 

'thickness. 'I, .= R-value of duct wall conductivity 
- - - ~eci~rocal of the inside film coefficienf 

, '  Ri - - -  
ho 

Estimates for ho range from about - 3  Btu/hr ft2 aF (1.7 w/m2~c) 

(Murphy and Goldschmidt [I9781 ) to 1.63 Btu/hr ft2 OF 

2 (.9.25 W/m OC) (.ASHF Fundamentals [19 771 ) . This work will 

assume Ho=l Btu/hr ft2 OF (5.7 w/m2~c) . Values for hi vary 
from 0 Btu/hr ft2 OF (ASHRAE ~undamentals 119771 ) to about 



will assume hi=2 

. . 

(22.7 \ v / m 2 0 ~ )  'McAd~s  [I9541 ). . This  work. 

.25 Btu/hr ft20F ( 12.8 V!/m2'c) (Murphy. and 

Goldschmidt [ 19781 ) . R-values f o r  i n su l - a t i on  ( from . . 

ASHRAE Fundamentals 19771 ) and t h e  corresponding U-values 

a r e  summarized i n  Table JE-1, 
' 

With a given su r f ace  area, .  m&mum hea t  t r a n s f e r  w i l l  

occur when t h e  u n i t  has  reached s teady  s t a t e  because this 

i s  when AT h a s  a m a x i m u m  value.' A more r e a l i s t i c  value  

f o r  AT can be found by in t eg ra t ion .  

on 0 
Using this value  f o r  t h e  temperature d i f fe rence ,  t h e  energy 

t r a n s f e r r e d  t o  t h e  cooled a i r  i s  given by 

I n  s i x  minutes, v10 w i l l  be t h e  a d d i t i o n a l  energy a f f e c t -  

ing t h e  c y c l i c  capacity.  Figure 3E-2 shows the. amount of 
. . 

, > ,  

add i t i ona l  energy f o r  var ious  combinations of U-value and 

AT. 

An example w i l l  i l l u s t r a t e  t h i s  e f f e c t ,  suppose ' t h e  

dqcting of  a t e s t  set-up i s  made of  24 gage shee t  metal 

and i s  without i n s u l ~ t i o n .  Between t h e  c o i l  and .the 

thermocouple g r i d ,  l e t  t h e r e  be 15 f t 2  (1.4rn2) . . o f  su r f ace  

. area.  Recal l ing t h e  numerical eva lua t ion  of Q I D U  i n  

Sect ion B, AT can be computed b y  Eq. 3E-2. 



Table 3E-1 Heat Transfer Coefficients 

U-value 

3.5 (1 in. glass wool) I I 020 

0 (no insulation) 

- 

.69 
i 

7 .'l (2 in. polystyrene) 
* 

I 14.2 (4 in. polystyrene) 

. .I2 

.06 

'3.5 (1 in. glass wool) .18 
(cardboard wall) 
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(56 'iV 1 

= (5.6 W ./360 s ) 

The percent  e r r o r  due to:. hea t  t r a n s f e r  i s  

Perceut error = Addit ional  energy x 100 
QfugAL 

= 1.1% ( 1.*1% ) 

I f  t h e  same t e s t  i n s t a l l a t i o n  had i n s u l a t i o n  of R-7, t h e  

percent  e r r o r  would be 0.2%, a' s u b s t a n t i a l  improvement i n  

measured .capaci ty ,  

. M p e  3E-2 i n d i c a t e s  t h a t  f o r  an uninsula ted te . s t  ., , 

set-up with a l a r g e  amouht of . su r f ace  a r e a  between t h e  c o i l  

arid t h e  g r id ,  a s u b s t a n t i a l  amount of energy could be added 

t o  t h e  co.oled air r e s u l t i n g  i n  5-10% e r ro r s .  It can al.so 

be seen t h a t  i n s u l a t i o n  .of .R-7 d r a s t i c a l l y  reduces t h e  
2' Added energy so  t h a t  i t s  maximum e f f e c t  (50 f t  a n d .  ,., 

~T=X'F) on measured' c apac i ty  amounts t o  1% o f  Q I D W .  For 

t y p i c a l  t e s t  set-ups wi th  i n s u l a t i o n  of R-7, , the  e r r o r  i n  

measured capac i ty  should be much l e s s  than.  1%. 

Thermal Storage E f  f  e c 2  
-. .- . -. . 

Durkng t h e  24 minute off-time of t e s t  D, t h e  dust  .. 

w a l l s  and o t h e r  massive ob jec t s ,  s u c h  as t h e  air mixer, will 



be s t o r i n g  thermal  energy. T h i s  causes  t h e i r  tempera tures  

t o  r i s e ,  so t h a t ,  a t  s t a r t - u p ,  they  may have  r e t u r n e d  t o  

room temperature.  During t h e  on-time, t h i s  s t o r e d  energy 

w i l l  be r e l e a s e d  i n t o  t h e  c o o l e r  air s t ream with t h e  n e t  

e f f e c t  of  dec reas ing  measured capac i ty .  The amount of  

energy r e l e a s e d  i s  given  by Eq. 33-4. 

where 
. . 

m = ~ a s s ' o f  t h e  w a l l  o r  o b j e c t ,  lbm (kg)  

c = S p e c i f i c  h e a t ,  Btu/lbm OF (J /kg  OC) 
P  I 

AT i s  t h e  -average i n i t i a l  tempera ture  o f  t h e  mass l e s s  q 

i t s  average  f i n a l  temperature.  AT i s  very  much -dependent on 

t h e  i n s u l a t i o n ,  t h e  i n s i d e  f i lm c o e f f i c i e n t ,  h e a t  conduct ion 

' a long  t h e  duc t ing ,  e t c .  T h i s  makes i t  r a t h e r  d i f f i c u l t  

t o  measure o r  e s t i m a t e  t h e  va lue  o f  bT. T h i s  a r i d y s i s  

will simply assume d i f f e r e n t  v a l u e s  of  &T t h a t  could 

occur  dur ing  testing and c a l c u l a t e  t h e  correspondink e f f e c t  

on measured capac i ty .  

Suppose t h e  d u c t i n g  i n  a t e s t  i n s t a l l a t i o n  i s  made 

2  of  24  ,gage s h e e t  meta l  which weighs 1.16 lbm/f t  (5.7 
2 kg/m ) and h a s  a c = 1 1  Btu/lbrn '3 (. 13 W/kg OC). F u r t h e r  

P 
2 suppose t h a t  t h e r e  a r e  15 f t  (l,4m2) of  we l l  i n s u l a t e d  

s h e e t  meta l  between t h e  c o i l  and t h e  g r i d  and AT=~O'F  

( 1 1 'C). Then by Eq. 3E-4, 



The e f f e c t  o f  this added energy on &IDEAL i s  

Percent errdr = x 100 ( x 100 1 

= 2,3% = (2.3%) 

Suppose a 15 lbm (6.8 kg) mixer were placed i n  the t e s t  

set-up of  the above example and i t  experienced a 

= 10 O F  (5.6 OC). It would a l s o  add energy. 

- ,%a percent error - 



These two e r r o r s  a r e  a d d i t i v e .  Hence, i n  t h i s  exauple,  

thermal  s t o r a g e  e f f e c t s  c o n t r i b u t e d  about  3.3% e r r o r  in 

measured capac i ty .  

M g u r e s  3E-3 and 4 show t h e  r e l e a s e d  energy from 

massive o b j e c t s  under d i f f e r e n t  c o n d i t i o n s ,  It can be 

seen  from t h e s e  two p l o t s  t h a t  i f  a t e s t  set-up had a heavy 

air mixer ( f o r  example) and a l a r g e  amount o f  s h e e t  me ta l  

s u r f a c e  a r e a  exposed t o  t h e  c o l d  air stream, e r r o r s  on t h e  

o r d e r  o f  5 - 1  5% could  occur ,  I n s u l a t i o n  w i l l  n o t  minimize 

t h e s e  e f f e c t s ,  I n  f a c t ,  i n s u l a t i o n  t e n d s  t o  m&mize 

t h e s e  e f f e c t s  because t h e  thermal  mass i s  maintained at  a 

lower temperature,  i n c r e a s i n g  AT, A p r a c t i c a l  s o l u t i o n  t o  

minimize thermal  s t o r a g e  e f f e c t s  i s  t o  e l i m i n a t e ,  as much 

as p ~ s s i b l g ,  t h e  thermal  mass t h a t  i s  exposed - t o  C.he c o l d  

air &ream. For exapple,  t h e  insu la t i ion  cou ld  be p l a c e d  

i n s i d e  t h e  , s h e e t  metal  o r  a d i f f e r e n t ,  l e s s  massive,  s t r u c -  

t u r a l  m a t e r i a l  such as cardboard  o r  f i b e r g l a s s ,  could  be 

used f o r  t h a t  p o r t i o n  o f  t h e  d u c t i n g  between t h e  c o i l  and 

t h e  g r i d ,  Air mixers  agd f low s t r a i g h t e n e r s  could  a l s o  be 

made from q l i g h t w e i g h t  m a t e r i a l  such  as p l a s t i c ,  

In SwpCnarY, i t  h a s  been seen  t h a t  t h e  placement o f  

t h e  thermoqouple g r i d  can cause  changes i n  t h e  measured 

c a p a c i t y ,  By moving t h e  g r i d  domstream,  more s u r f a c e  

a r e a  i s  eqcrsed  which increases t h e  e f f e c t s  o f  leakage ,  

h e a t  t r a n s f e r  and thermal  s t o r a g e ,  For a t y p i c a l ,  unin- 

s u l a t e d  t e s t  set-up wi th  a mixer a dec rease  i n  measured 

c a p a c i t y  on t h e  o r d e r  o f  57G might occur ,  due o n l y  t o  t h e  



SURFFlCE 'FlREfl IN SQ FT 
Figure 33-3 hergy Released frcm 24 Gage Sheet ~etal per s~rfade Area 



, MRSS I N  LBM 
Figure 3E-4 Energy Released frcm 24 Gage Sheet Metal per W s  
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l o c a t i o n  o f ' . t h e  g r i d ,  I f  t h e  g r i d  were moved, this e s t i -  

mate could  i n c r e a s e  o r  decrease ,  But, with pr0pe.r att .en- 

t i o n  t o  j o i n t s ,  seams, c r a c k s ,  e tc . ,  mass t r a n s f e r  e r r o r s  - 
can be e s s e n t i a l l y  e l iminated .  liVith i n s u l a t i o n  of R-7 o r '  

b e t t e r ,  h e a t  t r a n s f e r  e f f e c t s  w i l l  be l e s s  t h a n  1% over  a 

c o n s i d e r a b l e  r ange  of  l o c a t i o n s ,  However, thermal  s t o r a g e  

e f f e c t s  could  s t i l l  be on t h e  o r d e r  of 293%. ( o r  more) u n l e s s  

some o f  t h e  the rmal  mass were removed, It i s ' h o p e d  t h a t  

wi th  t h e s e  c o n s i d e r a t i o n s ,  t h e  e f f e c t s  of  g r i d  placement 

on measured c a p a c i t y  can be miqimized. 

S e c t i o n  F - Dampers 

The fo l lowing  quote  i s  taken  from t h e  F e d e r a l  R e g i s t e r  

and c o n c e r n s , t h e  dampers, 

IlThe t e s t  i n s t a l l a t i o n  s h a l l  be designed such 
t h a t  t h e r e  w i l l  be no air flow through t h e  c o o l i n g  
c o i l  due-',to n a t u r a l  o r  f o r c e d  convect ion  while  t h e  
indoor  f a n  i s  ' o f f .  T h i s  s h a l l  be accomplished 
by i n s t a l l i n g  dampers upstream and downstream of  
t h e  t e s t  u n i t  t o  b lock  t h e  o f f  p e r i o d  air f low " 
(Federa l  R e g i s t e r  [ 1979 I ), 

T h i s  p o r t i o n  o f  t h e  t e s t  procedures  h a s  caused c o n s i d e r a b l e  

confus ion  because n e i t h e r  t h e  i n t e n t  n o r  t h e  . p r a c t i c a l  

a p p l i c a t i o n  o f  t h e  dampers i s  made c l e a r ,  The purpose of  

this s e c t i o n  i s  t o  a t t e m p t  t o  r e s o l v e  some of  this confu- 

sion. 

Apparently,  t h e  dampers were added t o  t h e  t e s t  proce- 

d u r e s  with t h e  i n t e n t  t o  c . r ed i t  a manufac turer  with t h e  o f f -  

t ime c o o l i n g  done by t h e  uni t  and t o  a i d  i n  o b t a i n i n g  

r e p e a t a b l e  and r e p r o d u c i b l e  r e s u l t s  (Didion [1980-~1) 



I d e a l l y ,  by b lock ing  t h e  air ' f l o w  ove r  t h e  c o i l ,  h e a t  t r a n s -  

f e r  between t h e  t r apped  air and t h e  c o i l  and t h e  compartment 

walls i s  e s s e n t i a l l y  s topped s o  t h a t  t h e  c o i l ,  t h e  compart- 
, . 

ment walls and t h e  t r apped  air remain co ld ,  n e a r l y  at  t h e  
( 1 )  

s t e a d y  s t a t e  o p e r a t i n g  tempera ture ,  Therefore ,  at  s t a r t - u p ,  

t h e  c o i l  does no t  have t o  be f f coo led  downff by h e a t  t r a n s f e r  

t o  t h e  r e f r i g e r a n t ,  a l lowing  h e a t  t r a n s f e r  from t h e  air t o  

t h e  r e f r i g e r a n t  ( through t h e  c o l d  c o i l )  t o  begin immediate- 

l y ,  Furthermore,  t h e  c o l d  compartment w a l l s  add l i t t l e  

energy t o  t h e  air flow, Hence, c o o l e r  . . air i s  produced 
* ,  

more qu ick ly  and' t h e  measured e f f i c i e n c y  of  ' t h e  unit 

dur ing  t e s t  D i s  i n c r e a s e d ,  

Of course,  an i d e a l  t e s t  set-up does n o t  e x i s t .  Due 

t o  t h e  tempera ture  g r a d i e n t  between t h e  room air and t h e  

t r a p p e d  air, h e a t  t r a n s f e r  , w i l l  occur  r a i s i n g  t h e  tempera- 

t u r e  of  t h e  t r apped  air, Furthermore,  . a t  shut-down, ' some 

evapora to r  c o i l s  partially, fill with hot refrigerant from the 

condenser due t c  a p r e s s u r e  g r a d i e n t  (Murphy and Gold- 

schmidt (1979 ]). T h i s  . f u r t h e r  i n c r e a s e s  t h e  h e a t  t r a n s f e r  

i n t o  t h e  compartment, Never the less ,  dampers should n a i n t a i n  

t h e  c o i l ,  compartment walls and t r a p p e d  air a t  a tempera- 

t u r e .  below room tempera ture  which, in many cases, will 

increase the measured capacity. 

Th.e implementat ion of t h e  dampers i s  n o t  p r e s c r i b e d  

o r  even mentioned i n  t h e  s t a n d a r d s  ,whichbgovern t h e  t e s t  

set-up and a m b i g u i t i e s  do exis t . ,  For example, two mechan- 

i c a l  dampers a r e  impl i -d ,  but  s e v e r a l  manufac turers  u s e  an 

1- Air temperature may also depend on refrigerant control. 



air t r a p  i n s t e a d  o f  an upstream damper, Is an air t r a p  as 

e f f e c t i v e  as a damper i n  b locking  air flow over  t h e  c o i l ?  . 

How should  t h e  dampers open i n  t h e  duct  as f a r  as air flow 

i s  concerned? Should t h e y  be air t i g h t ?  How qu ick ly  should 

t h e y  open o r  c l o s e ?  Where should t h e  dampers be placed? 

