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A p rocedure  is shown for  the t rans ien t  analysis  of an a i r  conditioner with p lane-para l le l  
packing and forward  flow, when the dynamic pe r fo rmance  is desc r ibed  by t ranscendental  
t r a n s f e r  ftmctions. 

Ref r igera t ion  sys tems  and apparatus a re  usually analyzed for  s t eady-s t a t e  pe r fo rmance .  Such an 
analysis  makes it poss ible  to de te rmine  the i r  coefficients of heat  and mass t r ans fe r .  Heat t r ea tmen t  plants 
for  food products  opera te  always under unsteady conditions, ha view of this ,  it becomes n e c e s s a r y  to 
analyze t rans ien t  pe r fo rmance  modes.  On the basis of such an analysis ,  it appears  feasible to develop 
a rat ional  sys tem of automatic  regulation,  to define its pe r fo rmance  r equ i r emen t s ,  and to design an o v e r -  
all eff icient  apparatus .  By analyzing the effect  which a variat ion of s t ruc tura l  and thermophysica l  p a r a m -  
e t e r s  has on the a i r -condi t ioner  response ,  one can pred ic t  its pe r fo rmance  and design an apparatus with 
the requ i red  dynamic cha rac t e r i s t i c s .  

It is well known that the t rans ien t  pe r fo rmance  can be descr ibed  by t r ans fe r  functions defining the 
r espons e to respec t ive  per turbat ion and regulat ion signals ,  and we will he re  der ive  these  functions as 
follows. 

1. We wri te  the differential  equations of heat balance and mater ia l  "~alance in the apparatus .  The 
heat balance in the mass of humid a i r  along element  AH (of packing height) is 

dQadH= ( -bhcaYacan-blmaYacvn 1000dAd ) dtadH (1) 

and r e p r e se n t s  the amount of heat t ransmi t ted  f rom the a i r  to the liquid while the a i r  t empera tu re  changes.  

Since the quantity (dAd/1000)c n is negligibly smal l  as compared  with Ca, hence the second t e r m  in 
Eq. (1) may be omitted. In view of what has been said he re  and because  dQa = aa( ta- tw)12ndH,  Eq. (1) can, 
a f t e r  s imple t r ans fo rmat ions ,  be wri t ten in par t ia l  der iva t ives  

Ota = %12n (to - -  t~). (2) blcan'~h - ~  - -  Ga c a 

The total  amount of heat,  sensible and latent,  rece ived  by the dew eollecting liquid mass is 

Gwc~dt~ = [aal2n(~a_tw ) _ ~t2n(Pa__ p,,) l~Oo t dH. (3) 

Having used the Psa t  = f(t) curve plotted from s team rubles, we now replace  it by the fol!owing relat ion 
valid for smal l  t empera tu re  drops 

PH ~ n (to-- e), (4) 

where  n and e a re  constant within any given t em p e ra tu r e  range.  

Considering that Pa = B - P v  and substituting Pv = ~Psat in (4), we obtain 

pa-----'-- ((p + 1)nl a (5) 
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With express ion (5) taken into account,  Eq. (3) is t r ans fo rmed  into a par t ia l  differential  equation: 

Otv~ + Otw ~- (CZal2n ~ rm) t. a ~ aal2nt ~, 2.1H~l~nco, ~ G~c~o - ~  (s) 

where  

- (~-I- l) 2npt~ 
m == 

1000 

2. Having pe r fo rmed  the n e c e s s a r y  t rans format ions  and having l inear ized  the nonlinear re la t ions 
a a = ~a(Ga, Gw) , /3 =/3(Ga, Gw) in the preceding  paragraph  for  solution by the method of small  pe r tu rba -  
t ions with ze ro  initial and boundary conditions, we now p e r f o r m  Laplace  t rans format ions  with respec t  to 
the coordinates  ( t ime and height H, the l a t t e r  charac te r iz ing  the dis t r ibut iveness  of p a r a m e t e r s  in the 
heat  exchanger):  

(--  s - -  At (p)) ta{S, p) . . . . .  a,,t w (s, p ) i  l_  asGa(0 ' p)+t in  (0, p); 
8 

(7) 
(s-[:B 1 (p))I w (s, p) =: b:~a (s, p) -l- 1--b4Ga(0, p)-[-tw;r P). 

