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In many cases  the s i n g l e  most important energy 
conservat ion measure t h a t  can be taken is t o  turn 
equipment o f f  when i t  i s  no t  needed. In the case  
of a i r  condit ioning,  t h i s  genera l ly  means turning 
i t  of f  when occupants leave and turning i t  back on 
i n  time t o  have the space comfortable when they 
return.  

In humid c l i m a t e s  spec ia l  problems a r e  o f ten  
encountered when a  system is  r e s t a r t e d  a f t e r  a  
period of shutdown. The temperature and humidity 
i n  the  space r i s e s  during the period of ahutdown. 
Unfortunately the l a  t e n t  load required to  br ing the  
space back to comfort condit ions is  usual ly much 
higher than the s e n s i b l e  load. Most methods of 
con t ro l  a r e  ill s u i t e d  f o r  t h i s  duty. This paper 
examines the response of var ious types of a i r  con- 
d i t i o n i n g  systems during t h i s  recovery period and 
makes recommendations f o r  system designers. 

INTRODUCTION 

During the summers of 1983 and 1984 Engineer- 
ing Sciences, Inc. personnel performed f i e l d  s u r -  
veys of approximately one hundred bui ldings a t  U.S. 
Marine Corps Camp S. D. Butler ,  Okinawa, Japan. 
In the summer of 1985 s i m i l a r  f i e l d  surveys were 
performed f o r  s i x t y - s i x  bui ldings a t  U. S. Naval 
Base, Subic Bay, Republic of the Philippines. The 
purpose of these s t u d i e s  was t o  i d e n t i f y  equipment 
d e f i c i e n c i e s  i n  the a i r  condit ioning systems which 
a f f e c t  i t s  a b i l i t y  t o  provide the required comfort 
condi t ions  i n  an energy e f f i c i e n t  manner. In each 
case the f i e l d  survey was then followed by a  tho- 
rough a n a l y s i s  of the bui ldings and t h e i r  a i r  con- 
d i t i o n i n g  equipment. 

F i r s t ,  the ESI e t a f  f  performed r a t h e r  ex ten- 
s i v e  f i e l d  t e s t s  on the bui ldings,  t h e i r  a i r  con- 
d i t ion ing  equipment and i ts  controls .  Among the 
i tems measured (noted) werer a i r  flows, dry and 
wet bulb a i r  temperatures ,  a i r  s t a t i c  pressures ,  
water flows, f lows,  w a t e r l r e f r i g e r a n t  tempera- 
tu res ,  water  pressure drops, a l l  appropriate  motor 
e l e c t r i c a l  d a t a  and nameplate information on a l l  
major equipment. A l l  c o n t r o l  equipment was exer-  
c i sed  over i t s  e n t i r e  range of motion and readings 
retaken f o r  a l l  var iables .  In add i t ion ,  d ry  and 
wet bulb a i r  temperatures were taken throughout 
the conditioned spaces; and a  thorough v i s u a l  
inspect ion was made of the equipment and the space 
t h a t  it served. 

Using the da ta  co l lec ted  and manufacturer '8 
l i t e r a t u r e  (e.g., pump and fan  curves, etc.) the 
operat ing po in t  f o r  each piece of equipment was 
determined. This, i n  turn,  was used t o  analyze 
the operat ion of the a i r  conditioning systems i n  

whole. The operat ion of the systems under the 
various l i k e l y  loadings they w i l l  experience 
during the  course of a  year could then be d e t e r -  
mined. (This was done through the  use of a  number 
of computer rou t ines  t h a t  ESI has developed f o r  
t h i s  purpose.) 

Having analyzed the systems i n  t h i s  fash ion ,  
d e f i c i e n c i e s  ( i n  design and/or  condi t ion)  which 
cause them t o  f a i l  t o  perform t h e i r  des i red  func- 
t i o n  i n  an e f f i c i e n t  manner could be iden t i f i ed .  
Recommendations were then made t o  c o r r e c t  theee 
problems and supporting c a l c u l a t i o n s  performed t o  
a s s e s s  the economic a t t r a c t i v e n e s s  of each inves t -  
ment. 

A s  might be expected, many of the  problems 
observed i n  the course of the  work were humidity 
re la ted .  Both Okinawa and Subic Bay have very 
humid cl imates .  97.5% design condi t ions  a r e  
88°/800 and 93'179' f o r  Okinawa and Subic Bay 
respect ively.  A s  a  r e s u l t ,  coo l ing  c o i l s  f r e -  
quent ly s e e  loads which have very low s e n s i b l e  
h e a t  r a t i o s  (50% o r  less) .  Under these  coriditions 
everything must be c l o s e  t o  p e r f e c t  t o  avoid humi- 
d i t y  r e l a t e d  problems. Unfortunately, the oppor- 
tun i ty  ex i s ted  t o  observe numerous such problems. 