Where should t h e  thermocouple g r i d s  be p laced  i n .  r e l a t i o n -  

s h i p  t o  t h e  dampers? These a r e  v a l i d  q u e s t i o n s  whose 

answers  a r e  r e f l e c t e d  i n  t h e  v a r i e t y  of t e s t  se t -ups  found 

throughout  t h e  air c o n d i t i o n i n g  i n d u s t r y ,  

In orde r  :+to sLudy t h e  e f fec t8  of dampers on the  

measured c a p a c i t y  o f  a u n i t ,  s e v e r a l  assumptions r e g a r d i n g  

t h e  a n a l y s i s  a r e  needed, The fo l lowing a r e  t h e s e  assump- 

t i o n s ,  . 
1 ,  Two dampers o r  a damper and an air t r a p  a r e  - 

e q u a l l y  e f f e c t i v e  because both  b lock  t h e  i n l e t  f low o f .  

room air, 

2, A l l  o f f  -time h e a t  t r a n s f e r  e f f e c t s  will be r e f l e c -  

t e d  i n  To, t h e  t empera tu re  of  t h e  c o i l  and t h e  t r apped  air 

a t  s t a r t - u p ,  (The t empera tu re  o f  t h e  c o i l  w i l l  be  an av- 

e r a g e  tempera ture  and i s  assumed t o  be about  t h e  same as 

t h e  t r a p p e d  air at t h e  end o f  t h e  24 minute off-t ime.) . 
3, Mass t r a n s f e r  ( l eakage)  through t h e  dampers w i l l  

a l s o  be r e f l e c t e d  i n  'To, On-time leakage w i l l  be neglected. 

4, The dampers w i l l  open immediately upon s t a r t - u p  

and air flow w i l l  be  cons ide red  c o n s t a n t ,  uniform and un- 

a f f e c t e d  by t h e  dampers once t h e  dampers a r e  open, 

. 5, The upstream thermocouple g r i d  w i l l  be p laced  

o u t s i d e  of  t h e  u p s t r e w ,  damper. 
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6. The t ime  c o n s t a n t  o f  t h e  uni t ,  T ~ ,  w i l l  n o t  change 

because of  dampers, T h i s  i s  an i m p o r t a n t  assumption as far 

as modeling t h e  dampers i s  concerned, It is, i n  e f f e c t ,  

, s a y i n g  t h a t  t h e  c o l d  c o i l  does n o t  enhance o r  d iminish  t h e  

h e a t  t r a n s f e r  c a p a b i l i t y  o f  t h e  r e f r i g e r a n t ,  e s p e c i a l l y  a t  

s t a r t -up . '  T h i s  i s  probably  n o t  t r u e  and cou ld  be a . s u b j e c t  

f o r  f u t u r e  i n v e s t i g a t i o n ,  On t h e '  o t h e r  hand, t h e *  dampers 

w i l l  a l l o w  t h e  c o i l  t o  be at a lower  tempera ture  t h a n  

ambient at s t a r t -up .  T h i s  means t h a t  a c e r t d n  amount of  

energy w i l l  n o t  have t o  be removed from t h e  c o i l  i n  t h e  

p r o c e s s  of c o o l i n g  i t  down t o  i t s  s t e a d y  s t a t e  temperature.  

I n s t e a d ,  i t  w i l l  be assumed t h a t  t h i s  amount' of energy w i l l  a 

be removed from t h e  air, For modeling purposes  i n  t h i s  

s e c t i o n ,  this energy w i l l  s imply be added back i n t o  t h e  

measured c a p a c i t y  as QCOIL, 

The e f f e c t s  t o  be s t u d i e d  a r e  damper placement and 

thermocouple response  i n  r e l a t i o n s h i p  t o  damper placement . 
Consider  t h e  s k e t c h  shown i n  F i g u r e  3F- 1 showing an ar range-  

ment where t h e  downstream thermocouple g r i d  i s  p laced  i n -  

s i d e  t h e  damper. I n  o r d e r  t o  o b t a i n  a A T  v s  TIME c u r v e t  

t h e  t e m p e r a t i c e s  sensed  by the ' thermocouple  g r i d  must be 

i d e n t i f i e d ,  S ince  t h e  dovmstream g r i d  i s  i n s i d e  t h e  damper, 

i t  will con t inue  t o  s e n s e  To f o r  DI/V seconds (Dis tance/  

~ e i o c i t y  = Time) a f t e r  s t a r t -up .   hen, i t  i s v i l l  s e n s e  t h e  

tempera ture  o f  t h e  s l u g  o f  air between t h e  c o i l  and t h e .  

upstreamdamper.  But, befor;  r e a c h i n g  t h e  g r i d ,  t h i s  s l u g  

o f  air p a s s e s  through t h e  c o i l  and i s  cooled according  t o  

t h e  f i r s t  o r d e r  response  d i s c u s s e d  i n  S e c t i o n  C. T h i s  



Figure 3F-1 Thermocouple Grid I n s i d e  Damper 
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cooled air i s  sensed f o r  D2/Vseconds.' Af te r  t h i s  t ime 

has  elapsed, room air a t  TI, which has  entered t h e  c o i l  and 

been -cooled,  i s  sensed by t h e  grid.  Eq. 3F-1 r ep re sen t s  

t h e  temperature d i f f e r e n c e  as a funct ion of time, and i s  

der ived by applying Eq. 3bI2 f o r  t h e  above temperatures.  

AT = Try Tmeas 

= Tr-To f o r  0s t< D l b  

f o r  t> D.2' (3F-1) 
v 

where 

T ~ "  =  emp per at be sensed by thermocouple at  t = D Z 1 / V  

~ 2 l =  .Dl + D 2  

Using Eq. gF-I, AT vs  TIME cu rves .  can be p lo t t ed .  Further- 

more, Eq. 3F-1 can .be i n t e g r a t e d  over  t ime 60 th.at capac.ity 
, . 

can be computed. By varying Dl, D2 and To, t h e  e f f e c t s  of 

dampers on measured capac i ty  can be s tudied.  
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To i l l u s t r a t e  t h e s e  i d e a s ,  c o n s i d e r  t h e  fo l lowing 

example. Numerical v a l u e s  a r e  assumed r e p r e s e n t a t i v e -  . . .  of 

some units. . Let :  

Tr = 80'~.  (-26.7'~) T, = 6 0 ' ~  ( 15.6'~ 1 

To = 70°F (21. 1 ' ~ )  r h  = 30 s e c  
6 

v = 15 f t / s e c  (4.6 m/s) 
' .  

Dl = 5 . f t  '(1.5 m), D2 = 5 f t  (1.5 m) 

P = .07 l ,  l b m / f t 3  (1.14. kg/m3) 

Mass o f  c o i l  = 24 Ibm 

c = .24 ~ t u / l b m O ~  (1004.8 W s/kgOc) (air) 
P 

. . 
c o f  c o i l  = . l l  ~ tu / lbmOF (460.5 W s/kgOc) . '  
P .  

2 A = 1  f t  0 n 2  r t  = 1 ,  2.5 and 5 sec.  

S u b s t i t u t i n g  t h e s e  ' v a l u e s  i n t o  Eq. 3F-1. and l e t t i n g  the on- 

t ime run  from: 0-6 minutes,  t h e  c u r v e s  i n  F i g u r e s  3F-2 and 

3 a r e  obta inea .  F igure  3F-2 shows t h e  response  i n  t h e  . f i r s t  

10 seconds. A l l  t h r e e  cu rves  begin  at A T ~ = I , O ~ F  (5.6 '~) ;  

A f t e r  t h e  c o l d  air h a s  been drawn ou t  and r e p l a c e d  by t h e  

room air, t h e  c u r v e s  begin  t o  d i f f e r  accord ing  t o  t h e  t ime 
* 

c o n s t a n t  of t h e  thermocouple. F i g u r e  ,3F-3 shows t h e  

r e sponse  over  t h e  f u l l  six minutes ,  I n  p a r t i c u l a r ,  n o t e  

t h e  d i p  i n  t h e  c u r v e s  which i s  caused by t h e  thermocouple 

r e sponse  t ime..  . . 

The e x p r e s s i o n  f o r  AT i s  i n t e g r a t e d  over  t h e .  s i x  . 

minutes,and t h e  c a p a c i t i e s  f o r  t h i s  example a r e  obta inea .  
. . 

#' 

The r e s u l t s  are t a b u l a t e d  i n  Table' 3F-1. &IDEAL r e p r e s e n t s  

t h e  c a g a c i t y  t h a t  would be c a l c u l a t e d  assuming i d e a l 5  ' 

c o n d i t i o n s  such  as T ~ = ~ O ~ F  ' (26 .7O~) ,  +t= 0 sec ,  no thermal  

mass e f f e c t s ,  e t c .  QMEAS i s  t h e  measured c a p a c i t y  a d t h e  



TIME IN SEC 

Figure 3F-2 AT vs TIME W s  with' Grid Inside Damper - F i r s t  10 Seoonds 



TIME I N  SEC . .  

Figure 3F73 AT vs TIME Curves with Grid Inside Danper - Full 6 Minutes 



Table 3F-1 'Capacities eor Grid Inside ~ampers 

A 

r 

QIDEAL 

Btu 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

QMEAS 

Btu 

1686.96 

1680.74 

1674.56 

1688.64 

1682.45 

1676.27 

1690.33 

1684.15 

1677.97 

%ERROR 

.OO 

-37 

.73 

-010 

.27 

-63 

-,20 

-17 

. 53  

QCOIL 

Btu 

0 

0 

0 

26.40 

26.40 

26.40 

52.80 

52.80 

52.80 

%ERROR 
w/co il 

-00 
, 

. 39 

.73 

-1.66 

-1.$0 
1 

-0.93 

-3 433 

-2.96 

-2.60 

To 
OF 

80 

80 

80 

70 

70 

70 

60 

60 

60 

= t 
SEC 

0 

2.5 

5.0 

0 

2.5 

5.0 

0 

2.5 

5.0 



d i f f e r e n c e  between QIDEAL and QMEAS i s  t h e  e r r o r ,  It i s  
,> .~ 

expressed  by . . 

Percen t  e r r o r  = (QIDEAL - BMEAS) x 100 
. QIDEXL . . 

1 f  t h e  p e r c e n t  e r r o r  i s  p o s i t i v e ,  t t e  measured c a p a c i t y  i s  

l e s s  .than t h e  i d e a l  c a p a c i t y ,  I f  t h e  p e r c e n t  e r r o r  i s  

n e g a t i v e ,  t h e  c a p a c i t y  h a s  i n c r e a s e d ,  

When t h e  tempera ture  o f  t h e  c o i l  i s  l e s s  t h a n  room 

tempera ture ,  l e s s  energy i s  taken  from . t h e  . c o i l  t o  cool  i t  

down t o  i t s  s t e a d y  s t a t e  temperature.  T h i s  a l lows  more air 

t o  be cooled,  Far purposes  of computation, this e x t r a ,  , 
r . 

c o o l i n g  energy w i l l  be c r e d i t e d  t o  t h e  u n i t  by adding i t  
. . 

back i n t o  QMEAS . . as QCOIL, which i s  c a l c u l a t e d  by Eq. 3F-2,. 
. . 

. . 
QCOIL =, mc cpc, (Tr-To) 

where 

mc = mass of  t h e  c o i l ,  lbm (kg) 

E = s p . e c l f i c  heat.  o f  c o i l ,  ~ t u / l b m ~ F .  ( W  s/kgOc) 
PC 

A new p e r c e n t  e r r o r  i s  a l s o  c a l c u l a t e d  t o  r e f l e c t  this . 
. . 

a d d i t i o n ,  . . 
. . 

The r e s u l t s  o f  computing t h e  c a p a c i t y  wi th  QCOIL a r e  

a l s o  shown i n  Tab le  3F-1, It can be seen  t h a t  when t h e  mass 

o f  t h e  c o i l  i s  n o t  cons idered ,  t h e  dampers have l i t t l e  

e f f e c t ,  Including t h e  cnil mass (QCUIL) dose iabrcaoe 

t h e  measured c a p a c i t y ,  Hence, t h e  measured c a p a c i t y  can 
, . 

be i n c r e a s e d  by lower ing  To, but  i t  i s  decreased  by l o n g e r  

thermocouple r e sponse  time. Under normal c o n d i t i o n s  wi th  

t h e  dampers c a u s i n g  T,=~Q'F ( 2 1 , 1 ° ~ ) ,  a 1 .j% i n c r e a s e  i n  
c a p a c i t y  i s  observed,  



. The . . e f f e c t  o f  moving . t h e  dampers t o  v a r i o u s  l o c a t i o n s  

can a l s o  be s tud ied .  ~ a b l e s  3 ~ - 2 ,  3 and 4 summarize t h e  

r e s u l t s  o f  seven d i f f e r e n t  damper l o c a t i o n s .  Each  able 
. . 

corresponds t o  a d i f f e r e n t  v a l u e  o f  To. For T , = ~ O ~ F  
. . 

(26.j°C), l i t t l e  e f f e c t  o f  l o c a t i o n  i s ' n o t e d ,  'kith thermo- 

couple  re'sponse t ime caus ing  t h e  p e r c e n t  e r r o r .  ~ n t e r e s t -  
0 " .  ' i n g l y ,  from Td=70 t o  6 0 ' ~  (21 . I  t o  15.6 C ) ,  c a p a c i t y s  ' . 

i n c r e a s e d  as response  t ime decreased.  T h i s  can b e  exp la ined  

by r e c ' a l l i n g  t h e  AT vs. TIME c u r v e s  i n  F igure  JF-3. .. For 

s h o r t e r  r e sponse  t imes,  t h e r e  f s  l e s s  l a g  t o ' t h e  a c t u a l  

tempera ture  akd t h e  i n i t i a l  g a i n  i n  a r e a  under  t h e  cu rve  
. . . . 

i s  n o t  ba lanced by t h e  subsequent  l o s s  i n  &ea u n d e r ' t ' h e  
. .  , . . 

curve  as t ime marches on. F i n a l l y ,  i t  can b'e seen  t h a t  

d i f f e r e n t  damper l o c a t i o n s  do n o t  cause  much c h k g o i n  t h e  
. . . . 

measured capac i ty .  

Next, c o n s i d e r  t h e  arrangement shown i n  'F'igure ' 3 ~ - 4 .  

Now t h e  thermocouple g r i d  i s  p l a c e d  some d i s t a n c e  o u t s i d e  

t h e  downstream damper. A s  be fo re ,  t h e  tempekatures  sensed  

by t h e  g r i d  must be s p e c i f i e d .  For  D3/V seconds ( D i s t a n c e /  

Vel~city='i!ime), t h e  g r i d  s e n s e s  t h e  t empera tu re  of t h e  air 

o u t s i d e  t h e  dampers which i s  assumed t o  be room temperature.  

I n  t h e  nex t  D ~ / V  seconds, t h e  s l u g  of  t r apped  air down- 

s t ream o f  t h e  c o i l ,  a t  To,   asses through t h e  g r i d .    his 

i s  followed by t h e  s l u g  o f  t r a p p e d  air upstream of  the '  

c o i l  which h a s  been cooled  by t h e  h e a t  exchanger. F i n a l l y ,  

cooled  room air r e a c h e s  ' t h e  g r i d .  .Again, app ly ing  Sq. 3D-12 

t o 7 ' t h o  above t empera tu res  Eq. 3%3 r e s u l t s .  
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Table 3F-2 Grid p la~ement  - To = 8 9 ' ~  

. 

b 

f t  
Sec 

0 

0 

0 

0 

0 .  

0 

0 

2.5 

2.5 

2.5 

2.5 

2.5. 