S 

3. We then solve this sys tem of equations (see preceding paragraph)  in opera tor  form and d e t e r -  
mine the roots  st(p), s2(p). 

4. Pe r fo rming  the inverse  Laplace  t rans format ion  with r e spec t  to coordinate  H (packing height), we 
obtain the t r a n s f e r  functions for an a i r  condit ioner with p lane-para l le l  packing and forward  flow: 

W(H,  p) [a(tI' p) l [(--.- s, (p) .! B,(p))e-~'(")t'+ (s.,. ( p ) - -  B, (p))e-~'"'"], (8) 
[in (0, p) s~ (p) - -  s t (p) 

where  

Bt(p) :: blp [be; A1(P) ad~ .l- a.,; 

where  s t ,2(P) a re  the roots  of the sys t em of equations descr ibing the heat  t r an s f e r  in the a i r  condit ioner.  

Known methods of solving Eqs.  (1) r equ i r e  an approximation of t ranscendenta l  ftmctions [1, 2]. A 
drawback of such an approach is that one cannot es t imate  the o rd e r  of the approximating function neces -  
s a r y  for the des i red  accu racy  of  the solution. 

Frequency  methods,  which have been widely used now for the analysis  of automatic regulation sys -  
t ems ,  make it poss ible  to plot the t r ans ien t  response  of a plant to various per turbat ion and regulation 
signals without the need to approximate  the t r an s f e r  function (8). 

This ar t ic le ,  t he re fo re ,  will deal with the p rocedure  for  plotting the t rans ient  response  of a plant 
desc r ibed  by a t r a n s f e r  function l ike (8) when the input signal is a s tep function or an a r b i t r a r y  t ime func- 
tion. 

In o rde r  to obtain the ampl i tude-phase  cha rac t e r i s t i c s  of a plant,  we substi tute p = jw in the t r ans fe r  
function (8) so tlmt st(p) and s2(p) become 

s,.2 (io,) :-- b_j d--a, 1~o + b2 + a_____&z + 1 V ' (bx_at)~ o?+2[(a~'bx) a.+(ba--a,)  b.] ]o)-t- [(b-~q--a2)~ + 4a~b~]. (9) 
" 2 2 - 2  

The express ion  under the squa re - roo t  sign in (9) will now be t r ans fo rmed  into 

( ) /  . . . .  sin tp . 1 + cos tp 
V r ( e o s w + / s i n w ) = V r  1 + 1  l + c o s w  2 (to) 

where  

J ~  2 2 r V ( C ~  ~ C3O)2) "~ -~- C l O  ; 
C 2 - -  C30) 2 

(c~ ~ c ~ )  ~ + c ~  ~ 
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sin r c10) cl = 2 [(a 1 - -  bl)a ~ + (b I - -  aa) b~]; 
V' (c~ - -  c # ~ )  ~ + c~o 2 ; 

c~ = (b z ~ a~) ~ + 4a~ba; c a = (bx - -  aO~; 

bt?an ; 2 lH?wn ~wo2n/, 
a a . . . .  b~ = ; b z . . . .  " 

G a G~ Gwcw 

10 ~.awo2nl ~ r (1 + q~) 2nln~ a w o 2 n l  . ba = 
a~ = Gaca ' l Oa'GwCw 

A c c o r d i n g  to (10), the  roo t s  can be e x p r e s s e d  as 

% (]0)) = Re 1 (o) + J Iml (0)), 

% (j0)) = Re. (0)) -5, ] Im 2 (0)). 
(n) 