Although there a r e  many d i f f e r e n t  types of 
humidity problems t h a t  can occur ,  those most com- 
monly found i n  the course of t h i s  work were: 

1. Condensation on supply a i r  d i f f u s e r s  and 
c e i l i n g  panels during normal system operation. 

2. Condensation on d i f f u s e r s  and c e i l i n g  
panels a t  the  time of s t a r t - u p  a f t e r  a  period of 
equipment ahutdown. I t  was f r e q u e n t l y  reported 
t h a t  unoccupied shutdown had been discont inued 
because upon r e s t a r t i n g  moisture would condense on 
the d i f f u s e r s  and cause maintenance problems and 
i n  some cases,  property damage. This condit ion 
was v e r i f i e d  by the f i e l d  team. The magnitude of 
the  r e s u l t i n g  energy waste makes the  s o l u t i o n  of 
t h i s  problem of coneiderable  importance. 

The problem of condensation during normal 
operat ion (coupled with g e n e r a l l y  poor humidity 
con t ro l )  was addreseed by the a u t h o r  i n  a  previous 
paper (1). This paper concent ra tes  exc lus ive ly  
on the problem of s ta r t -up  a f t e r  a  per iod of 
ahutdown. The i s s u e  of s e l e c t i n g  a  c o n t r o l  
s t r a t e g y  f o r  s ta r t -up  is c l o s e l y  r e l a t e d  to  t h a t  
of s e l e c t i n g  a  method of capac i ty  c o n t r o l  f o r  
normal operat ion because the same equipment is  
hopeful ly used f o r  both purposes. The purpose of 
t h i s  paper is, there fore ,  t o  s e l e c t  a  method of 
a i r  condit ioning c o n t r o l  which w i l l  func t ion  wel l  
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under normal operat ion (being c a r e f u l  of the 
humidity problems which tend to occur a t  p a r t  load 
condi t ions)  and which w i l l  regain con t ro l  of room 
condi t ions  a f t e r  shutdown without  cauaing con- 
densat ion problema. The previous paper by Todd 
(1) should be referenced f o r  a  discussion of the 
general  i s sue  of p a r t  load operation. 

THE NATURE OF THE PROBLEM 

During the  course of the f i e l d  inves t iga t ion  
i t  was discovered t h a t  n i g h t  shutdown of the a i r  
condit ioning systems had been l a r g e l y  discontinued 
i n  Okinawa due to problems associated with r e -  
s t a r t i n g  i t  i n  the morninga. Three bas ic  problema 
were reported. F i r s t ,  due t o  improper con t ro l ,  
compressors were being damaged during the shut-  
down. The lack of a  pump down cyc le  and o i l  
migrat ion were the p r i n c i p a l  causes f o r  these 
events. Second, the  bu i ld ings  were never a b l e  t o  
"catch up" with the l a t e n t  load during the period 
of occupancy. Improper capac i ty  con t ro l  during 
normal opera t ion  is  a t  the source of t h i s  d i f f i -  
culty. F ina l ly ,  the re  was considerable  condensa- 
t ion  on d i f f u s e r s  and the surrounding c e i l i n g  t i l e  
when the aystems were res ta r ted .  

The problem of compressor damage can be 
solved by properly i n t e r r u p t i n g  the i n t e r n a l  con- 
t r o l s  of the uni ts .  The d i f f i c u l t i e s  assoc ia ted  
with f a i l u r e  t o  ca tch  up with l a t e n t  load can be 
addressed by r e t r o f i t t i n g  the aystems with capa- 
c i t y  c o n t r o l  aystems which a r e  b e t t e r  s u i t e d  t o  
the p a r t i c u l a r  requirements of the the high humi- 
d i  ty  environment. 

The i s s u e  of condensation during s ta r t -up ,  
however, requ i res  information which connot be 
found i n  the l i t e r a t u r e .  For t h i s  reason an ana ly-  
s i s  was undertaken to explore the events which 
occur during the  f i r s t  minutes a f t e r  the system 
is  r e s t a r t e d .  

Moe t simply, condensation takes place when 
moist  a i r  f lows p a s t  sur faces  which have been 
cooled below i t s  dewpoint. In  a i r  condit ioning 
t h i s  occurs  when the  cold supply a i r  being d e l i -  
vered i n t o  the  space induces warm, moist  room a i r  
t o  flow over sur faces  which have been cooled by 
the supply a i r .  These a r e a s  genera l ly  include the 
metal of the supply a i r  d i f f u s e r  and the c e i l i n g  
t i l e  surrounding the  d i f fuser .  The problem is 
o f t e n  aggravated by the  leakage of supply a i r  
above the  c e i l i n g  a t  the po in t  where the f l e x i b l e  
connector j o i n s  the d i f fuser .  Figure 1 shows a 
typ ica l  c e i l i n g  d i f  fuaer. Whenever the mixture of 
supply a i r  and room a i r  comes i n t o  con tac t  wi th  a  
aurface which is below i ts  dew point ,  condensation 
can occur .  

The l ikel ihood of condensation occuring is, 
of course,  dependent upon the flow pa t te rn  of 
induced room a i r  and the e x t e n t  to which the 
aurrounding s u r f a c e s  a r e  cooled. This is highly 
s p e c i f i c  t o  the  p a r t i c u l a r  supply a i r  d i f f u s e r  
design and location. F ie ld  observat ions have 
shown t h a t  some d i f f u s e r  designs a r e  much more 
l i k e l y  than o t h e r s  t o  have problems. Unfortunate- 

l y  the a c t u a l  h e a t  t r a n s f e r  and f l u i d  flow problem 
i e  very complex and no a n a l y t i c a l  o r  experimental  
s o l u t i o n s  can be found i n  the l i t e r a t u r e .  No quan- 
t i t a  Live guidance is a v a i l a b l e  t o  the  designer. 