2,s 

2.5 

5.0 

5.0 

5,O 

5.0 

5.0 

5.0 

5.0 

QIDEAL 

Btu 

b 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 
i 

Dl 

Ft 

5 

10 

20 

5 

5 

10 

20 

5 

10 

20 

5 

5 

10 

20 

5 

10 

20 

5 

5 

10 

20 

D2 

Ft 

5 

5 

5 

10 

20 

10 

20 

5 

5 

5 

10 

20 

10 

20 

5 

5 

5 

10 

20 

10 

20 

QMEAS 

Btu 

1686.96 

1686.92 

1686.81 

1686.95 

1686.95 

1686.92 

1686.281 

1680.74 

1680.70 

1680.55 

1680.70 

1680 :59 

1680.64 

1680.28 

1674.56 

1674.52 

1674.37 

1674.32 

1674.39 

1674 -46 

1674.06 

, - 

%ERROR 

.OO 

.OO 

.01 

.01 

-00 

. O O  

-01 

-37 

-37 

-38 

.37 

-38 

.37 

.40 

.73 

.74 

.75 

.74 

.75 

.74 

.76 

. .  - -  

QCOIL . 
Bbu 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
I 

- . 

%ERROR 
w/coil 

,OO 
-00 

-01 

.01 

.OO 

-00 

-01 

.37 

.37 

-38 

.37 

.38 

-37 

. 40  

-73 

-74 

,75 

f 74 
.75 

.74 

-76 



Table 3F-3 Grid P l a c e m e n t  - To = 70°F 

QIDEAL 

B t u  

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

1686.96 

)I- 

QMEAS 

B t u  

1688.64 

1689.46 

1691.03 

1689.46 

1691.10 

1690.28 

1693,41 

1682.45 

1683.25 

1684.81 

1683.26 

1684.83 

1684.05 

1687.05 

1676.27 

1677.07 

1678.63 

1677.07 

1678.64 

1677.86 

1680.83 

' %ERROR 

-010 

-015 

-024 

-.I5 

-025 

-020 

-. 38 
-27 

-22 

.13 

.22 

-13 

.17 

-001 

.63 

-59 

.49 

-59 

.49 

.54 

-36 

O t  

~ e c  

0 

0 

0 

0 

0 

0 

0 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

QCOIL 

Btu 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40 

26.40- 

26.40 

26.40 

26.40 

%ERROR 

-1.66 

-1.71 

-1.81 

-1.71 

-1.81 

-1.76 

-1.95 

-1.38 

-1.35 

-1.44 

-1.35 

-1.44 

-1.39 

-1.57 

-0.93 

-0.98 

-1.07 

-0.98 

-1.07 

-1.03 

-1.20 

Dl 

~t 

5 

10 

20 

5 

5 

10 

20 

5 

10 

20 

5 

5 

10 

20 

5 

10 

20 

5 

5 

10 

20 

D2 

~t 

5 

5 

5 

10 

20 

10 

20 

5 

5 

5 

10 

20 

10 

20 

5 

5 

5 

10 

20 

10 

20 



Table 3F-4 Grid Placement - To - 6 0 O ~  





T = Tr-Tmeas 
. .  . 

= 0 f o r  O < t  *D3/V 

f o r  D3/V c t  (Dl /V 

f o r  Dl  l/V*t<B2'/V 

where (3F-3) 

Dl1 = 03 + Dl 

D 2 '  = D 3  + 92 + D l  

TI = Temperature sensed by thermocouple a t  
t=Dl '/,v' 

T2 = Temperature sensed by thermocouple at  
t=D2l/V 

Using t h e  same numerical example a s ' b e f o r e  with D3=5 f t  

(1.5 m), AT vs. TIME curves  a r e  p l o t t e d  and a r e  shown i n  

F igu re s  3F-5 and.. 6 .  Refer r ing  t o  Figure  3F-5, AT,=OOF 

( 0 ' ~ )  at  t =O f o r  all t h e  curves. But only t h e  curve f o r  

r t=O sec  responds markedly t o  t h e  s l u g  of coo le r  air trapped 

by t h e   damper^:^ F'igure 3F-6 shows t h e  response f o r  t h e  f u l l  

s i x  minutes of on-time. ,Again, n o t e  t h e  d ip  due t o  thermo- 

couple response. 

Capacity i s  found by i n t e g r a t i n g  Eq, 37-3 over t h e  on- 

t ime and Table 3F-5 shows t h e  r e s u l t s  f o r  t h e  capac i ty  

ca l cu l a t i ons ,  These r e s u l t s  &re almost i d e n t i c a l  w i t h . t h e  



TIME I N  SEC 
~igure' 3F-5 AT vs TIM Cunres with Grid Outside Damper - Firat  10 Seconds 



TIME I N  SEC 
I '  

Figure 3F-6 A T  vs TPB Cuvcs with Grid Outside Danper - N l  6 Minu& 
. . 



Table 3F-5 capacities for Grid Outside Dampers . 



corresponding r e s u l t s  when t h e  thermocouple g r i d  was p laced  

i n s i d e  t h e  dampers. 

Tab les  3 ~ 0 6 ,  7 and 8 show t h e  r e s u l t s  of  t h e  e f f e c t s  

on measured c a p a c i t y  due t o  v a r i o u s  damper a r d  g r i d  loca -  

t i o n s .  A s  be fo re ,  when T ~ = ~ O O F  (26.7 '~) ,  l o c a t i o n  o f  t h e  

dampers o r  t h e  g r i d  h a s  a n e g l i g i b l e  e f f e c t  with t h e  e r r o r s  

a r i s i n g  from thermocouple response.  Again, measured capa- 

c i t y  i s  i n c r e a s e d  as e i t h e r  To o r  r e sponse  t ime decreases .  

However, ve ry  l i t t l e  change i s  observed by moving t h e  

thermocouple g r i d ,  and o n l y  a small change i s  observed by 

moving t h e  l o c a t i o n  of  t h e  dampers. 

Comparison o f  t h e  two arrangements  i n d i c a t e s  t h a t  

n e i t h e r  are  s t r o n g l y  dependent on damper l o c a t i o n  as such, 

bu t  r a t h e r  on t h e  v a l u e  o f  To at  s t a r t -up .  ( I n  p r a c t i c e ,  

of  course,  To i s  dependent on damper placement.) I n c r e a s e s  

i n  measured c a p a c i t y  on t h e  o r d e r  o f  1-3% can be made by 

o b t a i n i n g  lower  v a l u e s  of  To at  s t a r t - u p .  F i n a l l y ,  i t  

appears  t h a t  t h e  i n c r e a s e s  i n  c a p a c i t y  a r e  s l i g h t i y  h i g h e r  

f o r  t h e  arrangement where t h e  thermocouple g r i d  i s  p l a c e d  

i n s f  de t h e  doumstrem damper. 

One f i n a l  comment i s  i n  o rde r .  From t h e  above d i s -  

cuss$.on, i t  i s  apparent  t h a t  To p l a y s  t h e  major r o l e  i n  

de termining  t h e  e f f e c t  o f  dampers on the measured capac i ty .  

I n  a c t u a l  t e s t i n g ,  To v a r i e s  from room tempera ture  t o  

n e a r l y  80% of  T,,. Its v a l u e  i s  p a r t l y  determined by o f f  

p e r i o d  r e f r i g e r a n t  flow, However, i t  i s  mainly determined 

by t h e  o p e r a t i o n  and placement of t h e  dampers, i n s u l a t i o n ,  



Table 3F-6 Grid Placement - To h ~ O O F  



T a b l e  3P-I   rid Placement - Tb = 7 0 ' ~  I 

QIDEAL 

Btu 
QMEAS - 
Btu 

%ERROR ,QCOIZ 

Btu 

- . l o  2 6 . 4 0  

- . 1 4 '  2 6 . 4 0  

- 0 2 4  2 6 . 4 0  

; .19 2 6 . 4 0  

0 . 3 8  2 6 . 4 0  

,- .32 2 6 . 4 0  

- 3 1  2 6 . 4 0  

. 2 9  2 6 . 4 0  

- 2 7  2 6 . 4 0  
. 1 6  . 2 6 . 4 0  

- . 0 9  2 6 . 4 0  

- 0 1 4  2 6 . 4 0  

- . ' 23 '  2 6 . 4 0  

- 0 1 9  2 6 . 4 0  

- 0 3 7  2 6 . 4 0  

.32 2 6 . 4 0  

- - 3 2  2 .6 .40 

, . 3 0  2 6 . 4 0  

- 2 7  26 .40 .  

. 1 7  2 6 . 4 0  



Table 31 -8  Grid Placement - T ~ '  =- GOOF 



e t c ,  I n  o t h e r  words, t h e  e f f e c t  of t h e  .dampers i s  h igh ly  

dependent on t h e  t e s t  set-up, Therefore, t h e  same c o i l  

could be t e s t e d  by two d i f f e r e n t  l a b o r a t o r i e s  and d i f f e r e n t  

r e s u l t s  might be obtained- simply due t o  d i f f e r e n c e s  i n  t h e i r  

t e s t  set-ups, T h i s  has  . se r ious  imp l i ca t ions  as f a r  as t h e  

testing program i s  ccncerned because v a l i d  comparisons of 

units could no t  be made, 

One simple way t o  begin c o r r e c t i n g  t h i s  problem is. t o  t 

e l imina t e  t h e  dampers a l t o g e t h e r  and l e t  t h e  indoor  

ruq continuously,  A s  i s  seen i n  Tables 3F-2 and 6 where .. = 

T,=~o'F ( ,26.7°~),  a condi t ion  t h a t  w i l l  u s u a l l y  be obtain,ed 

under such a set-up, no i n c r e a s e s  o r  decreases  i n  measured 

capac i ty  a r e  obta ined except those  t h a t  can be accounted , 

* - 

f o r  from thermocouple response  time, By e l imina t ing  
. .. 

dampers and l e t t i n g  t h e  indoor  fan  run continuously,  To 

would c o n s i s t e n t l y  equal 8 0 ' ~  ( 2 6 , 7 * ~ ) .  Hence, i n  t e s t  D, 

all manufacturers begin measure c y c l i c  capac i ty  

a t  t h e  same po in t ,  namely a t  ATo=O when t =O, Th is  set-up 

would a l s o  more c l o s e l y  approdmate  a c t u a l  f i e l d  opera t ion  

o f  a uni t .  Furthermore, o f f - t i n e  cool ing could easily be 

c a l c u l a t e d  by ' con t inu ing  mohitor AT vs TIME u n t i l  

aga in  r e tu rned  t o  zero ( o r  within some increment of zero) .  

O f  course, t h e  power consumed by t h e  fan dur ing  t h e  o f f -  

t ime would have t o  be accounted fo r ,  . 

Sect ion G - Nonuniformity 

T h i s  s e c t i o n  w i l l  s tudy t h e  e f f e c t s  o f  a nonuniform 

v e l o c i t y  and temperature d i s t r i b u t i o n  on t h e  ieasurenent 
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of  c a p a c i t y  dur ing  t e s t  D. 'fhile t h e  defi&.ng equat ion  f o r  

QCYC, d ry  
c o n s i d e r s  t h e  v e l o c i t y ,  V, uniform and c o n s t a n t ,  

. . 
i t  is n o t  h a r d  t o  imagine c o n s i d e r a b l e  nonuniformity i n  

V as t h e  air f low p a s s e s  through t h e  c o i l  wi th  i t s  tubes ,  

f i n s ,  suppor t s ,  e tc .  b e f o r e  r e a c h i n g  t h e  thermocouple g r id .  

It i s  n o t  q u i t e  s o  obvious t h a t  t h e  t empera tu re  d i s t r i b u -  

t i o n  over  t h e  c o i l  may a l s o  vary,  caus ing  a nonuniform tem- 

p e r a t u r e  d i s t r i b u t i o n  t o  be sensed  by t h e  thermocouples. 

However, Mur?hy and Goldschmidt [ I  9791 confirm t h e  p o s s i b i -  

l i t y  of  a nonymiforni tempera ture  d i s t r i b u t i o n  over  t h e  c o i l .  

It w i l l  a l s o  be observed i n  t h e  d a t a  of t h e  next  s e c t i o n . '  ' 

The d e f i n i n g  equa t ion  f o r  Q could  be w r i t t e n  
C Y C ,  d ry  " .  

I 

more g e n e r a l l y  as fol lows:  

- 
&cyc, d ry  -!I[ { p Cp V ( ~ Y Y )  OT ( x , y , t )  dtdA (3G-1) 

where . I 

A = c r o s s - s e c t i o n a l  a r e a  of  t h e  duct  . 
t = t ime 

p = d e n s i t y  of  air , . 

C = s p e c i f i c  h e a t  o f  air 
P 

V = v e l o c i t y  of air (assumed independent of t i m e )  

. 4T = tempera ture  d i f c e r e n c e  a c r o s s  t h e  c o i l  

~ s s u m i n g  c o n s t a n t  p r o p e r t i e s  and t h e  first o r d e r  r e sponse  

of t h e  h e a t  exchanger from S e c t i o n  C over  s i x  minutes,  

Eq. jG-1 can be s i m p l i f i e d .  
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Three more assumptions u n d e r l i e .  Eq. 3G-2; To i s  c o n s t a n t  

over  t h e  c o i l ,  t h e  t ime response  o f  t h e  h e a t  exchanger i s  

a l s o  cons tan t ,  and ' t h e  v e l o c i t y  i s  t ime independent.  T h i s  

equa t ion  c a n  a l s o  be madif ied  t o  account f o r  t h e  e f f e c t  o f  

thermocouple r e sponse  t ime  on t h e  capac i ty .  One simply 

s u b s t i t u t e s  Eq. 3D-13 f o r  t h e  b racke ted  express io 'n  i n  

Eq. 362. With a n a l y t i c a l  express ions  f o r  V and Tss, 

Eq. jG-2 could  be i n t e g r a t e d  t o ,  y i e l d  an exac t  v a l u e  f o r  

Q c ~ c ,  dry  
. However, such express ions  m e  n o t  genera I .1~  

a v a i l a b l e ,  so t h e y  must  be r e p l a c e d  with ~ x p e r i m s n t a l  o r  

semi-empir ical  v a l u e s  and Q 
C Y C , ~ Y  

i s  computed by numerical  

i n t e g r a t i o n  or--summation. Hence, Q 
CYC,  b y  

might now be 
' I  

I - . .  . . . ,  
w r i t t e n  as ' 

where . . . . . 

M = number o f  f i n i t e  a r e a  e1,ements 

It should  be  noted  t h a t  if e i t h e r  the  v e l o c i t y  o r  t h e  

tempera ture  5s uniform : over  t h e  cross-sectlogal 

a r e a ,  Eq. 3G-3- r e d u c e s  t o  Eq. -.3A- 1 ,  t h e '  DOE c y c l i c  .' c a p a c i t y  

equat ion.  That  is., . , 

If ~ T ( x , y , t )  = AT ( t ) ,  t h e n  

bu t ,  IIV(x,y)dA = FA 
A 



. =  ~ C ~ J A ~ A T  ( t )  d t - '  . ,  Qcyc,dry t 

I f  V(x,,y) =. V, then  

but  //AT . ( ~ , ~ , t )  dA = @ ( t )  A 

I n  o rder  t o  s tudy t h e  e f f e c t s  of  nonuniform. v e l o c i t y  

and, temperature d i s t r i b u t i o n s  on capac i ty  measurelcent, 

consider  Eq, 3G3 and an 81 square g r i d  p laced over t h e  

c ross -sec t iona l  a r e a  of a duct  j u s t  downstream . . of t h e  eva- 

po ra to r  c o i l .  See Mgure  3 G l .  Over each square  and 

block of n ine  squares,  v e l o c i t y  and tempe$ature measure- 
t 

n e n t s  are t o  be made and then s u b s t i t u t e d  i n t o  Eqo 3G3, 

First, seve ra l  measuring schemes w i l l  be l a b e l e d  and defined, 

Mote t h a t  square r e f e r s  t o .  one of t h e  81 squares  and block 

r e f e r s ' t o  nine squmco with three syuru.tt~ on- a side, . 