Af te r  i n s e r t i n g  the  va lues  (ii) into the t r a n s f e r  funct ion (8) and us ing  the E u l e r  f o r m u l a  

e -iIm'"~)n = cos Im~ (co) H - -  ] sin In" h (0)) H, 

e -lIm'(o)H = cos Im~ (o) H - -  i sin Ira, (0)) H, 
(12) 

we wil l  t r a n s f o r m  the  t r a n s f e r  function (8) so  as  to  s e p a r a t e  then the  r e a l  and  the  i m a g i n a r y  c o m p o n e n t  

W (H, 1 0 ) ) = P ( H ,  0)) + ]Q(H,  m), (13) 

w h e r e  

P (H, 0)) V, (H, 0)) Vs (0)) + Vo_ (H, 0))-V 4 (co) i 
v~ (0)) + v~ (~o) 

Q (H, 0)) = V~ (H, 0)) V~ (o) ~ V~ (0), H).V 4 (0)) / '  
v~ (0)) + v~ (0)) 

V~ (H, co) = [(b~ - -  Re~ (w)) cos Ira, (co) H + (b~0) - -  Ira, (0))) sin Ira, (0))HI 

(14) 

• e--R~'(~ [[Re,_, (0)) - -  b2) cos Im 2 (0)) H + (Imo. (w) - -  b0)) sin Im 2 (0)) HI e -R~"('~ 

Vo (H, co) = [(b,~o - -  Im~ (0))) cos Im~ (0)) H - -  (b~ ~ Rea (o~)) sin Im~ (0)) HI 

• e - " ~  [(Im~ (o~) - b~o,) r Im~ (~o) H - -  (~e~ (0)) - -  %)s~, i ~  (~o) .'-I] e -"~"~)",  

V, (0)) = i m  2 (@ ~ Im 1 (0)); V a (0)) = Re. (0)) - -  Rq (0)). 

( i s )  

(16) 

(17) 

In o r d e r  to  p lo t  the t r a n s i e n t  r e s p o n s e  which  wil l  s i m u l a t e  the  t i m e - v a r i a t i o n  of  the  a i r  t e m p e r a -  
t u r e  a t  the  a i r - c o n d i t i o n e r  ou t le t  t a f t )  d u r i n g  a v a r i a t i o n  of the a i r  t e m p e r a t u r e  a t  the inlet  t in{r) ,  we  use  
the  r e l a t i o n  be tween  the  t r a n s i e n t  funct ion t a ( r )  and the  r e a l  o r  the i m a g i n a r y  c o m p o n e n t  of  the f r e q u e n c y  
c h a r a c t e r i s t i c  of  the  a i r - c o n d i t i o n e r  [3]. 

We  c o n s i d e r  h e r e  two c a s e s .  

a .  If  the p e r t u r b a t i o n s  a t  the a i r - c o n d i t i o n e r  in le t  v a r y  s t e p w i s e ,  then the  t r a n s i e n t  funct ion t a f t )  is 
r e l a t e d  to the  r e a l  and the i m a g i n a r y  c o m p o n e n t  of  the  f r e q u e n c y  c h a r a c t e r i s t i c  (11) as  fol lows [3] : 

2 ~' P (H, 0)) sin'~cod0), "~ > 0, 
ta(T) n . 0) 

0 

ta(~ ) = P (0) + 2_ i Q (H_, ~) sin ~0)d~, �9 > 0, 
~.J 0) 

0 

(is) 

(19) 

w h e r e  P(0) is the va lue  of  the r e a l  c o m p o n e n t  a t  w = 0. 

Using the  concep t s  of  an i n t eg ra l  s ine ,  in t roduc ing  the  d i m e n s i o n l e s s  p a r a m e t e r s  

- -  0)1 ~- 

0)0 0)0 
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Fig. 1. Input signal r e so lved  into the sum of ramp signals: 1) a i r ;  2) a2(T--Ti); 
3) a3( r - r2 ) ;  45 a4(~--r3}; 55 as(~:-r4); t e m p e r a t u r e  tin (~ t ime T (minS. 