I t  has been found t h a t ,  f o r  a  given d i f f u s e r  
design and locat ion,  the d i f f e r e n c e  be tween the  
dew point  of the room a i r  and the dry  bulb tem- 
pera ture  of the supply a i r  being discharged is  a  
good i n d i c a t o r  of condensation . The approach 
taken i n  t h i s  s tudy was t o  develop a  model of the 
room and the a i r  condit ioning equipment se rv ing  i t  
which is capable of p red ic t ing  the room dew poin t  
and supply a i r  temperature versus  time during the 
s t a r t - u p  period. This model was then t o  be used 
t o  t e a t  the  behavior of var ious  c o n t r o l  s t r a t e -  
gies .  Control s t r a t e g i e s  can then be compared on 
the b a s i s  of how wel l  they perform i n  terms of 
br inging the room condi t ions  down t o  those des i red  
while  keeping the  supply a i r  a s  c l o s e  a s  poss ib le  
t o  the  room's a i r  dewpoint. (The dew p o i n t  depres- 
s ions  from the analyses can be compared with ex- 
perimen t a l  obeerva t ions  of the condi t ions  under 
which condensation was found t o  occur  t o  gain some 
a b s o l u t e  ind ica t ion  a s  t o  whether condenaation 
w i l l  occur f o r  a  p a r t i c u l a r  design.) 

THE C O I L  MODEL 

A key element  of the a n a l y s i s  is  the  model 
used t o  p r e d i c t  the behavior of  the  cool ing co i l .  
William Goodman (2)  developed a n  approach f o r  
t r e a t i n g  wet cooling c o i l s  a s  h e a t  exchangers i n  
which the dr iv ing  p o t e n t i a l  is the d i f f e r e n c e  
between the enthalpy of the e n t e r i n g  a i r  and t h a t  
of s a t u r a t e d  a i r  a t  the temperature of the  e n t e r -  
ing water  o r  re f r igeran t .  0. J. Nueabaum (3) 
extended t h i s  using the not ion of h e a t  exchanger 
"effect iveness"  and the "NTU" approach (4) showing 
t h a t  most c o i l e  can be modeled very a c c u r a t e l y  a s  
counterf low h e a t  exchangers. This  au thor  has used 
t h i s  b a a i s  to  develop a  c o i l  model which uses one 
known opera t ing  po in t  ( i r . ,  e n t e r i n g  and leaving 
dry  bulb and wet bulb, a i r  flow, water  f low and 
e n t e r i n g  water  temperature) to  determine cons t a n t s  
which represen t  the physical  c h a r a c t e r i a t i c a  of 
the c o i l  i n  the e f f e c t i v e n e s s  c a l c u l a t i o n s .  These 
cons tan ts  a r e  then used t o  c a l c u l a t e  the  e f f e c -  
t iveness  of the c o i l  under o t h e r  condi t ions  of 
i n t e r e s t .  With ef fec t iveness  known, the enthalpy 
of the leaving a i r  can be determined. Since wet 
bulb l i n e s  a r e  almoat  i s e n t h a l p i c ,  the  wet bulb 
temperature of the leaving a i r  can be determined 
from i t s  enthalpy through a s imple  curve f i t .  The 
dry bulb temperature of the leaving a i r  can be 
c a l c u l a t e d  using the concept of the "wet bulb 
depression" r a t i o  defined aa: 

Where : 

LDB, LWB Leaving dry, wet bulb temperaturee 

EDB,EWB Entering dry ,  wet bulb temperaturee 

This can be ca lcu la ted  f o r  any known opera- 
t ing  point. It can a l a o  be shown that :  
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Where : 

CFM A i r  f low 

GPM Water flow 

C1 A cons tan t  represent ing the physical  
c h a r a c t e r i s t i c s  of the c o i l  Equation 2 
can be solved f o r  C l  using the value of 
R ca lcu la ted  using Equation 1  a t  the 
known operat ing point. The value of C l  
can then be used i n  Equation 2  f o r  any 
o ther  po in t  of in te res t .  

In a  s i m i l a r  fashion,  the e f fec t iveness  can 
be ca lcu la ted  f o r  any known operating point  using: 

Where : 

(hout-hin)min Actual enthalpy change f o r  the  
stream having the smal le r  
capac i ty  

h a i r , i n  Enthalpy of enter ing a i r  

hwa t e r  , i n  Enthalpy of sa tura ted  a i r ;  
the temperature of the en te r ing  
water 

A s  before, i t  can be shown tha t :  

Where: 

CFM A i r  f low 

GPM Water flow 

C2 A cons tan t  represent ing the physical  
c h a r a c t e r i s  t i c s  of the c o i l  

Equation 4  can be solved f o r  C2 using the 
value of e f f e c t i v e n e s s  determined a t  any s i n g l e  
known operat ing po in t  from Equation 3. C can 
then be used i n  Equation 4  to  determine t i e  e f fec-  
t iveness  of the c o i l  under any desired condition. 
Equation 2  can be used to f u l l y  spec i fy  the con- 
d i t i o n  of the a i r  leaving the co i l .  