T81 - This  w i l l  corrbspond t o  measurements made by a 

thermocouple g r i d  composed of 81 thermocoupl*es, .each 

sensing t h e  s teady s t a t e  temperature of a p a r t i c u l a r  

square i n  t h e  g r id ,  It m i l l  be assumed t h a t  each 

thermocouple can be monitored i n d i v i d u a l l y  and t h a t  
. . 

t h e  average o f  any number o f  thermocouples can be found. 





T9A - T h i s  w i l l  correspond t o  measurements made by a 

n i n e  p o i n t  thermocouple g r i d ,  Each thermocouple sen- 

ses t h e  average  s t e a d y  s t a t e  t empera tu re  of  t h e  n i n e  

s q u a r e s  forming each block i n  t h e  g r i d ,  It w i l l  be 

assumed t h a t  each thermocouple can be monitored 

i n d i v i d u a l l y  o r  t h a t  t h e y  can a l l  be averaged, See 

M g u r e  3G-2, 

T9 - T h i s  w i l l  correspond t o  measurements made 5y a 

n i n e  p o i n t  thermocouple g r i d ,  Each thermocouple 

s e n s e s  t h e  s t eady  s t a t e  tempera ture  o f  t h e  c e n t e r  

square  on ly  o f  i t s  p a r t i c u l a r  block, T h i s  tempera- 

t u r e  t h e n  r e p r e s e n t s  t h e  e n t i r e  block, It w i l l  be  

assumed t h a t  each thermocouple can be monitored 

i n d i v i d u a l l y  o r  t h a t  t h e  ave rage  o f  t h e  n i n e  c e n t e r  

s q u a r e s  can be obta ined .  See F i g u r e  3G-3. 

V81 - T h i s  w i l l  correspond t o  some measuring proce- 

dure  where a v e l o c i t y  o f  t h e  air flow through each o f  

t h e  81 s q u a r e s  i n  t h e  g r i d  i s  found, These v e l o c i t i e s  

can be used i n d i v i d u a l l y  o r  t h e y  can be averaged, 

VgA - This w i l l  correspond t o  some measuring proce- 

dure  where an average  v e l o c i t y  f o r  each block i s  found. 

T h i s  average  v e l o c i t y  w i l l  be assumed t o  be t h e  numer- 

i c a l  average  o f  t h e  v e l o c i t i e s  through t h e  n i n e  con- 

ponent squares  o f  t h a t  block. Each v ~ l o c i t y  o a n  be 

used i n d i v i d u a l l y  o r  t h e y  can be averaged. See 



. . 

Figure 3 0 2  W A  or T9A - Average & Blodc of  9 w e s  

Figure 3 0 3  V9 or T9 - C e n t e r  Square Only 



V9 - T h i s ' w i l l  correspond t o  some measuring procedure  

where t h e  v e l o c i t y  through t h e  c e n t e r  s q u a r e  o n l y  of 

each  b l o c k i s  found. . . The flow through t h e  e n t i r e  

b lock  i s .  t h e n  assumed t o  have this v e l o c i t y ,  These 

v e l o c i t i e s  can be used i n d i v i d u a l l y  o r  t h e y  can be 

ageraged. . See F igure  3G-3. - -   his' i n d i c a t e s  t h a t  t h e  v 6 l o c i t i e s  o r  tempera- 

t u r e s  have been averaged, e.g. m = ~ ~ ~ ~  
A tempera ture  measuring scheme and a v e l o c i t y  measur- 

i n g  scheme can be chosen and t h e  r e s u l t i n g  v a l u e s  f o r  

v e l o c i t y  and tempera ture  can be  s u b s t i t u t e d  i n t o  Eq. 3G-3  

and t h e  capaci t ; ' can  be computed. Although n o t  all o f  

t h e s e  measuring scheme combinat ions a r e  p r a c t i c a l ,  t h e  

d i f f e r e n t  combinat ions . "  . w i l l  g i v e  an , . i n d i c a t i o n  . .  . *  . .  of d i f  f eren- 

c e s  i n  c a p a c i t i e s  r e s u l t i n g  from t h e  nonuni formi t ies .  For 

example, V81 t o g e t h e r  wi th  T81 would be a ve ry  t ime consu- 

ming measurement' scheme because 8 1  thennocouples  would 

have t o  be made and-moni tored  and '81 v e l o c i t i e s  would have 

t o  be measured, : . Y e t  t h i s  scheme comes t h e  c l o s e s t  t o  

measuring t h e  a c t u a l  c a p a c i t y  o f  t h e  u n i t .  A s  ano the r  
> .  

exam?le, t h e  combination o f  m=vave and m = ~ ~ ~ ~  w i l l  

g i v e  r e s u l t s  i d e n t i c a l  wi th  t h o s e ' o b t a i n e d  by t h e  DOE 

t e s t  procedures  'when ltperfect" d r  &xers.'are used. 

The  fo l lowing numer ica l .  example w i l l  i l l u s t r a t e  how 

c a p a c i t y  c k n  be a f f e c t e d  by n o n u n i f o r m i t i e s  i n  v e l o c i t y  and 

tempera ture  d i s t r i b u t i o n s .  . F'igur,e. 3G4 shows a s k e t c h  of 

an A-ahaped evapora tor  c o i l  i n  a duc t ,  with t h e  81 square 



Figure 3G4 A-coil w i t h  86 Square Grid 



g r i d  shown i n  do t t ed  l i n e s  over t h e  top  of t h e  A-coil, 

F igure  3G-5 shows tie g r i d s ;  t h e  squares  i n  t h e  upper g r i d  

have been f i l l e d  i n  with a selective v e l o c i t y  d i s t r i b u t i o n  

t h a t  might r e s u l t  from air flow through an A-coil. (Though 

selective, this d i s t r i b u t i o n  i s  based on a c t u a l  measurements 

through an A-coil,) The lower g r i d  con ta ins  a selective 

s teady  s t a t e  temperature d i s t r i b u t i o n  which could r e s u l t  

from t h e  air flow through t h e  same c o i l ,  (Again, t h i s  i s  

based on a c t u a l ,  measurements, ) ' The numerical average of 

t h e  upper g r id ,  Vave, i s  15 f t / s e c  (4.6 d s ) ,  The average 

of t h e  lower g r id ,  Tave, i s  6 0 ' ~  ( 1  5.6'~). Figures  3G-6 

and 7 show t h e  'corresponding g r i d s  r ep re sen t ing  measure- 

ments under schemes VgA, V9 and TqA, Tg r e spec t ive ly ,  

Other numerical va lues  f o r  t h i s  example a r e  . t h e  same as 

those  used f o r  QIDEAL, (See Table 3C.-I) 

Eq. 3G-3  w i l l  be used i n  two ways i n  t h i s  example, 

It w i l l  be used as w r i t t e n  when each thermocouple and 

i n d i v i d u a l  v e l o c i t y  i s  t o  be monitored. When t h e  temper- 

a t u r e s  o r  t h e  v e l o c i t i e s  a r e  t o  be averaged f i r s t ,  t h e  

follovring form of Eq, 3G3 w i l l  be used: 

Recal l  t h a t  when e i t h e r  t h e  v e l o c i t y  o r  temperature i s  

uniform and placed i n  f r o n t  of t h e  i n t e g r a l  s ign,  t h e  

o the r  q u a n t i t y  i s  mathematically averaged by t h e  i n t e g r a l .  
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Figure 3G-5 Selective Velocity and Temperature 
Distribution 
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Figure 306 velocity Distribution for *A and W 



Figure 3 0 7  TePoperature D i s t r i b w o n  for T9A and T9 



I n  this example, no te  t h a t  

m=r  ave = 6 0 ' ~  (1 5.6 '~ 

m = v  
ave = 15 f t / s e c  (4-6 m/s) 

= 6 0 ' ~  (1 5.60C) 

= 15 f t / s ec  (4.6 m / s )  

W = 62,080F ( 1  6,70c) 

= 14 f t / s e c  (L,3 m/s) 

Consider V 8 1  and T81, S u b s t i t u t i n g  t h e  values  f o r  

V and Ts, found i n  t h e  Wuaresof Figure 3 G - 5  i n t o  Eq. JG-3, 

t h e  capaci ty ,  Q,.. i s  ca l cu l a t ed  t o  be 

Q = 1729 Btu (507 Whr) 

This  scheme, among all t h e  o t h e r  combinations t o  be examined, 

provides t h e  most accura te  ( a c t u a l )  measure of t h e  unit's 

capaci ty  because i t  most c lo se ly  approximates t h e  i n t e g r a l  

of Eq. 3G-2, Therefore, .this number w i l l  be t h e  base t o  

which o the r  combinations w i l l  be compared and will be 

labe led ,  QACTUAL, The combination of. and w % l l  

p r o v i d e  va lues  f o r  Eq. 3G-4. . Thi s  c a l c u l a t i o n  y i e l d s  a 

capac i ty  of 1.687. Btu (494 Whr) , ' Thi s  value  of capac i ty  i s  

recognized as QIDPA, Recall  t h a t  IIDEAL" r e f e r s  t o  i d e a l  

DOE t e s t  condi t ions ,  inc lud ing  p e r f e c t  air mixing,. Note 

t h a t  QACTUAL and Q I D W  a r e  not  n e c e s s a r i l y  equal, Other 

combinatians of  measurement schemes provide  values  which 

are s u b s t i t u t e d  i n t o  e i t h e r  Eqs. 3G-3 o r  3G-4 and the  

r e s u l t s  are t abu la t ed  i n  Table 3G-1, The various-  combina- 

t i o n s  a r e  ranked wLth V81-T81 (QACTUAL) being ranked first 

w d  all o t h e r s  2re ranked r e l a t i v e  t o  it. Percent  e r ro r  
I 

i s  also Listed both r e l a t i v e  t o  QACTUAL and t o  QIDEAL. 



Table 3 6 1  Capacities for Various Measurement 

Rank 

1 

2 

3 

Canbination 

V81 -. T81 

W A  - T81 
- 

V9A - T9A 

Measured 

Capacity 
(Btu) 
1729 

1712 

1712 

1 
4 

4 

5 

6 

7 

' 8  

8 

9 

16 

11 
i 

1 .O 

2.5 

2.5 

5.7 

5.7 
- 

9 .O 

11.9 

11.9 

12.6 

16.8 

18.4 

% Error w/ 

BACrUAL 
b (-1 

0.0 

1.0 

1 .O 

-1.5 

0 .O 

0 .O 

3.3 

3 . 3 
I 

A 

6.7 

9.7 

9.7 

10.4 

14.7 

16.4 

V81 - T9A 

'weave 

V a ~ e  T9A 

W - T81 
W - T9A 

. V9 - Tave 

V81 - T 9  

WA - T9 
T9 

W - T9 
Ti7 -= 

% E r r o r w /  w 

Q= 
(rn) 

-2.5 

-1.5 

-1.5 

1712 

1687 

1687 

1632 

1632 

1575 

1524 

1524 

151 2 

1439 

141 1 



. .  . 

The r e s u l t s  i n  Table  30-1 a p p l y  s t r i c t l y  o n l y  t o  t h e  

above example, However, some t r e n d s  a r e  observed and w i l l  

be assumed t o  apply  g e n e r a l l y ,  The r e s u l t s  show t h a t  t h e  

11bestlt measurements ( r a n k i n g s  1-3) have as many i n d i v i d u a l  

v e l o c i t y  and tempera ture  measurements as p o s s i b l e  so t h a t  

Eq, 3G3 more c l o s e l y  approldmates  Eq, 3G-2, Lut this 

scheme i s  probably  t o o  i m p r a c t i c a l  t o  implement f o r  

g e n e r a l  t e s t i n g ,  A l a r g e  thermocouple g r i d  mould be t ime 

consuming t o  make, but  cou ld  be used over  again ,  (However, 

t h e r e  might be d i f f i c u l t y  i n  moni tor ing  s o  many indiv idual -  

s i g n a l s ,  ) Furthermore, v e l o c i t y  measurements vrould have t o  

be made f o r  each c o i l  t o  be t e s t e d ,  

Ranking 4 i n d i c a t e s  flgoodll measurements, which r e s u l t  

from good air mixing b e f o r e  measurements a r e  made, T h i s  

ensures  t h a t  and a r e  a s , c l o s e  as p o s s i b l e  t o  the .  

numerical .  average  o f  measurements made under V81 and T81. 

Although . t h e s e  measurements y i e l d  c a p a c i t i e s  on t h e  o r d e r  
, .. 

of 203%' below QACTUAL ( f o r  this example), a good air mixer 

and flow s t r a i g h t n e r  i s  all t h a t  would be needed t o  0btaj .n 

c o n s i s t e n t  r e s u l t s ,  V e l o c i t y  measurements could  be made 

according  t o  t h e  ' ASHRAE Standard ,  37-78 and a s imple  n i n e  

p o i n t  thermocoup1.e could  be used. 

The "poorn measurements a r e  found i n  r a n k i n g s  5-1 1 

and e r r o r s  as high as 18% ( f o r  t h i s  example) a r e  observed. 

The problem wi th  t h e s e  measq?ements l i e s  i n  t h e  f a c t  t h a t  

extreme v a l u e s  of  v e l o c i t y  and/or t empera tu re  a re 'measured  



m u c h  a r e  n o t  r e p r e s e n t a t i v e  of  t h e  s r o c e s s ,  For example,, 

r a n k i n g  10 gave ve ry  poor r e s u l t s ,  S e v e r a l  thermocouples 

sensed  ! 'highertr tempera tures ,  while ,  a t  t h e  sam.e t ime,  .a - . 

f  em tt lomerlf v e l o c i t i e s  were measured. T h i s  combination i n  

Eq, 3G3 r e s u l t e d  i n  an e r r o r  on t h e  o r d e r  of  15%. I n  

o t h e r  words, i f  a few measurements a r e  made which inc lude .  

some extreme o r  u n r e p r e s e n t a t i v e  va lues ,  t h e s e  might n o t  

be "smoothed out t t  and would t e n d  t o  dominate t h e  c a l c u l a -  

t i o n ,  caus ing  l a r g e  e r r o r s ,  T h i s  a p p l i e s  t o  both  mcasure- 

ments at  t h e  same time. Ranking 7, V9-Tave, i s  an example, 

Tave could  have been made with an 81 p o i n t  thermocouple 

g r i d  whose t empera tu res  were t h e n  e l e c t r o n i c a l l y  averaged 

(connected i n  p a r a l l e l ,  f o r  example), But i s o l a t e d  low 

v e l o c i t i e s  measured by Vg caused an e r r o r  on t h e  o r d e r  of 

6% 

I n  sunmary, it can be seen  t h a t  nonuniform v e l o c i t y  and 

tempera ture  d i s t r i b u t i o n s  can c  ause  c o n s i d e r a b l e  v a r i a t i o n  

i n  t h e  measured c a p a c i t y  with p o s s i b l e  e r r o r s  as h igh  as 1076 

o r  more,, The a c t u a l  c a p a c i t y  can be b e s t  measured by 

g o n i t o r i n g  t h e  v e l o c i t y  and t empera tu re  over  numerous. s m a l l  

a r e a  e lements  o v e r  t h e  duc t  c r o s s  s e c t i o n  a d  t h e n  employ- 

i n g  Eq. 3G3, Poor r e s u l t s  ,be ob ta ined  i f  t o o  few 

measurements o f  v e l o c i t y  and/or t empera tu re  a r e  made 

al lowing extreme v a l u e s  t o  dominate t h e  c a l c u l a t i o n ,  Good 

r e s u l t s  with a p r a c t i c a l  t e s t  set-up can be obtained if 

t h e  air i s  pro.perly mixed b e f o r e  measurements . a r e  taken. " 



( T h i s  s e c t i o n  i s  recommending good air mixing so  t h a t  . 

r e p r e s e n t a t i v e  average  v a l u e s  o f  v e l o c i t y  and/or temper- 

a t u r e  may be measured, No a t t empt  at  d e t a i l i n g  how this 

should  be done w i l l  be made i n  t h i s  work, However, i n  

l i g h t  of S e c t i o n  E and thermal  s t o r a g e  e f f e c t s  of  massive 

o b j e c t s ,  such as an air mixer, i t  i s  recommended t h a t  

"good," ~ t m a s s l e s s ~  air mixers  be f u r t h e r  i n v e s t i g a t e d  f o r  

use  i n  t e s t i n g , )  

Three f i n a l  p o i n t s  need t o  be s t r e s s e d  concerning  

this s e c t i o n ,  First, t h e  numbers used f o r  t h e  v e l o c i t y  

and tempera ture  d i s t r i b u t i o n s  were a r b i t r a r y .  But, t h e y  

were based on exper imenta l  measurements t a k e n ' f r o m  an a c t u a l  

t e s t  L n s t a l l a t i o n  and cou ld  be r e p r e s e n t a t i v e  of  many o t h e r  

t e s t  se t -ups  throughout  ' t he  air 'condi t- ioning i n d u s t r y .  