Fig. 2. Real component of the f requency cha rac t e r i s t i c  of an a i r  condit ioner,  
w (1/minS.  

and let t ing w 0 = 1, we r ewr i t e  express ion  (18) as 

h~ (~) = 7 ~ si ~) - s~. (~,, ~) + ~ ~ (20) 

When Pl(05 = 1, express ion  (205 yields a enit  t r ans ien t  fenction which has been tabulated in [3, 4]. With 
the aid of (14)-(17), we thus plot the r e a l  component of the f requency cha rac t e r i s t i c  and approximate  it 
by a s e r i e s  of  polygon segments ,  the t rans ien t  r e sponse  corresponding to each segment  fotmd f rom the 
express  ion: 

t~(~)i = h~ (~)p, (0). 

Finally,  the t rans ien t  responw of the plant to a s tep change In the input sign'al will be 

i = l  

(21) 

(22) 

with n denoting the number  of  polygon segments  approximating the rea l  component of the f requency  cha r -  
ac t e r i s t i c  (14) and ~ denoting the slope of  the respec t ive  polygon segments  (which can v a ry  f rom 0 to 1). 

b. The Input signal (air  t empe ra tu r e  at the Inlet) var ies  not s tepwise but a rb i t r a r i l y  In a quasi -  
exponential manner .  

F o r  this case  we will cons ider  the re la t ion between an Input signal varying along curve  tin(T) (Fig. 1) 
and the outlet a i r  t empe ra tu r e ,  the l a t t e r  following in accordance  with the t r an s f e r  function (8). We will 
use  h e r e  a p iecewise- l inear  approximation of the Input per turbat ion ,  represen t ing  the l a t t e r  as the sum 
of l inear  signals [5]. The t rans ien t  r e sponse  ta/(r)  of a plant descr ibed  by the t r a n s f e r  ftmction (8) to a 
l i nea r  input signal tin(T) = r can, in fact ,  be r ep re sen t ed  as the sum of two components:  a l inea r ly  in- 
c reas ing  one ta/l(r)  and a bounded one tal2(r): 

where  

(23) 

ta/l(x ) = kT == P (0) T. 
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Fig. 3. Plot  of function ta/2(T): t ime  �9 (rain). 

Fig. 4. Plot ted t r ans i en t  r e sponse  of an a i r  condit ioner:  1) curve  r e p r e -  
5 

senting ~ a i +tta/2(~---Ti); 2) t r a n s i e n t  r e s p o n s e  de te rmined  analytically;  
i =  1 

3) t r ans i en t  r e s p o n s e  m e a s u r e d  in tes ts ;  t e m p e r a t u r e  ta(T ) (~ t ime  
(rain). 

TABLE 1. P a r a m e t e r s  of the Polygon Segments  

No. of poly- 
gon segment 

I 

I I  

Value of the 
ordinates 

Pl (co, H)= 1,43 

--P@o, H)=0,65 

I T Flat range of the i oral range of 
pass band, 1/mintpass band, l/rain 

c01~5 

0)~ = 6,6 

r = 5 , 8  

o)o2 = 8 , 9  

Slope 

x1 = 0,86 

• = 0,74 

On the bas i s  of a p i e c e w i s e - l i n e a r  approx imat ion ,  an input s ignal  of a r b i t r a r y  f o r m  can be r ep re sen t ed  
as  the sum of two r a m p s  with a definite de lay  between them: 

n 

tin (~) -= ~ at+, (~ - -  ~), (24) 
i = 0  

where  
ai+l ~ tgai+~ -: tg~i+1--tg[~ (see Fig. 1) 

The t r ans i en t  r e s pons e  to an input signal (24), with (23) taken into account,  can be e x p r e s s e d  as [5] 

n 

la(T) = P (0)T - -  ~7" a / + t t a l 2 (  ~: ~ T~). (25) 
i = 9  

Using the r e su l t s  in [5], we obtain a re la t ion  between the bounded component  tal2(T) and the rea l  or  

the imag ina ry  component  of the f requency c h a r a c t e r i s t i c ,  whereupon we plot  the t r m  sient  r e sponse  g r ap h i -  
cal ly.  