THE ROOM LOAD MODEL 

An energy balance on the a i r  i n  the space 
y ie lds :  

1-06 SA (Tsa-Tra)+1.08 XFIL (Ta-Tra)+ Qig (5 )  

Where: 

(Mc),~, Capacity of a i r  i n  room (BTUIoF) 

Tra Room a i r  dry bulb temp (OF) 

h  A Heat t r a n s f e r  c o e f f i c i e n t  from room 

furnishings t o  a i r  (BTUIHR-OF) 

Tw Wall l furnishings s u r f a c e  temp (OF) 

SA Supply a i r  q u a n t i t y  (CFM) 

Tsa Supply a i r  d ry  bulb temp (OF) 

XFIL I n f i l t r a t i o n  q u a n t i t y  (CFM) 

Ta Ambient a i r  d ry  bulb temp (OF) 

Qig Sensible i n t e r n a l  h e a t  g e n e r a t i o n  
(BTUIHR) 

In a  s i m i l a r  fashion a  mass balance on the 
moisture i n  the room y ie lds :  

+ 4.5 XFIL (Wa-Wra) + M i g  

Where : 

M a i r  Mass of a i r  i n  room (LBM) 

'ra Humidity r a t i o  of room a i r  (LBMILBM) 

hmAm Mass t r a n s f e r  c o e f f i c i e n t  from room 

f  urnishings t o  a i r  (LBMIHR) 

W w  Humidi ty ratio a s s o c i a t e d  with 

furnishing s u r f a c e s  (LBMILBM) 

Wsa Humidity r a t i o  of supply a i r  (LBMILBM) 

Wa Humidity r a t i o  of ambient  a i r  (LBMILBM) 

Mig 
I n t e r n a l  moisture genera t i o n  (LBMIHR) 

The response of the wall  s u r f a c e  t o  an a t -  
tempt to  p u l l  the room a i r  temperature down can be 
thought of a s  a  dis turbance which is  superimposed 
on the temperature d i s t r i b u t i o n  t h a t  e x i s t s  when 
the equipment i s  res ta r ted .  In f a c t ,  a t  t y p i c a l  
morning s t a r t - u p  times the load on the space from 
the e x t e r i o r  envelope elements i s  very small.  
This can be seen by examining the  Cooling Load 
Temperature Differences (5) a t  t h i s  t ime of day. 
The wal l s / fu rn i sh ings  might, t h e r e f o r e ,  be thought 
of a s  being e s s e n t i a l l y  a t  the same temperature a s  
the room a i r  a t  the time of s t a r t u p .  As the room 
a i r  begins to  drop the w a l l s / f u r n i s h i n g s  w i l l  g ive 
up h e a t  to  the a i r  and the w a l l l f u r n i s h i n g  sur face  
temperature w i l l  drop. The a c t u a l  t r a n s i e n t  hea t  
t r a n s f e r  s i t u a t i o n  i s  very complex. (i.e., There 
a r e  numerous obJec t s  i n  the space. Each has i t s  
own geometry and thermal p roper t i es .  The conduc- 
t i o n  of h e a t  from within each obJec t  t o  i t s  s u r -  
face w i l l  d i f f e r  widely from one t o  the  next . )  
Due to the s h o r t  time i n t e r v a l  of i n t e r e s t ,  the 
t rea tment  chosen i n  t h i s  a n a l y s i s  was t o  t r e a t  the 
wal l s / fu rn i sh ings  a s  a  s i n g l e  e q u i v a l e n t  lumped 
capac i ty  (with neg l ig ib le  i n t e r n a  1 r e s i s t a n c e  t o  
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conduction) of sur face  a r e a ,  A, and thermal capa- 
c i t ance ,  MC. The r a t e  a t  which the mass g ives  up 
heat  and drops i n  temperature i s  determined by the 
values f o r  A and MC chosen. The analyses which 
fol low a r e  baaed upon values which a r e  f e l t  t o  be 
phys ica l ly  "reasonable" f o r  the bui ldings being 
considered (i.e., Furnishings a rea  of 7.5 SF per  
SF of f l o o r  apace. Heat t r a n s f e r  c o e f f i c i e n t  of  
1.5 BTU/HRToF-SF. Thermal capaci ty of 1.2 BTUIDF 
per SF of f l o o r  apace.) These values a r e  e s t i -  
mates on ly  and a r e  c e r t a i n l y  no t  va l id  f o r  a l l  
buildings. Field t e s t s  a r e  planned f o r  Ju ly  1986 
i n  Okinawa to ga ther  informa t ion  from which para- 
meters can be ca lcu la ted  f o r  the various types of 
bui ldings and cons t ruc t ion  of i n t e r e s t .  