Secondly, d i f f e r e n t  v e l o c i t y  and t empera tu re  distri- 

b u t i o n s  cou ld  be ,encountered as t h e  thermoc.ouple g r i d  i s  

moved from one l o c a t i o n  t o  ano the r ,  Th i s ,  i n  t u r n ,  might 

a f f e c t  t h e  measured c a p a c i t y  o f  t h e  u n i t ,  These d i f f e r e n c e s  

would be a t t r i b u t e d  t o  t h e  t e s t  set-up, n o t  t o  t h e  unit 

be ing  t e s t e d ,  Also, such d i f f e r e n c e s  would be i n  a d d i t i o n  

t o  t h o s e  d i s c u s s e d  i n  S e c t i o n  E, ' 

L a s t l y ,  i f  e i t h e r  t h e  v e l o c i t y  d i s t r i b u t i o n  o r  t h e  

tempera ture  d i s t r i b u t i o n  can be made uniform, t h e  o t h e r  

q u a n t i t y  i s  mathemat ica l ly  averaged and t h e  measured . 

c a p a c i t y  would correspond, i n  p r i n c i p l e ,  t o  QIDEAL, 

However, suppose t h a t  t h e  t empera tu re  d i s t r i b u t i o n  i s  made 
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uniform by e l e c t r o n i c  averaging,  G'Wle t h e  v e l o c i t y  

d i s t r i b u t i o n  cou ld  t h e n  be  cons ide red  uniform' mathemati- 

c a l l y ,  t h e  v e l o c i t y  e f f e c t s  on thermocouple response  t ime 

would n o t  be accounted f o r ,  A s  was seen  i n  S e c t i o n  D, 

s i g n i f i c a n t  e r r o r s  on t h e  o r d e r  of  4% o r  more could  

r e s u l t  i f  t h e  r e sponse  t i m e s  become t o o  long. 

S e c t i o n  H - A p ~ l i c a t i o n  

T h i s  s e c t i o n  w i l l  compare t h e  a n a l y t i c a l  r e s u l t s  of 

t h e  p r e v i o u s  ' s e c t i o n s  w i t h  a c t u a l  d a t a  t aken  from t h e  

t e s t i n g  f a c i l i t i e s  of  rn air c o n d i t i o n i n g  mqufactuser. 

A s  was mentioned i n  t h e  i n t r o d u c t i o n  t o  Cha@ter  3, t h e  

air c o n d i t i o n i n g  i n d u s t r y  h a s  g e n e r a l l y  made a s i n c e r e  

e f f o r t  t o  comply wi th  t h e  EOE l a b e l i n g  program. They have 

devoted many h o u r s  and spen t  a c o n s i d e r a b l e  amount of 
3 % 

money t r y i n g  t o  .unders tand and r u n  t e s t s  C and D and o b t a i n  . . 

r e l i a b l e  and c o n s i s t e n t  r e s u l t s .  The d a t a  t h a t  will be 
.-.. . 

used i n  this s e c t i o n  h a s  come from such a manufacturer ,  

During t h o  s e p a r a t e  v'lsits, t h e  a u t h o ~  ' superv i sed  t h e  
. . 

t a k i n g  o f  t h e  d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  ( w i t h  the 

sxceptioh of  t h e  v e l o c i t y  d i s t r i b u t i o n  and n i n e  column 
. . 

thermocouple g r i d  d a t a ) ,  The a u t h o r  aga in  expresses  

a p p r e c i a t i o n  t o  t h e  eng inee r ing  ~ t a f f  for t h e i r  t ime and 

help.  ' It i s  hoped t h a t  comparisons b e t w e e n ' t h i s  d a t a  and 
j .  

p r e d i c t e d  r e s u l t s  will l e a d  t o  a b e t t e r  unders tanding  of  

t h e  DOE t e s t  procedures ,  



The e e s t i n g  t e s t  f a c i l i t i e s  were designed f o r  s t e a d y  

s t a t e  t e s t i n g  and a c o n s i d e r a b l e  amount of  i n g e n u i t y  was 

needed t o  conver t  them s o  t h a t  t h e y  could  be used for ,  low. 

humidity,  t r a n s i e n t  t e s t i n g .  F'igure 3H-1 shows a s k e t c h  o f  

t h e  t e s t  chambers ( t h e  t e s t  t u n n e l  was l a t e r  modif ied , -  

as w i l l  be no ted  l a t e r ) .  A s  can be seen, room .air .is . 
dram through a damper arrangement which i s  used t o  c o n t r o l  

. , 
. 3  - . . 

t h e  air flow, Th'e p o s i t i o n  o f  t h e s e  dampers, t o g e t h e r  ' 

with a fan immediately fo l lowing  them ( f a n  motor o u t s i d e  

t h e  d u c t ) ,  i s  matched wi th  t h e  l a r g e  downstream fan  so  

t h a t  a s l i g h t l y  p o s i t i v e  p r e s s u r e  e x i s t s  i n  t h e  t e s t i n g  . 
. . . ,  . . 

tunnel .  T h i s  i s  t o  i n s u r e  a g a i n s t  warmer room air l e a k i n g  
. r . . 

i n t o  t h e  c o o l e r  air stream. ~ f t e r  p a s s i n g  some t u r n i n g  

vanes,  ' t h e  air is .  sampled t o  determine i t s  wet 'and d ry  

bu lb  tempera ture ,  Located on t o p  of  t h e  sampler  fo'rk i s  a 
. . - .  

99 p o i n t  thermocouple g r i d ,  connected i n  p a r a l l e l ,  which 
..+. . 

a l s o  measures t h e  incoming air temperature.   his e n t i r e  
. <. . .  I 

. . ? - 
i n l e t  s e c t i o n  was used as an air t r a p  b e f o r e  an upstream 

, . . . 
damper was i n s t a l l e d .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  meas- 

u red  c a p a c i t y  were no ted  between t h e  u s e  of  t h e  air t r a p  and 

an upstream damper. 

Following t h e .  upstream damper i n  t h e  t e s t  t u n n e l ,  t h e  

a i r  p a s s e s  through an A-coil r a t e d  at 2% t o n s  which h a s  

a c a p i l l a r y  t u b e  f o r  i t s  t h r o t t l i n g  device.  Ten. ' inches  
1 . . 

above t h e  t o g  of  t h e  A-cbil i s  a n o t h e r  99 Dcint  thormo- 
. . 

couple  g r i d .  The air cont inue* th rough  t h e  dovmstream 



Re-conditioned A i r  

Outdoor A i r  

Figure 3 -1 T e s t  Chambers 



damper assembly' and f lows i n t o  a f o u r  l e v e l  air mixer. 

Upon l e a v i n g  t h e  air mixer, t h e  air i s  a g a i n  sainpled f o r  

wet and d ry  bu lb  temperature.  Another thermocouple g r i d  

c o n s i s t i n g  o f  n i n e  thermocouples i s  p l a c e d  on t h e  sampler 

f o r k  f o r  a second r e a d i n g  of  l e a v i n g  air temperature,  The 

air t h e n  e n t e r s  t h e  n o z z l e  and f lows i n t o  t h e  r e -cond i t ion ing  

equipment and r e t u r n s  t o  t h e  chamber by d i f f u s i n g  through 

t h e  c  e i l i n g  , 

The downstream damper assembly had t o  be designed 

t h a t  o f f  p e r i o d  air would n o t  f low over  t h e  c o i l  and 

t h a t  t h e  room c o n d i t i o n i n g  could cont inue.  Consequently, 

t h e  two damper doors  form two o f  t h e  f o u r  s i d e s  of  t h e  
. . 

t e s t i n g  t u n n e l  when t h e y  a r e  open, When c losed ,  t h e  room 

air; f l o v ~ s  i n t o  t h e  t u n n e l  where t h e  damper doors  viere, 

bypass ing  t h e  c o i l ,  and c o n t i n u e s  t o  t h e  r e c o n d i t i o n i n g  

equipment, Both damper a s sembl ies  a r e  o p e r a t e d  by air 

cy l inder s .  They open and c l o s e  qu ick ly ,  i n  1-3 seconds,  

and form an a i r - t i g h t  sea l  when open o r  c losed ,  

The d a t a  a c q u i s i t i o n  system c o n s i s t s  o f  a Motorola 

6800 microcomputer vrith an analog t o  digital c o n v e r t e r ,  

Incoming signals from t h e  v a r i o u s  sensors ,  thermocouples,  

p r e s s u r e  t r a n s d u c e r s ,  etc. ,  m e  p rocessed  by in-house 

so f tware  and v i r t u a l l y  a l l  in fo rmat ion  regarding t h e  t e s t  

t h a t  i s  being  conducted can be d i s p l a y e d  and p r i n t e d .  T h i s  

i n c l u d e s  cont inuous  moni tor ing  of  room tempera tu res  s o  t h a t  

t h e  t e c h n i c i z n  can m e n t a i n  t h e  rooms w i t h i n  t h e i r  p r e s c r i b e d  

t o l e r a a c e s ,  



The t e s t i n g  and d a t a  c o l l e c t i o n  f o r  this work occur r sd  

d u r i n g  tvro visits. t o  this i n s t a l l a t i o n .  On t h e  f i r s t  v i s i t  

t h e  d a t a  c o l l e c t e d  i n c l u d e d  a t r a n s i e n t  tempera ture  distri- 

b u t i o n  recorded by a 99 p o i n t  thermocouple g r i d  and .time- 

t empera tu re  d a t a  f o r  d i f f e r e n t  duct  m a l l - i n s u l a t i o n  combin- 

a t i o n s ,  On t h e  second visit, t h e  t e s t i n g  t u n n e l  was consi-  

d e r a b l y  a l t e r e d  from t h a t  shovm i n  F i g u r e  3H-1, The d u c t i n g  

mas expanded and comple te ly  covered with 2 i n c h e s  of  poly- 

s t y r e n e  i n s u l a t i o n .  ( T h i s  was done t o  accomodate t h e  l a r g e r ,  

wider-based c o i l s , )  For s m a l l e r  c o i l s ,  i n c l u d i n g  t h e  23 

t o n  c o i l  f o r  which this d a t a  was t a k e n  a 2 f t  (.6 a)  24 gage 
. . 

s h e e t  meta l  duc t  was f i t t e d  i n s i d e  t h e  main tunne l ,  See 

Ffgure  3H-2. With,  this arrangement,  t ime-temp,erature d a t a  

was o b t a i n e d  . f o r  t e s t  r u n s  with and wi thout  t h e  u s e  of  

dampers a n d e  f o r  t empera tu re  measurements made dovmstre'am of  

t h e  air mixer,  A l l  of  t h i s  d a t a  w i l l  .be f u r t h e r  d i s c u s s e d  

i n  this s e c t i o n .  

Thermocouole R e s ~ o n s e  

Copper-constantan thermocouples a r e  used  i n  this t e s t  

f a c i l i t y  and are made from 22 AY ~ G  wire  (.025J i n ) .  The 
0 . -  

j u n c t i o n s  are made b y  t i g h t l y  t w i s t i n g  t h e  b a r e  wirD l eads .  

The twist i s  s o f t  s o l d e r e d  and c l i p p e d  so t h a t  i t . i s  

approximate ly  - 2 5  i n  ( ,006 m) long. The j u n c t i o h s  are 

g e n e r a l l y  c y l i n d r i c a l  i n  shape and due t o  t h e  s o l d e r  a re .  

s l i g h t l y  t h i c k e r  t h a n  two & r e  , & m e t e r s .  

Thermocouple r e sponse  t ime was d i s c u s s e d  i n  S e c t i o n  D, 

f i g u r e  3D-2 shov~s  t h e  t i m e  c o n s t a n t  as a f u n c t i o n  o f  



Figuke 3H-2 Modified Testing' Tunnel 



v e l o c i t y  and wire  diameter when t h e  junct ion i s  considered 

c y l i n d r i c a l  i n  shape. The v e l o c i t i e s  encountered i n  t h e  

t e s t i n g  chamber average about 6 f t / s ec  (1.8 m/sec). The 

curve f o r  22 AhVG wire i n  Figure-  3D-2 p r e d i c t s  a time con- 

s t a n t  of about 9 seconds. T h i s  i s  wel l  above t h e  2.5 

second limit s e t  i n  t h e  t e s t  procedures and t h e  e f f e c t  of 

such a long t ime cons tan t  should be no t i ceab le  on a AT vs. 

TIME curve. 

Two 24 minute off- t ime - 6 minute on-time t e s t s  were 

made and the .  r e s u l t s  f o r  t h e  on-time of t h e  f i r s t  t e s t  a r e  

p l o t t e d  as shown i n  Figure 3H-3. I n  t h i s  t e s t ,  t h e  dampers 

were c losed dur ing t h e  off-time. The thermocouple g r i d  was 

l o c a t e d  i n s i d e  t h e  dampers so t h a t ~ ~ ~ 8 . 6 ' ~  (4.8'~) r a t h e r  

than  zero a t  s tar t -up.  The d a t a  i n  Figure 3H-3 shov a 

l a r g e  init ial  d i p  which reaches  a minimum value  between 15- 

20 seconds. Then t h e  d a t a  p o i n t s  r i s e  u n t i l  a s teady s t a t e  

va lue  of approldmately 24. OF ( 13 .7°~ )  i s  reached. The 

f l u c t u a t i o n s  i n  t h e  d a t a  during t h e  last four  minutes a r e  
, . 

probably due t o  t h e  v a r i a t i o n s  i n  room temperature, which, 

dur ing t h e  f i r s t  t e s t ,  va r i ed  from 79 .5 '~  t o  8 0 . 9 ~ ~ .  

The difi in Figure 3H-3 resembles the dips due to thefmo- 

couple response in the curves in Figure 3F-3,. Several 

t r i a l -and-er ror  a t t empts  were made t o  t r y  and curve- f i t 1 '  

. t h e  data i n  Figure  3H-3 us ing  only a . c u r v e  generated by 

Eq, 3F-1. The s o l i d  l i n e  curve i n  F i g i r e  .3H-3' i s  t h e  

r e s u l t  of t h e s e  a t t empts  and r e p r e s e n t s  aA,T. vs TIM3 ctirve 



\ = 45 sec 

Tt = 12 sec 
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wi th  a ' h e a t  exchanger t ime  c o n s t a n t  o f  45 seconds, ' a thermo- 

couple  r e sponse  t ime  of  12 seconds,   AT,=^. 6OF' ( 4 . 8 ° ~ ) .  