Under actual  condit ions,  the a i r  t e m p e r a t u r e  a t  an a i r - cond i t ione r  outlet is usual ly  affected by 
s e v e r a l  pe r tu rb ing  and regula t ing  fac to r s  (change in the a i r  flow ra t e ,  change in the inlet a i r  t e m p e r a -  
ture)  which may  occur  s imul taneous ly  and in s tep or in any o ther  a r b i t r a r y  form.  It is thus in te res t ing  to 
plot  the ta/2('r ) cu rve  based  on the r ea l  component  of the f requency  c h a r a c t e r i s t i c  of the plant  or ,  in this 
c a s e ,  it is poss ib le  to use the s a m e  P(H, co) c h a r a c t e r i s t i c  for  analyzing the a i r - cond i t ione r  r e s p o n s e  to 
a un i t - s tep  input (with the aid of hx- func t ion  tab les  [3, 4]) as well  as to an a r b i t r a r y  input s ignal .  

The rea l  component  of the f requency  c h a r a c t e r i s t i c  der ived  h e r e  we will a lso  approx ima te  by the sum 
of p i e c e w i s e - l i n e a r  f requency c h a r a c t e r i s t i c s  and on this bas i s ,  then, be able to wr i t e  

n 

ta/~(T) -~ Z l~ 0:), (26) 
g = l  
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TABLE 2. P a r a m e t e r s  of the Approximat ion to a Per turba t ion  Sig- 
nal 

Curves in Fig. 1 
Paramef~r - 

1 2 3 4 5 

ai 

85 ~ 
al= 11,43 

5rain 

72 ~ 
a~=7,25 
15 rnin 

48 ~ 
a3~-1,96 
42 min 

27 ~ 
a4= 1,45 
82 min 

15 ~ 
a5~0,241 
111 rain 

where  li(T) denotes the t r a n s i e n t  r e s p o n s e  to a l i nea r  f requency  c h a r a c t e r i s t i c .  

Introducing again the in tegra l  sine Si(T, co) and the in tegral  cos ineCi(7 ,  w) for  a unit polygonal f r e -  
quency c h a r a c t e r i s t i c  (Pt(0) = 1, w 0 = 1) with ~ = w i / ~ 0 ,  we obtain f r o m  (26) [3] 

l~,(~) = 2"cl~-- - 'S i ( •176176215215 ( 2 x . . (27) 

analogous to (20). E x p r e s s i o n  (27) is a function of ~ and has  been tabulated in [5]. 

In o rde r  t h a t / i ( r )  which co r re sponds  to a polygonal c h a r a c t e r i s t i c  with p a r a m e t e r s  Pi(0) c~m be 
found with the aid of these  t ab les ,  it is n e c e s s a r y  that  

li (x) = lx r (x) -Pl (0), (28) 
(0 

,t- T 
- , (29) 

o) 0 

where  lT(~) a r e  the ordinates  of the tabulated function l~(r)  which co r r e spond  to a de te rmined  value of 

and T T is the value of the a rgum en t  given in Table  2. 

The  method shown h e r e  will now be i l lus t ra ted  on the t r a n s i e n t  r e s p o n s e  of an a i r -condi t ioner  chan-  
nel  c h a r a c t e r i z e d  by the t r a n s f e r  function (8). We will ca lcula te  the a i r - cond i t i one r  p e r f o r m a n c e  in the 
d r y m o d e  (~p = 50~ with the following coeff ic ients :  b 1 = 0.436; b 2 = 0.524; a t =  0.0024;a2= 0.304; b 3 = 0.528. 
These  coeff ic ients  depend on the a i r - cond i t i one r  g e o m e t r y  and on the the rmophys ica l  p a r a m e t e r s  of heat  
and m a s s  t r a n s f e r  in the appara tus .  The  inlet a i r  t e m p e r a t u r e  v a r i e s  according  to the curve  in Fig. 1. 