A s i m i l a r  approach can be taken t o  the  mois- 
ture  released from the room furn i sh ings  t o  the a i r  
i n  the  space. Much Leas is  found i n  the l i t e r a -  
ture  with respec t  t o  t h i s  exchange of moisture. 
Tauchiya, a s  reported by T. Kusuds (7) experimen- 
t a l l y  determined parameter8 which f i t  data  co l -  
l ec ted  i n  s t u d i e s  of a typ ica l  Japanese residence. 
T. Kueuda and M. Miki (8) l a t e r  determined t h a t  
the valuee reported e a r l i e r  tend to over p r e d i c t  
the r a t e  of moisture. For the time s c a l e  of 
i n t e r e a  t i n  the s t a r t - u p  period ( l e a s  than 60 
minu tea) ,  i t  is suggested t h a t  the amount of 
moisture given up by the fu rn i sh ings  w i l l  be ne- 
g l i g i b l e  wi th  r e s p e c t  t o  t h a t  brought i n  by in- 
f i l t r a t i o n .  For t h i s  reason, t h i s  term has been 
neglected i n  the analyses which follow. (The 
f i e l d  t e s t s  planned f o r  Ju ly  1986 i n  Okinawa w i l l  
a l s o  address  t h i s  i s sue  and a determinat ion made 
a s  t o  an appropr ia te  t rea tmen t.) 

Due to the time v a r i a t i o n  i n  wall  sur face  
temperature and the r a t h e r  complex r e l a  t ionship 
between supply a i r  condi t ion  and room a i r  condi- 
tion, Equations 5 and 6 a r e  highly nonlinear. For 
t h i s  reason a d i f f e r e n c e  approximation was made 
f o r  the d i f f e r e n t i a l  equat ions and the room tem- 
perature,  Tra, and room humidity r a t i o ,  Wr , de- 
termined a t  d i s c r e t e  time i n t e r v a l s  from t l e i r  
valuee st the previous time in te rva l .  Runs were 
made to explore the s e n s i t i v i t y  of the r e s u l t e  t o  
the time increment chosen. I t  was found t h a t  a 
time increment of 15 seconds gave r e s u l t s  which 
were cons i s  t e n t  with those of shor te r  in te rva l s .  

RESULTS OF THE ANALYSES 

Analyses were done f o r  the types of systems 
most commonly found i n  Okinawa and a t  Subic Bay. 
In each case  the room a i r  was assumed to be 8 1  OF 
and 0.019 LBMw/LBMa. The furnishings were assumed 
to be i n  thermal equ i l ib r ium with the room a i r  a t  
8 1  OF. A represen ta t ive  20,000 SF space was cho- 
sen f o r  the  ana lys i s .  I n f i l t r a t i o n  when no v e n t i -  
l a t i o n  a i r  is  being brought i n  a t  the u n i t  was 
assumed t o  be approximately 1.1 a i r  changes per  
hour. Ambient a i r  was assumed t o  be 80/76 
(db/wb). These values a r e  typ ica l  of summer 
s ta r t -up  condi t ions  i n  Okinawa and se rve  t o  
i l l u m i n a t e  the problems t h a t  w i l l  be faced i n  the 
humid climate. 

Figures 2, 3 and 4 ehow the r e s u l t s  f o r  a 

c o i l  which runs a t  f u l l  capac i ty  u n t i l  i t  reachea 
some s e t p o i n t  temperature. This might be t y p i c a l  
of a DX c o i l  o r  a c h i l l e d  water  c o i l  opera tad 
without  modulating control .  Figure 2 shows room 
a i r  temperature and humidity r a t i o  versus time. 
Figure 3 shows the same process  p l o t t e d  on a 
psychrometric chart .  Figure 4 shows the depres- 
s ion  of supply a i r  below r o e s  a i r  dew p o i n t  versus  
time. A s  can be seen, the  room a i r  is  qu ick ly  
brought down t o  the des i red  78-9 .  Unfortunately 
the humidity i n  the room a t  t h i s  time i e  approxi-  
mately 0.0145 (LBH /LBMa) i n s t e a d  of the 0.0125 
t h a t  one would dealre .  From t h i s  i t  is  c l e a r  t h a t  
the most d e s i r a b l e  s i t u a t i o n  would be t o  have the 
process fo l low a l i n e  on Figure 3 which goes 
d i r e c t l y  t o  the desired room condition. Figure 4 
shows what is perhaps the worst  a s p e c t  of t h i s  
method of control.  The supply a i r  is from 10-0F 
t o  14 OF below the room dewpoint throughout the 
p u l l  down period. F ie ld  observat ion8 have shown 
t h a t  t h i s  i s  a lmos t  c e r t a i n  t o  cause condensation 
problems. 

One way of solving the dew poin t  problem 
i s  to  by-pass a f ixed por t ion  of the supply a i r  
around the cooling co i l .  Figures  5, 6 and 7 
d i s p l a y  the same information f o r  a system i n  which 
50% of  the a i r  is by-passed. A s  can be seen the  
room is again brought down t o  78-OF very quickly. 
Again, however, the room humidi ty r a t i o  a t  t h i a  
time (although improved) is s t i l l  higher  than 
desired.  Figure 7 shows t h a t  t h e  d e s i r e d  e f  f e c t  
was achieved i n  t h a t  supply a i r  ranges from 8 - 9  
t o  2 OF below the room dew point.  Experience has  
shown t h a t  t h i e  eyatem i s  n o t  l i k e l y  to  experience 
condensa t i o n  problems. 