That  this r e s p o n s e  t ime i s  even l o n g e r  than  n i n e  seconds 

can probably  be a t t r i b u t e d  t o  t h e  nonuniform v e l o c i t y  dis- 

t r i b u t i o n  over  t h e  g r i d  (low v e l o c i t i e s  i n c r e a s i n g  t h e  
* .  % 

t ime  c o n s t a n t  o f  s e v e r a l  thermocouples).  This w i l l  be  dis- 

cussed  in' more d e t a i l  under  t h e  sub-heading "Nonuniformity." - 
I n .  t h e  s e c o n d  t e s t ,  t h e  dampers were l e f t  open 'during 

t h e  o f f - t i n e  and t h e  i n d o o r  f a n  r a n  cont inuously.  F igure  

3H-4 i s  a p l o t  o f  t h e  on-time d a t a  t aken  dur ing  this second 

t e s t .  A s  can be  seen, AT,=O at t= 0 ,  and t h e  d a t a  p o i n t s  

r i s e  t o  a s t e a d y  s t a t e  v a l u e  o f  approldmately 2 4 . 5 ° ~  

( 1 3 . 6 ~ ~ ) .  The s o l i d  l i n e  r e p r e s e n t s  t h e  same a n a l y t i c a l  

cu rve  as i n a F i g u r e  3H-3 except  t h a t  T,=~O'F (26 .73~)  i n  

Eq. 3F-1, Again, this curve  i n d i c a t e s  t h a t  t h e  g r i d  h a s  a 

response  t ime o f  approximate ly  12 seconds. 

Grid Placement 

A s  was s e e n  i n  S e c t i o n  E, t h e  e f f e c t  on measured 

c a p a c i t y  r e s u l t i n g  from g r i d  placement occurs  because o f  

thermal  mass e f f e c t s  and h e a t  t r a n s f e r  through t h e  duc t  

walls, I n  o r d e r  t o  c a l c u l a t e  t h e  thermal  mass e f f e c t ,  

an average i n i t i a l  and au average final . temparbatura o f  tlla 

mass i s  needed.' To c a l c u l a t e  an upper bound on hea t  

t r a n s f e r  t h r o u g h  . . t h e  walls, t h e  amount of i n s u l a t i o n  and 

composi t ion o f  t h e  w a l l  a r e  needed. 

I n  o r d e r  t o  cons ide r  t h e s e  e f f e c t s ,  . t h e  o r i g i n a l  t e s t  

se t -up  was s l i g h t l y  m o d i f i e d . ( r e c a l l  t h a t  t h i s  set-up had 



ON TIME I N  SEC 
:Figure 3H-4 . Eqxrhmta.1 ATvs TIME Curve w i t h  Analytical Prediction (Solid Line Curve) - 

: Dampers Not Used 



an air t r a p  and l i t t l e  i n s u l a t i o n  on t h e  dampers), One of  

t h e  f o u r  s h e e t  me ta l  walls t h a t  housed t h e  c o i l  was re- 

p l a c e d  by . 2 5 i n ,  ( -006  m) cardboard.  T h i s  and t h e  two 

a d j a c e n t  w a l l s  were wrapped with a 1 i n .  (.O25 m )  g l a s s  wool 

blanket .  The f o u r t h  s h e e t  meta l  w a l l  was i n s u l a t e d  wi th  

2 tn; ( .051 m )  o f  p o l y s t y r e n e  i n s u l a t i o n .  Thermocouples 

were p laced  d i r e c t l y  on t h e  i n s i d e  o f  t h e  walls and on t h e  
2 o u t s i d e  o f  t h e  i n s u l a t i o n ,  each covered by a 1 i n ,  

4 2 ( 6 . 5 ~ 1 0  m ) of  1 i n ,  t h i c k  f i b e r g l a s s  i n s u l a t i o n .  T h i s  

set-up,  wi th  t h e  thermocouple placement,  i s  shovm i n  

F i g u r e  3H-5. These thermocouples were monitored and t h e  

r e s u l t s  of  an approximate 24 minute o f f  - 6 minute on 

c y c l e  a r e  shown i n  F i g u r e s  3H-6, 7 and 8. The d a t a  p o i n t s  

are connected by s t r a i g h t  l i n e s  t o  h e l p  d i s t i n g u i s h  them. 

First, c o n s i d e r  F i g u r e  3H-6. These d a t a  p o i n t s  

r e p r e s e n t  t empera tu res  on t h e  s h e e t  meta l  w a l l  covered 

wi th  2 i n .  (.(I51 m) of  p o l y s t y r e n e  i n s u l a t i o n .  The o u t s i d e  

thermocouple r e a d i n g s  remained f a i r l y  c o n s t a n t ,  va ry ing  

s l i g h t l y  wi th  room ambient. During t h e  on-time, t h e y  

dipped about 1 OF ( . ~ O C ) .  The i n s i d e  r e a d i n g s  s t a y e d  

about  2- OF (1.1-1 . ~ O C )  a p a r t  whi le  r i s i n g  dur ing  t h e  o f f -  

t&e r e a c h i n g  a maximum v a l u e  o f  about  7 6 ' ~  (24.4 '~) .  

The r e a d i n g s  r a p i d l y  dropped dur ing  t h e  on-time with t h e  

lower i n s i d e  thermocouplereaching a minimum o f  about  4 9 ' ~  

( 9 . 4 ° ~ ) .  R e c a l l  t h a t  t h e  average s t e a d y  s t a t e  va lue  f o r  

t h i s  c o i l  i s  approximate ly  5 4 ' ~  ( 1 2 . 2 ~ ~ ) .  T h i s  i n d i c a t e s  

a nonuniform tempera ture  d i s t r i b u t i o n  over  t h e  c o i l .  



9 in. Glass 

Figure 3H-5 Tes t  Tunnel axd Thenrocouple Placement 



TIME 
Figure 311-6 .Temperature 'vs TIME CWVES - Metal Wall w i t h  Polystyrene Insulation 

-. - 



T IME 
Figure 3H-7 Temperature vs TlME Curves - Car- Wall w i t h  Glass Wool Insulation 



TIME 
Figure 3H-8 Tknprature vs TIME Curves - Metal Wall with Glass -1 Insulation 



The f a c t  t h a t  t h e  two i n s i d e  r e a d i n g s  remain about 3 ' ~  

(1 . ~ O C )  a p a r t  may be due t o  v e l o c i t y  e f f e c t s .  F ' b a l l y ,  

t h e  f a c t  t h a t  t h e  i n s i d e  t empera tu res  a r e  so  low s u g g e s t s  

good i n s u l a t i o n  s i n c e  t h e  h e a t  t r a n s f e r  through t h e  wall 

i s  e f f e c t i v e l y  stopped. T h i s  a l s o  mezns t h a t  thermal  mass 

e f f e c t s  a r e  probably  maximized. 

M g u r e  3H-7 shows t h e  tempera ture  measurements .ori t h e  

cardboard covered with a 1 i n .  (.025 m) f i b e r . g l a s s  b lanket .  

The t o p  curve r e p r e s e n t s  r e a d i n g s  b y . t h e  top  o u t s i d e  

thermocouple .which was bent  .5 i n .  (.01 n) i n t o , "  t h e  ambient. 

Its r e a d i n g s  a r e  r a t h e r  e r r a t i c  due t o  changing air c u r r e n t s  

and t e m ~ e r a t u r e s  -. around t h e  t e s t i n g  tunnel .  .  he i n s i d e  

r e a d i n g s  ar.e s i m i l a r  t o  t h o s e  i n  F igure  3H-6 except  t h a t  

t h e y  r e a c h  a l o w  v a l u e  o f  5 2 ° ~ ( l l . 1 0 ~ ) .  

F'igure 3H-8 shows t h e  t empera tu re  measurements on t h e  

s h e e t  m e t a l ' w a l l  covered by t h e  glass wool jacket .  R e c a l l  

t h a t  t h e  f inned  s i d e s  o f  t h e  c o i l  do n o t  f a c e  t h i s  w a l l ,  

which means t h a t  t h i s  wall probably  does n o t  l l f e e l w  t h e  

same ve loc i t ;  e f f e c t s  as t h e  o t h e r  two walls. . A S  can be 

seen, t h e  r e a d i n g s  do n o t  drop as r a p i d l y  dur ing  t h e  on- 

t ime as t h e  o t h e r  two walls and t h e  low tempera ture  read-  

i n g  i s  about .  5 7 ' ~  ( 1 3 . 9 ~ ~ ) .  T h i s  t e m ~ e r a t u r e  i s  a l s o  a 

r e f l e c t i o n  o f  h igher  h e a t  t r a n s f e r .  through t h e  wall due 

t o  l e s s  i n s u l a t i o n  t h a n  t h e  o t h e r  two w a l l s .  

A s  was seen  i n  F'igure 3H-1 ,  t h i s  t e s t  set-up h a s  a 

l a r g e  air mixer which weighs about  40 pounds (18.1 kg) .  



The mixer was n o t  monitored f o r  tempera ture  bu t  t h e  temper- 

a t u r e  o f  t h e  air t h a t  had passed  through t h e  mixer was. 

M g u r e  3H-9 i s  a AT v s  TIME p l o t  o f  t h i s  response.  The 

mixer  h a s  a l a r g e  e f f e c t  i n  de lay ing  t h e  t e m p e r a t u r e  

response.  A t  t h e  end of  s i x  minutes  of on-time, s t e a d y  

s t a t e  h a s  n o t  been achieved s i n c e  t h e  tempera ture  d i f f e r -  

ence i s  about  2 1 ' ~  ( 1 1 . 7 ° ~ )  i n s t e a d  o f  2 4 . 5 ' ~  ( 1 3 . 6 ~ ~ ) .  

It i s  obvious t h a t  i f  t h e s a  tempera ture  d i f f e r e n c e  r e a d i n g s  

were used i n  t h e  calcubation of c a p a c i t y  and t h e  e f f e c t  of 

the mixer was n o t  accounted f o r ,  a ve ry  large, e r r o r  would 

resu1.t .  T h i s  w i l l  be d i scussed  l a t e r .  

Dampers 

The e f f e c t  o f  t h e  dampers on t h e  A T  v s  TIME curve  

was shown i n .  F i g u r e  3H-3. A s  can be seen, t h e  tempera ture  

d i f f e r e n c e . ' d i d  n o t  start at  zero but  at  8 . 6 ' ~  (4 .8 '~) .  
. . 

The second e f f e c t  i s  t h e  i n i t i a l  d i p  i n  t h e  data p o i n t s  

which i s  caused . . by a ilcoldtt thermocouple j u n c t i o n  respond- 

i n g  t o  t h e  i n i t i a l  s l u g  o f  warm room air before t h e  h e a t  

exchanger . . b i g i n s  t o  cool  t h e  air. These e f f e c t s  w i l l  be 

d i s c u s s e d  l a t e r .  

Nonurii f o rmi t  y 

Several measurements were t aken  t o  t r y  and determine 

t h e  e x t e n t  of  t h e  nonuniform tempera ture  and v e l u c i t y  

d i s t r i b u t i o n s  over  t h e  c r o s s  s e c t i o n  where t h e  thermo- 

couple  g r i d  was placed.  The tempera ture  d i s t r i b u t i o n  was 

examined by c o n s t r u c t i n g  a 99 p o i n t .  thermocouple g r i d .  





Groups of thermocouples were connected i n  p a r a l l e l  so  t h a t  

f o u r  groups could  be  monitored a t  t h e  same time, These 

groups  a r e  shown i n  F igure  3H-10 where t h e  d o t t e d  l i n e  

r e p r e s e n t s  t h e  p o s i t i o n  of  t h e  A-coil, During t h e  subse- 

quent  t e s t s ,  t h e  g r i d  was approximately 6 i n ,  (. 15 a )  from 

t h e  t o p  o f  t h e  c o i l ,  R e c a l l  t h a t  dur ing  t e s t i n g ,  t h e  

ave rage  s t e a d y  s t a t e  tempera ture  f o r  t h i s  c o i l  was about  

5 4 ' ~  ( 1 2 . 2 ~ ~ ) .  

M g u r e  3H-11 shows t h e  r e s u l t s  of  an approximate 

24 minute o f f  - 6 minute on t e s t .  It can be seen  t h a t  

group 1 ,  t h e  o u t e r  r i n g  o f  thermocouples, beg ins  at  about  

51°F ( 1 0 . 6 ~ ~ )  whi le  t h e  o t h e r  t h r e e  groups begin  a t  about  

5 8 ' ~  (14 .4°~) .  During t h e  off- t ime,  a l l  f o u r  groups r e a c h  

a maximum tempera tu re  o f  about  7 7 ' ~  ( 2 5 ' ~ ) .  ( T h i s  roughly  

corresponds  t o  A T ~ = ~ ' F  (1  . ~ O C ) . )  A t  s t a r t - u p ,  group 1 

r a p i d l y  drops  t o  a s t e a d y  s t a t e  v a l u e  o f  5 1 ' ~  ( 1 0 . b ~ ~ )  

wh i l e  t h e  o t h e r  groups respond more s lowly u n t i l  r e a c h i n g  

a f i n a l  v a l u e  o f  about 5 8 ' ~  ( 1 4 . 4 ° ~ ) .  M g u r e  3H-12 shows 

a s i m i l a r  s e t  o f  d a t a  i n  t h e  form of  a AT v s  TIME curve  

f o r  t h e  s i x  minutes  of on-time. These p l o t s  c l e a r l y  show 

a wide v a r i e t y  of air tempera tu res  coming from t h e  c o i l .  

Another t e s t  was made where t h e  99 p o i n t  grid was 

bfvided  i n t o  n i n e  columns of  e leven thermocouples each. 

The tempera ture  o f  each column was measured a t  t h e  end of  

a s t e a d y  s t a t e  run. A f t e r  a t h r e e  minute of f - t ime,  t h e  

u n i t  was t u r n e d  on and t h e  tempera ture  was measured a f t e r  
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about  2% minutes ,  These r e s u l t s  a r e  shovm i n  F igure  3H-13, 

Note a g a i n  t h e  v a r i e t y  o f  t empera tu res  t h a t  e x i s t  ove r  t h e  

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

The a u t h o r  . d i d  n o t  t a k e  t h e  v e l o c i t y  measurements;. 

t h e y  mere s u p p l i e d  t o  him. They were made a p a r t  from. t h e  

a c t u a l  . t e s t  chamber, A cardboard  duct  was c o n s t r u c t e d  

around t h e  A-coil and a l a r g e  fan was p laced  s e v e r a l  f e e t  

behind  t h e  c o i l .  A hand-held anemometer was used t o  measure 

v e l o c i t i e s . o v e r  t h e  c r o s s - s e c t i o n ,  a t  l o c a t i o n s  approxi- 

ma te ly  6 i n ,  ( - 1 5  m )  from t h e  t o p  of  t h e  c o i l .  L a t e r ,  a 

p i t o t  tube  was used t o  make t h e  same measurements, Three  

f a n  speeds  were used, ' 1000, 880.and.650 cfm, T h i s  a r range-  

ment i s  ske tched  i n  F i g u r e  3H-14. The d o t t e d  l i n e s  i n d i -  

c a t e  t h e  p o s i t i o n  o f  t h e  A-coil i n  t h e  duct  and t h e  s o l i d  

l i n e s  over  t h e  c r o s s  s e c t i o n  i n d i c a t e  t h e  a s e a  b locks  over  

which t h e  v e l o c i t y  measurements were made. 