With the aid of  exp re s s ions  (11), (10), and (13)-(17), we plot  the rea l  component  of the f requency 
c h a r a c t e r i s t i c  f r o m  o~ = 0 to co = 9 1 / m i n  (Fig. 2), which is then approximated  by two polygon segments  
with p a r a m e t e r s  given in Table  1. The input pe r tu rba t ion  (Fig. 1) is approximated  by the sum of two r a m p  
s ignals  (Table 2). 

F o r  the ca se  of a unit r a m p  input t in(r) = r we then plot  lt(~) and/2(T) (Fig. 3) cor responding  to the 
r e s p e c t i v e  polygon s e g m e n t s ,  using for  this pu rpose  the tables  o f / ~ - f u n c t i o n s  [5] in accordance  with ex-  
p r e s s i o n s  (22), (28), and (29). The r e su l t an t  cu rve  tal2(T) r e p r e s e n t s  the sought function (26). 

E x p r e s s i n g  the pe r tu rba t ion  signal  as the s u m  of five r a m p s  with definite delays between them (Table 
2) 

t i n  (x) ~ a l  (~) + a~ ( ~ -  x~) + a,  (~ - -  ~ )  + a, (x - ~ )  + a~ (~ - -  x , ) ,  

we plot  the curve  X a i  +ttal2 ( T - 7 0  (Fig. 4) with the aid of the p rev ious ly  plot ted ta/2(T) curve  (Fig. 3). 
i = l  

With this curve  and accord ing  to (25), we find the t r ans i en t  r e sponse  of the plant  (Fig. 4) to a per tu rba t ion  
s ignal  r e p r e s e n t e d  in Fig.  1. 

In Fig. 4 is shown the t r ans i en t  r e s p o n s e  Of an a i r  condi t ioner ,  based  on t es t s  under the s a m e  con-  
dit ions (~0 = 50%). 

The t r ans i en t  r e s pons e  cu rves  obtained h e r e  indicate that  this method is su i table  for  the ana lys i s  of 
an a i r - cond i t i one r  r e s pons e  to var ious  pe r tu rb ing  and regulat ing s ignals .  

N O T A T I O N  

is the a i r  t e m p e r a t u r e  at  the a i r - cond i t i one r  outlet; 
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tin 
al ,  a2, h ,  5 3 

Rel(w) , Re2(c0) , P(H, co) 
Iml(0)) , Im2(w) , Q(H, co) 

r = 597 + 0.55t  w 
l , H  
n 

n 

Ta, Tw 
Ga, Gw 
C a ,  C w  

s = O / S H ,  p = O/Dr 

is the a i r  t empe ra tu r e  at  the a i r -condi t ioner  inlet; 
a r e  the coeff icients  depending on the thermophys ica l  p roper t i e s  of the a i r  and 
of the liquid coolant as well as on the p a r a m e t e r s  of heat and mass t r an s f e r  
in the a i r  conditioner;  
is the re la t ive  humidity of a i r  at the a i r -condi t ioner  inlet; 
a r e  the rea l  components of f requency charac te r i s t i c s ;  
a re  the imaginary  components of f requency cha rac te r i s t i c s ;  
is the frequency;  
a r e  the coefficients of heat  and mass t r ans f e r ,  respect ively;  
is the la tent  heat  of water  evaporation under the given operat ing t empera tu res ;  
a r e  the packing width and height,  respect ive ly ;  
is the number  of packings; 
is the propor t iona l i ty  fac tor  in the approximated relat ion between sa tura ted-vapor  
p r e s s u r e  and a i r  t empera ture ;  
a r e  the densi t ies  of a i r  and of liquid coolant,  respect ively;  
a r e  the flow ra tes  of a i r  and of liquid coolant,  respect ively;  
a re  the specif ic  heat of a i r  and of liquid coolant, respec t ive ly .  
a r e  the different ia l  opera tors  with respec t  to coordinates  H and ~'~ respec t ive ly .  
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