With both of these systems one could e i t h e r  
s t o p  a t  7 8 - 9  and accep t  the higher  humidi ty o r  
cont inue cool ing u n t i l  the d e s i r e d  humidi ty was 
achieved. It should be pointed o u t  t h a t  the  
0.0140 wi th  the 50% by-pass system is  a c t u a l l y  n o t  
much worse than what is f r e q u e n t l y  found during 
normal operation. In  e i t h e r  c a s e  the d i f f  i c u l t y  
a r i s e s  when the u n i t  goes off .  The i n f i l t r a t i o n  
cont inues t o  br ing a l a rge  amount of moisture i n t o  
the space. The sens ib le  load from the furn i sh ings  
has been s i g n i f i c a n t l y  reduced a e  the sur face  
temperature wae brought down. Figure 8 shows the 
r e s u l t s  f o r  the 50% by-pass system where the c o i l  
i s  t u r n e d  o f f  a t  77.5-OF and back on a t  78.5-OF. 
A s  can be seen, the s e n s i b l e  load is n o t  s u f f i -  
c i e n t  t o  g ive  enough run t ime t o  keep up wi th  the  
humidity being brought i n  by i n f i l t r a t i o n .  This 
makes an important  po in t  about  s t a r t - u p  i n  humid 
c l imates .  The s e n s i b l e  Load a v a i l a b l e  i n  the 
furniehinga is  important i n  br inging the room back 
under c o n t r o l  a f t e r  a shutdown period. Once i t  is  
gone i t  i s  very d i f f i c u l t ,  wi thout  rehea t ,  to  
rega in  and maintain humidity con t ro l .  For t h i s  
reason c a r e  should be taken i n  t iming the s t a r t - u p  
so  t h a t  the space comes t o  temperature J u s t  i n  
t ime f o r  occupancy. When the  occupants a r r i v e  and 
l i g h t s  a r e  turned on i t  is much e a s i e r  t o  maintain 
humidi ty control .  

I n  genera l  the s e n s i b l e  h e a t  r a t i o  of the 
c o i l  can be decreased by increae ing  t h e  f r a c t i o n  
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of a i r  which i s  by-passed. The recovery t ime  
r equ i red  i n c r e a s e s  w i t h  t h e  by-pass f ac to r .  I t  
is  p o s s i b l e  t h a t  t he  by-pass f r a c t i o n  r equ i red  to  
keep supply  a i r  t empera tu res  a t  a c c e p t a b l e  v a l u e s  
may r e s u l t  i n  unaccep tab ly  long recovery per iods .  

F i g u r e s  9 and 10 show the  r e s u l t s  f o r  a  c h i l - .  
l ed  w a t e r  c o i l  w i t h  a  v a l v e  which is  c o n t r o l l e d  by 
room a i r  d ry  bu lb  temperature .  Values a r e  shown 
f o r  t h e r m o s t a t  s e t p o i n t s  of 78 OF and 76 OF. I n  
both c a e e s  the  t h r o t t l i n g  range i s  4-OF. ' A s  can 
be seen ,  t h e  78 OF s e t p o i n t  b r ings  the  room down 
t o  t empera tu re  ve ry  q u i c k l y  b u t  never  g e t s  t h e  
humid i ty  down t o  t h e  d e s i r e d  level .  The 76 OF 
s e t p o i n t  is c a p a b l e  of  b r ing ing  the  humidi ty  down 
t o  t h e  d e a i r e d  l e v e l  b u t  does  s o  a t  t h e  expense  o f  
o v e r  cool ing.  F igure  10 shows t h a t  t he  supply  
t empera tu re  i s  w e l l  below the  room dew p o i n t  
throughout  the  e n t i r e  recovery period. Th i s  i s  
a l m o s t  c e r t a i n  t o  cause  condensat ion problems. 

Like the  DX sys tem,  the  c h i l l e d  wa te r  v a l v e  
u n i t  is unab le  t o  hold  t h e  space  humidi ty  down 
a f t e r  t h e  w a l l s  have had s u f f i c i e n t  t ime  t o  cool. 
I f  t h e  s e n s i b l e  load does  n o t  i n c r e a s e  i n  t h e  
space ,  t h e  humdi ty  w i l l  begin  t o  c reep  upward and 
may reach  unaccep tab le  l e v e l s  before  occupants  
a r r i v e .  In  the  c a s e  of t he  c h i l l e d  wa te r  va lve  
t h i s  tendency i s  made worse by the f a c t  t h a t  t h e  
v a l v e  tends  to  warm t h e  c o i l  and i n c r e a s e  t h e  sen -  
s i b l e  h e a t  r a t i o  whenever the  s e n s i b l e  load is  
smal l .  . T h i s  i s s u e  has  been d i scussed  p r e v i o u s l y  by 
t h i s  a u t h o r  (1)  and is one of t h e  pr imary r easons  
t h a t  c h i l l e d  w a t e r  v a l v e s  a r e  n o t  a p p r o p r i a t e  f o r  
humid c l i m e  tes .  