Q u a l i t a t i v e l y ,  all t h r e e  fan speeds  gave t h e  same 

d i s t r i b u t i o n ,  F i g u r e  3H-15 shows t h e  d i s t r i b u t i o n  measured 

wi th  a fan  speed $vhich corresponds  t h e  air 

f low dur ing  a c t u a l  t e s t i n g ,  The number i n  each block r e -  

p r e s e n t s  t h e  ave rage  measured v e l o c i t y ,  Note t h a t  t h e r e  a r e  

s e v e r a l  a r e a s  with zero  v e l g c i t y .  I n  t h e s e  a r e a s ,  t h e  

v e l o c i t y  w a s  so  low t h a t  t h e  anemometer d i d  not respond 

and t h e  p i t o t  t u b e  measured n e g a t i v e  p r e s s u r e s ,  i n d i c a t i n g  

p o s s i b l e  back flows. 

However, t h i s  d i s t r i b u t i o n  must be cons ide red  wi th  

cau t ion ,  S i n c e  t h e  v e l o c i t y  measurements were t aken  



9 Columns of Thermocouples 

Temperatures After Steady State 

Temperatures After 2.5 Min. of Onllime 

Figure 3H-13 9 Column Thermocouple Grid and Results 
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Figure 3H-14 V e l o c i t y  %asurment Arranganent 
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880 cfm. This could be due'to undetected back flow, 
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a p a r t  from t h e  a c t u a l  t e s t i n g  t u n n e l  and wi th  a d i f f e r e n t  

f a n  and duc.t c o n f i g u r a t i o n ,  this d i s t r i b u t i o n  probably  

w i l l  n o t  be  t h e  same as t h a t  found i n  t h e  t e s t i n g  tunne l .  

Never the less ,  this d i s t r i b u t i o n  could  be r e p r e s e n t a t i v e  of  

some t e s t  i n s t a l l a t i o n  and c l e a r l y  shows t h a t  a nonuniform 

v e l o c i t y  d i s t r i b u t i o n  cou ld  be encountered dur ing  t e s t i n g .  

Furthermore,  because  of  t h e  l o n g  thermocouple g r i d  r e sponse  

t ime  d i s c u s s e d  e a r l i e r ,  a r e a s  of lorn v e l o c i t y  are suspected ,  

Hence, t h e  d i s t r i b u t i o n  i n  F igure  3H-15 may n o t  be t o o  

unrealistic. 

Accounting 

T h i s  l a s t  p a r t  of  S e c t i o n  H w i l l  compase f o u r  mays o f  

measuring t h e  c a p a c i t y  o f  t h e  A-coil,  I f  a p e r f e c t  account- 

i n g  o f  all energy i n v o l v e d  could  be made, a s i n g l e  v a l u e  

f o r  c a p a c i t y  would emerge. However, t h e  time and equipment 

n e c e s s a r y  t o  o b t a i n  s u f f i c i e n t  d a t a  f o r  such an accoun t ing  

make t h e  a t t e m p t  unreasonable ,  The purpose o f  t h e  fo l lowing 

accoun t ing  i s  t o  i l l u s t r a t e  s e v e r a l  of  t h e  i d e a s  p r e s e n t e d  

i n  t h i s  work and t o  emphasize t h e  need t o  e l i m i n a t e  as many 

o f  t h e  e r r o r s  as p o s s i b l e  r a t h e r  t h a n  t o  t r y  t o  account  

f o r  all o f  them. 

R e c a l l  F i g u r e s  3H-3 and 4. The s o l i d  l i n e  curve  i n  

t h e s e  p l o t s  r e p r e s e n t s  a n a l y t i c a l l y  d e r i v e d . c u r v e s  t h a t  

f i t  t h e  measured d a t a  r easonab ly  well .  These cu rves  have 

a .  thermocouple r e sponse  t ime of  12 seconds and a h e a t  

exchanger t ime  c o n s t a n t  of  45 s e c .  wi th  A ~ , = 8 . 6 ' ~  ( 4 . 8 ° ~ )  



and O'F ( 0 ' ~ )  r e s p e c t i v e l y .  I f  t h e  thermocouples would 

have had p e r f e c t  responses ,  t h e  s o l i d  l i n e  curve  i n  

f i g u r e s  3H-16 and 17 would have r e s u l t e d  and could have 

been used t o  c a l c u l a t e  t h e  c a p a c i t y ,  F inding  t h e  a r e a  

under t h i s  s o l i d  l i n e  curve  w i l l  be t h e  f i r s t  approach a t  

c a l c u l a t i n g  capac i ty ,  

Both o f  t h e  cu rves  i n  F igures  3H-16 and 17 a l r e a d y  

r e f l e c t  t h e  e f f e c t  of  t h e  energy added by t h e  compartment 

w a l l s  which r a i s e d  t h e  air tempera ture  s l i g h t l y .  I f  t h i s  

energy i s  accounted f o r  and added t o  t h e  p r e d i c t e d  c a p a c i t y  

( a r e a  under curve  i n  F igure  3H-16), t h e  r e s u l t  w i l l  be an 

e s t i m a t e  of t h e  a c t u a l  czpac i ty .  

Capaci ty  . 

( a r e a  under p r e d i c t e d  curve,  s e c )  2058 Btu (603 Vihr) 

Thermal s t o  age  (12.7 f t 2  of  w a l l  a t  I 1.2 lbm/ft  , es t ima ted  average  . 
==24OF) 40 Btu (12  Whr) 

2 Heat t r a n s f e r  (U=. 12 Btu / f t  hr OF,  
T=240F') 4 Btu ( 1  Whr) 

T o t a l  2102 Btu (616 Whr) 

For t h e  second method, c o n s i d e r  t h e  d a t a  p o i n t s  i n  

F igure  3H-16, Using numerical  i n t e g r a t i o n  t o  f i n d  t h e  

area under t h e  curve,  t h e s e  d a t a  p o i n t s  r e p r e s e n t  a measured 

c a p a c i t y  of 2014 Btu (591 Vihr), The e f f e c t  o f  t h e  c o l d  c o i l  

at  s t a r t - u p  i s  r e f l e c t e d  i n  this number, To account f o r  

thermocouple response  e r r o r ,  i t  all be assumed t h a t  t h i s  

e r r o r  i s  t h e  same as t h a t  between t h e  a n a l y t i c a l  cu rves  i n  

M g u r e  3H-3 and 16, r t=12 and 0 seconds  r e s p e c t i v e l y .  T h i s  



T~ = 45 sec 

T = 0 . 0  sec t 
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compare w i t h  Figure 3F-2 f o r  start-up d e t a i l s ' .  

40 270 300 330 360 
' ON TIME IN SEC . .- . . .:..: , . *. . .' . .- 

: ~ i g u r =  3H-16 Experimental AT- vs TIME Curve with .  Ideal Analytical P r e d i c t i o n  - Dinpers Used , , . ,. 





20 8 t u r n s  out t o  be about 2.4% (&*' x 100 = 2.476). 
C 

Since the dampers kept the  compartment w a l l s  at about 

7 2 ' ~  (22.2'~) at s tar t -up,  and t h e  assumed average f i n a l  

temperature i s  5 5 ' ~  ( 1 2 . 8 ~ ~ ) ~  = 1 7 ' ~  (9.4'~) e x i s t s  

fo r  ca lcu la t ing  thermal storage e f fec t s .  

Capacity ( a r e a  under experimental curve) 201 4 .  Btu (59 1 Vhr) 

Thermocouple e r r o r  (2.4% of 20 14 Btu) 48 Btu ( 14 Whr) 

Thernal Storage (n.1 ?OF) 29 Btu (9  Yhr) 

Heat t r a n s f e r  (U=. 12, T = 2 4 ' ~ )  4 Btu ( 1  Vhr) 

T o t a l  2095 Rtu (61 5 Whr) 

For the  t h i r d  method, t h e  t e s t  run where the  dampers 

a r e  l e f t  open during t h e  e n t i r e  cycle  i s  used. Using 

numerical i n t e g r a t i o n  with the  da ta  poin ts  of Mgure 3H-17, 

a measured capaci ty  of 1951 Btu (572 Whr) i s  found. Thermo- 

couple response e r r o r  i s  found i n  the  same way a s  the  

second method, using t h e  ana ly t i ca l  curves of Figures JH-4 
dO 8-19 and 17. The percent er ror  i s  about 3.8% (*3-$9 x 100 

= 3.8%). AS i n  t h e  f i r s t  method, = (13.3'~) w i l l  be 

'assumed. 

Capacity ( a rea  under experimental curvej 1951 Btu (572 Vjhr) 

Thermocouple e r r o r  (3.8% of 1951 Btu) 74 Btu (22 Whr) 

Thermal Storage ( = 2 4 ' ~ )  40 Btu (12 Yhr) 

Heat t r a n s f e r  (U-. 12, z = 2 b 0 F )  4 Btu ( 1  l:!hr) 

2069 Btu (607 !'hr) 

The values found by these  first t h ree  methods agree 

vcithin 1.6% of each other .  



A s  t h e  f o u r t h  method, c o n s i d e r  t h e  t e s t  r u n  where t h e  
. . J  

dampers a r e  used  but  t h e  tempera ture  r e a d i n g s  a r e  made 
5 

downstream of  t h e  mixer. By numerical  i n t e g r a t i o n  u s i n g  t h e  

d a t a  p o i n t s  i n  F igure  3H-9, a measured c a p a c i t y  of  1546 Btu 

(453 W hr) r e s u l t s ,  For  thermocouple r e sponse  e r r o r ,  i t  

will be assumed t h a t  t h e  response  of t h e  g r i d  i s  about  

n i n e  sec  , because t h e  v e l o c i t y  d i s t k i b u t i o n  should be  . . ' .  , 

r e l a t i v e l y  uniform at t h i s  l o c a t i o n  and t h e  thermocouples 
- .  - 

were p r e d i c t e d  t o  have this response.  From Figure  3D-5, 
. , . . 

a d n e  second t ime c o n s t a n t  cor responds  t o  about  376 e r r o r .  

Due t o  t h e  g r i d  placement,  t h e r e  i s  cons ide rab ly  more t h e r -  

m a l  mass. From meaiurements t aken  on t h e  t e s t  set-up, 
2 t h e r e  a r e  about  36 f t 2  (3.3 m ) o f  24 gage s h e e t - m e t a l  

I 

2 2 * .  

and about  10 f t  (.9 m ) o f  18 gage s h e e t  metal .  It will 
. ,  , 

be assumed t h a t  n. = 2 4 ' ~  (13.3'~) f o r  t h e  24 gage s h e e t  

meta l  s e c t i o n s .    he w a l l  s e c t i o n s  made' o f  18 gage s h e e t  

me ta l  a r e  f u r t h e r  downstream and a r e  more massive. Hence, 

a s m a l l e r  w a l l  average  tempera ture  d i f f e r e n c e  w i l l  be* 

encounter&, FP=~O'F (1 l . l O ~ ) .  The 40 lbm. mixer (1 8.1 kg) 

i o  made most ly  o f  10 gage sktteb meLal. It v r i l l  also be 

assumed t h a t  i t s  m=20°1? ( 1  l . l O ~ ) .  VIithin t h e  duct ,  t h e r e  

a r e  s e v e r a l  misce l l aneous  p i e c e s  o f  s t e e l ,  most ly  r e l a t e d  

t o  damper ogera t ion .  It i s  es t ima ted  t h a t  t h e y  weigh 

15 lbm (6.8 kg) and have m - 1 0 ~ ~  (5.6Oc). 

Capaci ty  ( a r e a  under exper imenta l  curve)  1546 Btu (453 !?hr) 

Thermoc~uple '  e r r o r  (3% of  1546 Btu) 46 Btu ( 13 2 h r )  



Thermal S t o r a g e  (36 f t 2  o f  24  gage at 1.2 
2 l b p / f t  and F E = ~ ~ ~ , F ;  10 f t 2  o f  18 gage . . .  

at  2.2 lbm/ft2 and n = 2 o 0 ~ )  163 Btu (48 VJhr) 

Mixer (40 lbm at  FP=~O'F) .88 Btu (26 Vkr) 

Misce l laneous  me ta l  p a r t s  ( 1  5 lbm,. 
n= 1 0 ' ~ )  17 Btu ( 5  Whr) 

Heat t r a a s f e r  (u=. 17 m = 2 4 O ~ ,  AS+6 ft2) 13 B ~ U  ( 4  !Yhr) 

' _ .  . . ^  

 his v a l u e  i s  w i t h i n  11% o f  t h e  c a p a c i t y  found by t h e  f i ~ s t  

method, ~ o n s i ' d e r a t i o n  o f  mass t r a n s f e r  ( l eakage)  could  

reduce  this disagreement  somewhat i f  i t  could  be adequa te ly  

'measured.  everth he less, I t  appears that a-n a c c u r a t e  energy 
, - 

accoun t ing  i s  more d i f f i c u l t  as t empera tu re  i s  measured 

f u r t h e r  d o w n s t r e k  because initial and f i n a l  t empera tu res  

o f  massive o b j e c t s ,  leakage ,  etc.,  w i l l  be i n c r e a s i n g l y  

d i f f i c u l t  t o  e s t i m a t e  wi thout  more d e t a i l e d  measurements, 

I n  conclus ion ,  t h e  r e s u l t s  i n  t h i s '  s e c t i o n  have been 

based 'on d a t a  t a k e n  from s e v e r a l  t e s t  runs made on one c o i l  

a t  one t e s t  f a c i l i t y  and should  be used  f o r  t r e n d s  only.  

~ o w e i e r ,  t h e s e  tkends  t e n d  t o  suppor t  and c l a r i f y  some o f  

t h e  a n a l y t i c a l  work done i n  t h e  p r e v i o u s  s e c t i o n s .  

The thermocouples used  i n  t h i s  t e s t i n g  were b e l i e v e d  
. . 

t o  have a response  t ime o f  2.5 secpnds o r  l e s s .  .Qnalyt ical ly ,  

t h e i r  t ime  c o n s t a n t  was predicteci  t o  be about n i n e  seconds. 

\ h e n  t h e  d a t a  was analyzed,  t h e  g r i d  t ime c o n s t a n t  was found 

t o  be about  12 seconds,  T h i s  immediately i n t r o d u c e s  an e r r o r  

about  476 i n  t h e  c a p a c i t y  measurement, 



Grid  placement had a s i g n i f i c a n t  e f f e c t .  I f  t h e  . . 

c a p a c i t y  had been conput ed"usin& t h e  d a t a  fr'om t h e  n i n e  
. - .. , . .  " - .  

I .  

'po3ni :gr id  behind t h e  mixer,  t h e r e '  vrould have been ak e r r o r  
, . .. 

o'f. ove r  2076 compared t o  a measured c a p a c i t y  based on ' d a t a  
. .  . . .  

from t h e  99 p o i n t  g r i d  (2014 Btu v s  1546 Btu). 1 t k a s  
,. ' 

a l s o  found t h a t  2  i ~ .  of  p o l y s t y r e n e  i n s u l a t i o n  was q u i t e  
. . . . .  

. . . - 
e f f e c t i v e , ,  p e r m i t t i n g  o n l y  about  3 Btu/6 minutes  p e r  10 - .  , , 

.. . 

square.  f e e t  o f  s u r f a c e  a r e a  t o  e n t e r  t h e  c o o l e r  air stream 
. . . . . . 

(about  .276 o f  measured c a p a c i t y ) .  . . 
. . . , 

The dampers had 8 n o t i c e a b l e  e f f e c t  , . on t h e  AT vs. TIME 

curve,  caus ing  .a l a r g e  d i p  at  t h e  beg inn ing ,  o f  the ,  on-time. 
. 