Var i ab le  a i r  volume is o f t e n  recommended be- 
cause  of i t s  energy e f f i c i e n c y .  Unfor tunate ly  i t  
does  n o t  work w e l l  i n  humid c l ima tes .  In  those  
sys tems i n  which the  c h i l l e d  wa te r  c o i l  is uncon- 
t r o l l e d  t h e  s u p p l y  a i r  t empera tu re  drops  r a p i d l y  
a s  t h e  a i r  volume is reduced. Th i s  f r e q u e n t l y  
l e a d s  t o  condensa t ion  problems. I n  those  s y s t e m s  
i n  which t h e  c h i l l e d  w a t e r  c o i l  has  a  v a l v e  con- 
t r o l l e d  t o  g i v e  a  f i x e d  d i scha rge  a i r  t empera tu re ,  
t he  sys tem s u f f e r s  the  usua l  problems a s s o c i a t e d  
wi th  c h i l l e d  wa te r  v a l v e s  (i.e., l o s s  of l a t e n t  
c a p a c i t y  a t  low loads). 

F i g u r e s  11 and 12 summarize the  performance 
of VAV s y s t e m s  ( w i t h  w i l d  c o i l s )  du r ing  t h e  reco-  
ve ry  per iod.  A s  can  be seed,  t he  sys tem recove r s  
n i c e l y  b u t  produces  a  supply  a i r  temperature  which 
s t a y s  w e l l  below t h e  room's dew p o i n t  throughout  
the  p u l l  down period. Th i s  w i l l  a l m o s t  c e r t a i n l y  
l ead  t o  condensa t ion  probleme. 

The "face  and by-pass" sys tem o f f e r s  t h e  i m -  
proved s e n s i b l e  h e a t  r a t i o  of t he  VAV aystem wi th -  
o u t  t h e  problem o f  low supp ly  a i r  temperature .  A s  
d i s c u s s e d  by the  a u t h o r  p r e v i o u s l y  (1), t h e  f a c e  
and by-pass sys tem appea r s  t o  be one of t h e  more 
a t t r a c t i v e  a 1  t e r n a  t i v e s  f o r  modulating c o n t r o l  i n  
humid c l i m a t e s .  F igu res  13  and 14 show the  r e s u l t s  
f o r  a  sys tem w i t h  f a c e  and by-pass dampers con- 
t r o l l e d  by room a i r  d r y  bu lb  temperature  and an  
u n c o n t r o l l e d  c o o l i n g  c o i l .  The system a c h i e v e s  
good humid i ty  c o n t r o l  and p u l l s  t he  aystem down t o  

t empera tu re  wi th in  a  b r i e f  pe r iod .  While the  
supp ly  a i r  temperature  is  s i g n i f i c a n t l y  below the  
room a i r ' s  dew p o i n t  a t  f i r s t ,  t h e  d e p r e s s i o n  
q u i c k l y  vanishes .  It is u n l i k e l y  t h a t  t h e  sys t em 
would expe r i ence  condensa t ion  problems. A s i m p l e  
m o d i f i c a t i o n  t o  t h e  c o n t r o l s ,  however, would i n -  
s u r e  t h a t  no problems occur. During t h e  f i r s t  
phase o f  t he  s t a r t - u p ,  t he  dampers  cou ld  be pos i -  
t i oned  f o r  some f i x e d  by-pass f r a c t i o n  (chosen t o  
d e l i v e r  a  s a f e l y  h igh supp ly  a i r  t empera tu re  and a  
r easonab le  recovery period).  When some lower  
t empera tu re  i s  reached the  dampers  would be s w i t -  
ched t o  normal  modula t ion i n  r e s p o n s e  t o  t h e  room 
the rmos ta t .  F igu res  15 and 16 d i s p l a y  t h e  r e s u l t s  
f o r  such a  system. A s  is seen,  t h e  s u p p l y  a i r  
t empera tu re  is  now s a f e  th roughou t  t h e  recovery 
per iod.  The c o n t r o l  m o d i f i c a t i o n s  n e c e s s a r y  t o  
a c h i e v e  t h i s  o p e r a t i o n  a r e  minor  and t h e  inc reased  
complexi ty .  is minimal. 

A s  has  been suggested p r e v i o u s l y  ( I ) ,  t h e  
b e n e f i t s  of  f a c e  and by-pas8 o p e r a t i o n  and t h e  f a n  
ene rgy  s a v i n g s  of VAV can  be combined by c o n t r o l -  
l i n g  t h e  f a n  speed on a  f a c e  and by-pass u n i t  i n  
r e sponse  t o  t h e  room load and t h e  f a c e  and by-pass 
dampers t o  g i v e  some s e t  ( s a f e )  d i s c h a r g e  a i r  tem- 
pera ture.  This  system would automa t i c a l l y  a c h i e v e  
t h e  o b j e c t i v e s  of s t a r t - u p  w i t h o u t  f u r t h e r  mod i f i -  
ca t ion .  (La ten t  c a p a c i t y  would be p rese rved  w h i l e  
supply  a i r  temperature  would be k e p t  s a f e l y  high.) 

Con t ro l  s t r a t e g i e s  which depend upon humid i ty  
measurement have n o t  been i n v e s  t i g a  ted. Cur ren t  
e x p e r i e n c e  has  shown t h a t  h u m i d i t y  s e n s o r s  a r e  n o t  
r e l i a b l e  under the  f i e l d  c o n d i t i o n s  and mainte-  
nance c o n s t r a i n t s  g e n e r a l l y  found i n  b u i l d i n g  HVAC 
a p p l i c a t i o n s .  The approach taken i n  t h i s  work has  
been t o  use  d r y  bulb  t empera tu re  and a  knowledge 
of  the  most l i k e l y  loads  t h a t  t h e  sys tem w i l l  s e e  
t o  s e l e c t  c o n t r o l  s t r a t e g i e s  which, by t h e i r  b a a i c  
na t u r e ,  g i v e  good humid i ty  c o n t r o l .  

CONCLUSIONS 

1. The p r e d i c t i o n  of whether  a  g iven  eupply  
a i r  d i f f u s e r  w i l l  condense m o i s t u r e  d u r i n g  s t a r t -  
up is  h i g h l y  s i t e  s p e c i f i c  and c a n n o t  be made on 
t h e  b a s i s  of  f i e l d  o b s e r v a t i o n s  and t h e  a n a l y s e s  
r e p o r t e d  i n  t h i s  paper. F u r t h e r  work is needed t o  
s o l v e  t h e  a i r  f low problem f o r  common a i r  d i f f u s e r  
d e s i g n s  and o r i e n t n t i o n s .  O b j e c t i v e  gu idance  can 
then be prepared t o  a i d  t h e  d e s i g n  e n g i n e e r  i n  
s e l e c t i n g  a i r  d i s t r i b u t i o n  equipment  f o r  humid 
c l i m a t e s .  

2. For any g iven  supp ly  a i r  d i f f u s e r ,  f i e l d  
o b s e r v e t i o n e  have shown t h a t  t h e  e x t e n t  t o  which 
t h e  s u p p l y  a i r  d r y  bu lb  t e m p e r a t u r e  is below t h e  
room a i r  dew p o i n t  is a n  e x c e l l e n t  i n d i c a t o r  of  
when condensa t ion  can be expec ted  t o  occur.  

3. This  paper p r e s e n t s  a n  a n a l y s i s  technique 
which can be used t o  e v a l u a t e  the  s u i t a b i l i t y  of 
v a r i o u s  c o n t r o l  s t r a t e g i e s  f o r  t he  r ecove ry  pe r iod  
a f t e r  a  pe r iod  of shutdown. The c r i t e r i a  u s e f u l  
i n  t h i s  e v a l u a t i o n  a re :  t h e  t i m e  r e q u i r e d  t o  
b r i n g  t h e  room down t o  t h e  d e s i r e d  t empera tu re ,  
t h e  humid i ty  i n  t h e  room when t h e  d e s i r e d  tempera- 
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ture  i s  reached and the r e l a t i o n s h i p  between sup- 
ply a i r  d ry  bulb and the room dew poin t  tempera- 
ture  during the recovery period. 

4. When modulating cont ro l  i s  not required,  
a h o r i z o n t a l l y  (face)  s p l i t  c o i l  performs wel l  
during t h e  s ta r t -up  period. I f ,  f o r  instance,  the , 

c o i l  has two r e f r i g e r a n t  c i r c u i t s  one solenoid is  
kept  c losed  throughout the  start-up. This f ixed  
by-pass keepa the s e n s i b l e  hea t  r a t i o  of ,the c o i l  
down and the mixed temperature of the supply a i r  
up a s  desired.  In  a previous work (1) t h i s  system 
has been shown t o  perform wel l  during normal p a r t  
load operat ion with the low sens ib le  heat  r a t i o s  
o f ten  found i n  humid cl imates .  

5. When modulating c o n t r o l  is required,  the  
face and by-pass system with an overr ide f o r  f ixed  
by-pass during the e a r l y  minutes of s ta r t -up  is 
shown to be the pre fe r red  control.  This c o n t r o l  
s t r a t e g y  has a l s o  been previously shown (1) to 
perform wel l  under l i k e l y  loads found i n  humid 
c l i m a t e s  and appears  t o  be the moat a t t r a c t i v e  
system i n  a l l  respects.  (A modified vers ion  i n  
which the apeed of the  f a n  is control led by the 
room load and the  face  and by-pass dampers may be 
be super io r ,  i n  t h a t  i t  achieves the b e n e f i t  of 
fan savings due to VAV operation.) 

.6. In  general ,  i t  has been observed t h a t  the 
problems assoc ia ted  with r e s t a r t i n g  a u n i t  i n  a 
humid ckimate o r i g i n a t e  with the f a c t  t h a t  there  
is no t  s u f f i c i e n t  s e n s i b l e  load t o  a l low the u n i t  
t o  p u l l  the room humidity down aa des i red  without  
overcooling the  space. For t h i a  reason the  h e a t  
s to red  i n  the w a l l s  and furnishings should be 
thought o f  a s  an a s s e t  which is to be uaed wieely. 
With t h i s  i n  mind, the s t a r t - u p  should be care -  
f u l l y  timed t o  coincide wi th  the  a r r i v a l  of t h e  
occupants of the space. I f  the building i s  cooled 
of f  too long before the occupants a r r i v e  the humi- 
d i t y  w i l l  c reep upward and may become unacceptably 
high. 
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TYPICAL CEILING DIFFUSER 

FIGURE 2 
DX COIL WITHOUT CONTROLS 
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