Never the less ,  c a p a c i t y  based on t h i s  d a t a  was more' t h a n  
. . . , 

: . . . 

3% h i g h e r  t h a n  t h e  c a p a c i t y  c a l c u l a t e d  from t h e  d a t a . a h e n  
* .  . . .  . . "  . . . . 

t h e  dampers were l e f t  open, (3  
.. . . .. . * . .  

F i n a l l y ,  ve ry  nonuniform v e l o c i t y  and t empera tu re  . . . .  
, . . . 

p r o f i l e s  vrere i n f e r r e d  from measurements, The l fdeadl l  s ~ o t s  
. . 

. i n  t h e  v e l o c i t y  ., p r o f i l e  .. probably  caused s e v e r a l  . . .  thergo- . - 
. 2 .  . ?..,, . . 

coup les  t o  respond very  slowly, l e n g t h e n i n g  - .  t h e  r e sponse  

t ime of  t h e  e n t i r e  g r i d  t o  about  . l 2  seconds. The nonuni- . . . . 

form tempera tu re  . ... . d i s t r i b u t i o n  emphasized . . .  t h e  p o s s i b i l i t y  of 
. . .  . .- ;I I 

a n i n e  p o i n t  g r i d  r e a d i n g  i n d i v i d u a l  "hot11 and fIcoldfl . .  . , . . 8 

s p o t s  over  t h e  c r o s s  s e c t i o n  and producing  u n r e p r e s e n t a t i v e  
, , . . '  , . 

tempera ture  measurements. 

3- Different refrigerant control cou1d:give different results. 



CHAPTER I V  - CONCLUSIONS AND RECObfMENDATIONS 

S e c t i o n  A - The Thermostat  

Conclusions 

The closed-loop feedback model of  a the rmos ta t ,  pro- 

posed by Didion, was s t u d i e d  i n  Chapter 2. The i n t e n t  of  

this s tudy  was t o  examine some of  t h e  parameters  i n  t h e  

model t o  de termine  t h e i r  i n f l u e n c e  on t h e  c y c l i n g  of  t h e  

system. 

It was found t h a t  t h e  the rmos ta t  i s  t h e  dominant 

f a c t o r  i n  de termining  t h e  c y c l e  r a t e  of t h e  system. I n  

p a r t i c u l a r ,  i t  was. found t h a t  t h e  swi tch  d i f f e r e n t i a l  and 

t h e  a n t i c i p a t o r  . . temperatur.e r i s e  a r e t h e  two most impor- 

t a n t  pa ramete r s  i n  c o n t r o l l i n g  t h e  c y c l e  r a t e .  The a n t i -  

c i p a t o r  t ime c o n s t a n t ,  t h e  h e a t i n g  p l a n t  s t e a d y  s t a t e  out -  

put and t h e  h e a t i n g  p l a n t  t ime c o n s t a n t  a r e  t h e  l e a s t  

impor tan t  p q a m e t e r s .  The t ime const.qnt of t h e  b imeta l  

element can e x e r t  a s t r o n g  i n f l u e n c e  on t h e  c y c l e  r a t e  i f  

i t  r a n g e s  t o  i t s  extreme values.  I n  a t y p i c a l  the rmos ta t ,  

i t s  influence 16 f ixed and i t  i s  s o t  a dominant f a c t o r .  

It w a s  f u r t h e r  no ted  t h a t  t h e  on-time of  t h e  system 

tended t o  be a f i n i t e  v a l u e  as p e r c e n t  on-time tended t o  

zero.  T h i s  i n d i c a t e s  t h a t  t h e  the rmos ta t  i s  responding t o  

t h e  a n t i c i p a t o r  and t h e  swi tch  d i f f e r e n t i a l ,  which c a u s e s  



t h e  equipment t o  r u n  f o r  a f i n i t e  amount of  t ime even though 

t h e  l o a d  on t h e  system i s  tend ing  t o  zerq. Th+s  aga in  su?- 

p o r t s  t h e  dominant r o l e  o f  t h e  t h e r m o s t a t  i n  cycl ing .  

A s  f a r  as t h e  DOE t e s t  procedures  a r e  concerned, t h e  

c y c l i n g  scheme of  t e s t  D appear s  t o  conform t o  normal the- 

mosta t  dynamics m d  adequa te ly  r e p r e s e n t s  f i e l d  opera t ion .  

Recommendations 
. . ,  

There a r e  two recommendations t o  be made. F i r s t ,  a 

more d e t a i l e d  the rmos ta t  model i s  needed t o  q u a n t i t a t i v e l y  

s tudy  t h e  e f f e c t s  o f  thermal  mass i n  t h e  cond i t ioned  

space,  p a r t i c u l a r l y  i t s  e f f e c t  on cycl ing .  

Second, wi th  t h e  advent  of  s o l i d  s t a t e  the rmos ta t s ,  

and even programmable the rmos ta t s ,  v a r i o u s  e f f e c t s  such as 

f i x e d  on-time, no swi tch  d i f f e r e n t i a l ,  p e r f e c t  a n t i c i p a t i o n ,  

n i g h t  set-back,  e t c .  should  be s tud ied .  It i s  p o s s i b l e  

t h a t  such t h e r m o s t a t s  could  p l a y  +n impor tan t  r o l e  L .  i n  

energy conse rva t ion  and thermal comfort. 

S e c t i o n  B - Measurement Elrrors 
., ... . .  

Conclusions 

The ovsrall conclusion of Chapter 3 is that differences in - 

test set-ups can, indeed, have a significant efGect on the mea- 

sured capacity of a unit. This conclusion is based on the 

analysis of four areas which are directly affected by the test 

set-up. The effect of these four areas on measured capacity 

will be summarized and briefly discussed. It should be remember- 

ed that percent errors are found by comparing QMEAS with QIDEAL, 

and that the numbers and assumptions used in the calculation of 



and that the numbers and assumptions used in the calculation 

.of these quantities are not typical of - all air conditioners 

and heat' pumps . . and testing' .. ... . facilit'ies .  everth he less , they 
. ... ., . . . . . , .  . . 

are repre~entative~of many test set-ups and do provide a way 

of examining the effects of these test set-ups on the mea- 

sured capacity. 

Table 4B-1 provides a summary of possible errors in mea- 

sured capacity. The first column lists the causes of the 

error while the second column lists a possible range of error 

a due to that cause. The extreme value in each range is an 

error that could result from some test set-up and , in fact, 

could be greater under some circumstances. Typically, though, 

it is. expected that the percent error will lie somewhere with- 

in the range-of values listed. As an example, the third col- 

umn gives a percent error for each cause that might be en- 

countered in some testing situation. 

It was seen in Section D.that if a thermocouple has a 

response time of 2.5 seconds or less, less than 1% error 

will occur in the measurement of capacity. It was also 

seen that response time is very dependent on wire diameter 

and velocity. Therefore, while an individual thermocouple 

may respond quickly in a known air stream, it is possible 

that several thermocouples in a grid could respond very 

slowly due to low velocity areas over a cross section. 

This could have the effect of slowing the overall response 

of the grid and could lead to larger errors on the order 

As was seen in Section El grid placement does matter 



. . 

Table 4B-1 ' S h a r y  of Possible Errors i n  Measured Capacity 

1- These errors are related t o  each other, but are generally 
additive. 

. . . . .  

~xample 

8 '  " 

2% : 
* .  

0% 

-2% 

..2% . 

.:. -4%- 

. . - .  . 
0% 

-. . 5 %  

' . .  

Cause of Error 

Thermocouple 
Response 

Lag ~ i m e  

Leakage 

Heat Transfer 

Thermal Storage 

Dampers 

Nonuniform 
Velocity and 
Temperature 
Distribution 

Total error for example i s  about 11% (1) , 

Possible Range 

<I% - 4% 

(1% 

-1% - 10% 
1% - 10% 
1% - 15% 

-3% - 1% 

1% - 15% 



because,of the effects of leakage, heat transfer through 

walls and thermal storage. Under certain circumstances 

(long, leaky ducts, no insulation and a large air mixer,for 

example) each of these effects could be quite large. However, 

by sealing obvious cracks, holes, etc., and by providing 

some insulation, (R-3), leakage and heat. transfer effects 

could be made smaller. Thermal storage effects would still 

be present and could be accounted for, but an average ini- 

tial and final temperature would be needed for each massive 

object and this could be quite impractical. Therefore, 

errors due to grid placement on the order of 5 - 10% could 
be typical. 

Section F discussed the role of the dampers. It was 

seen that dampers could magnify the effect of thermocouple 

response time causing measured temperature to lag actual 

temperature. This adversely affects the measured capacity. 

Nevertheless, depending on ATo, measured capacity will gen- 

erally be enhanced by using dampers. The sum total of the 
, .  . 

effects of dampers can be quite high (significant insulation 

and refrigerant control, for example), but it will usually 

not improve measured capacity by more than 3% nor decrease 

it by more than 1%. 

Section G ,discussed the effects of nonunif o m  velocity 

and temperature distributions. It was seen that if too few 

measurements are made, the chances of measuring an extreme 

value of temperature or velocity are high. This could dis- 

tort the measured capacity as much as 15% or more. By 
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mixing the air before it is sensed, more reliable results 

will be obtained, with errors of 5 - 10% or less, depending 
. . 

on the quality of the mixing. 

Recommendations 

The overall recommendation of chapter 3'is to make 

changes in the governing standards to reflect the special 
" .  

needs of transient testing and to make changes in the test 

procedures so that testing might go more smoothly. More 

specific reconhendations 'will follow. It is hoped that 

the end result of these recommendations willk.be a revised 

test procedure that will allow the air conditioning indus- 

try to obtain more meaningful and reproducible results 

w i ' t h  a minimum of confusion and cost. 

Thermocouple Response Recommendations 

1 .  Thermocouple response time should be 'found in 

air that has a velocity representative of' the air flow it 

'will be sensing. 30 AWG wire is recommended'for thermo- 

couples and the junction should be soft sold&ed with as 
. - 

small a bead as possible. 

2. The entire thermocouple grid should'be tested to 
\ *  

insure that its response time is 2.5 secondstor less. 
. . 

Grid Placement Recommendations 

1. The test set-up should be insulated and sealed to 

eliminate heat transfe,r and leakage. Insulation of R-7 or 

more is recommended. 

2. Thermal mass problems should be eliminated. Duct 

walls could be made of a low mass, poor thermal conducting 



material such as cardboard, rigid foam, fiberglass, etc. 
. . 

In fact, sheet metal could be used with the insulation on 

the inside. 

3. Massive objects such as,mixers could be made of 

plastic, . . fiberglass,etc., to reduce thermal mass problems. 

4. Grid . . placement should be as close to the coil as 
3 

possible,~allowing for a mixer. 

Damper Recommendations 
. . 

1. If dampers are retained in the test procedures, 

their intent, installation and operation should be more clear- 

ly defined so that their function may be uniform throughout 

the industry. The above recommendations regarding. grid 

placement should be followed, i.e., insulation, low thermal 

mass, etc. . . , . 

2. If dampers . , are retained, it is recommended that . , 

more study be made on refrigerant dynamics, both during the 

on-time and the off-time. It is important that the relation- 

ship between . dampers . and refrigerant, control be under? tood . 
3. It is,recommended that dampers be eliminated, and 

I ' 

that the indoor fan run continuously during the off-time to 

insure that all tests begin with ATo = 0. Credit for off- 

time cooling should be given by continuing . . to monitor .the- 

AT vs TIME curve until AT = 0 (or some increment close to 0). 

Subtract the power consumed by the fan'during the off-time. 

If dampers are eliminated and AT'is monitored for the 

complete . cycle, . the problems of thermal storage are also 

eliminated, greatly simplifying the test set-up. 



. , . . 

Nonuniformity ~ecoriuneridations ' * 

' ' 1'. .A good a i r  mixer should  be 'used. t o  'avoid therino- 
. . 

couple  response problems. 

'2. A l a r g e  thermocouple g r i d  could  be 'used t o  e l e c -  

t r o n i c a l l y  mix t h e  nonuniform tempera ture  d , i s t r i b u t i o n  and 

y i e 1 d . a  more acc.urate  average  tempera ture .  ' But., a s  mentioned 
. . .  

b e f o r e ,  o v e r a l l  response  problems need' t o  be remembered.. 

General  Recommendations . .  ... " .  
. .  . 

. . .  
1. r he' moni tor ing of. t h e  AT v s  TTME cur've and i t s  

i n t e g r a ' t i o n  should begin when t h e  u n i t  i s  . t u r n e d  on and 

n o t  10-1 5 seco-nds l a t e r .  I f  'a-11 tests .begin ' a t  ATo=O , the.  

same s t a r t i n g  p o i n t  w i l l  be  guaranteed .  

2.  The e f f e c t s  of  a f l u c t u a t i n g  indoor  and outdoor  

ambient on t h e  measured c a p a c i t y  should be s t u d i e d .  I t  . 

would be worthwhile t o  know 'how c l o s e  t o  ~ ~ e ' c ' i f i c a t i o r i  t h e  

indoor  and outdoor  tempera tures  need t o  b e  h e l d  i n  o r d e r  t o  

ma in ta in  an a c c u r a t e  measurement of  c a p a c i t y .  

3 .  Addi t iona l  work is'recomrnended t o  f i n d  p r a c t i c a l  

ways t o  account  f o r  d i f £ e r e n c e s  i n  t e s t  i n s t a l l a t i o n s  a s  

d i s c u s s e d  i n  t h i s  work. Th i s  would a l low a u n i t  t o  be 

t e s t e d  i n  two d i f f e r e n t  test  set-ups and t h e  ; e s u l t s  be 

c o r r e c t e d  t o  y i e l d  a s i n g l e  measure of  c a p a c i t y .  
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. . .  

The th-stat &el of D i d i o n ,  w i t h  the transfer equations, was 
. . 

seen in Figure 28-2. This section w i l l  take these tr-feq ~eq~at ions  

and derive the @ti& for, Te. This equation was solved by iteratian 

to  yield on/off times of the cycling of the system. 

m operator notation (D = d/dt) , thee  equationsSS;can be Mit ten 
, . 

as follcws: 

These can also be written in differential  . . equation form: 



Equations A-6 and A-7 are easily solved and yield: 
-t/ra 

Ta = KaE + T - KaE) e 

where Tal' and X . are the i n i t i a l  conditions of Ta and X (at 
PI P 

t = 0) .  Substituting Eq. A-10 into Eq. A-8, a solution c jn  be found 

fot  T as. folluws: 
S 

n ,, 

here Tsl is the initial condition of T ~ .  

Finally, the expressions for  Ta and Ts, Eqs. A-9 and 13, a e  
i , . <  . . 

. . 

substituted into Eq. A-5 a d  a solution for Te is found: 



- t /Te  

'KP 
-L) t - P  ( K E - L )  [1 - e  

e P I (A- 1 6) 

where Te, k the i n i t i a l  wndition for  Te. 

For special cases where a tim constant equals zero o r  two time 

W t s  are equal, a similar derivation is fo l lwed .  It w i l l  not b 

repeated here. 

By substi tut ing appropriate values fo r  Te, Tel, TS1, Tal ,  X p l ,  

E, etc., Eq. A-16 can be solved by i t e ra t ion  to yield the on/off 

tims . . For example, to  f Lid the on-tire , let E = 1 , TS1 = TSET (t!!e 

t h m s t a t  set point) ,  Tel = T S T ,  Tal = 0, Xpl = 0 and Te = T S m  + 9. 



Once the an and of f-tims are found, cycle time, cycle. rate and percent 

on-time can be calculated, and .the analysis continues'. 
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