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An analysis of the dynamic characteristics in an evaporator was numerically performed for 

control and design of the refrigeration and air condit ioning systems. The important factors, such 

as refrigerant flow rate, inlet enthalpy, inlet air velocity and air temperature, are i n c o r p o r a t e d  

with this analysis. An evaporator is modeled for the dynamic characteristics analysis separat- 

ed into three regions which are the two-phase region, the saturated vapor region and 

the superheated vapor region. The basic equations of  each region were derived in the continuity, 

heat energy equilibrium and heat transfer equations. The transfer functions of  the dynamic 

characteristics were obtained by the linearization and Laplace transformation. The dynamic 

response characteristics were evaluated on the Bode diagram with the frequency re,;ponse 

method. These results may be used for the analysis of  the dynamic characteristics and design in 

the total system. 

Key Words : Dynamic Characteristics, Refrigeration and Air Condi t ioning Systems, Transfer 

Functions, Frequency Response, Evaporator  

Nomenclature 
A : Area, (m 2) 

Cm : Heat capacity, (J /kg �9 K) 

H : Enthalpy, (J/kg) 

i : Dimensionless length, ( - )  

L : Tube length, (m) 

M : Mass flow rate, (kg/s) 

Q : Heat transfer capacity, (W) 

t : Time, (sec) 

Xo : Open area of the expansion valve, (-)  

a : Heat transfer coefficient, (W/m 2 �9 K) 

0 : Temperature, (K) 
p : Density, (kg/m 3) 

Subscripts 
- -  Average values of  integral 

* Dimensionless 

0 Steady state 

I - -6  : Each boundary 

2 : Average of boundary 1--3 

* Dept. of Refrigeration and Air Conditioning 
Engineering, Pukyong National University 

** Dept. of Gas and Refrigeration, Dong Myung 
College 

4 : Average of boundary 3--5  

a : Air  or air side 

d : Discharge 

g : Saturated vapor 

i : Inside circumference 

in : Inlet 

m : Tube wall 

o : External circular 

out : Outlet 

r : Refrigerant 

out : Outlet 

s : Superheated vapor 

shm : Average value of  internal division 

I. Introduction 

Recently high efficiency and comfort under 

wide scope of  conditions have been required for 

the design of the refrigeration and air condit ion- 

ing systems. However, the optimal control and 

sufficient cycle efficiencies are not obtained easily 

in the total operating scope. That is the reason 

why the dynamic characteristics analysis of the 
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refrigeration and air conditioning systems is very 

significant. Each component of  the dynamic char- 

acteristics such as the compressor, the condenser, 

evaporator and expansion valve, etc., is necessary 

to taken into account in order to analyze the 

dynamic characteristics of the refrigeration and 

air conditioning systems, and an analysis of the 

total dynamic characteristics that combines each 

component is also required (Higuchi, 1986; Higu- 

chi, 1987; Matsuoka, 1988; Kim, etal . ,  1994; Kim, 

e ta l . ,  1996). 

Since most refrigeration and air conditioning 

systems operate under various conditions, pure 

steady state does not exist. Especially if the capa- 

city controllers are fitted to a system, investiga- 

tions should not only be limited to the steady 

state analysis but should also include the un- 

steady state or dynamic analysis (Hiromu, 1985; 

Honma, I992; Yasuda, et at., 1992; Wang, et al., 

1991; Tanaka,  et al., 1980). Though only a few 

experimental and theoretical studies have been 

done until now, the analysis of this part has not 

offered any clear answer. Therefore, further analy- 

sis of the dynamic characteristics in an evaporator 

is essential to analyze the refrigeration and air 

conditioning system precisely. Accordingly, the 

object of this study is to give an analysis of the 

dynamic characteristics of the evaporator in order 

to analyze the dynamic characteristics of the total 

refrigeration and air conditioning system. As the 

results, the responses of the various disturbances 

are evaluated qualitatively and quantitatively. By 

combining other components analysis, these 

results may provide the data of the characteristic 

analysis of  the total system and design of control 

systems, 

2. Analys i s  Model  

The evaporator considered was the air cooling 

type plate fin co i l .  In the dynamic analysis, it was 

assumed that the refrigerant flows tube inside and 

the heat ing air  flows tube outside.  F igure  1 

shows the temperature distribution model of the 

refrigerant and the tube wall. The dynamic char- 

acteristics were performed with this model. In this 

figure, each region is divided into a two-phase 

region, completed evaporation region, and super- 

heated vapor region. 

2.1 Assumptions for the model 
The mathematical model is based on the fol- 

lowing assumptions: 

(a) The inflow air velocity and temperature are 

uniform. 

(b) The heat transfer coefficient of the outside 

Tube connection region Tube connection region 

Two phase region Completed evaporation region Superheated region 
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Fig. 1 Model of the refrigerant and tube walt temperature distribution 
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tube wail changes discontinuously in the two- 
phase and superheated vapor region, and it is 
assumed that the fluid velocity does not affect 
convection heat transfer. 

(c) The two-phase refrigerant has linear quality 
distribution from the inlet to the completed evap- 
oration point, and the refrigerant is assumed to be 
in a saturated state. 

(d) The refrigerant temperature in the two 
phase region is uniform; the saturation tempera- 
ture at the completed evaporation point replaces 
the evaporation pressure. 

(f) The pressure drop inside the tube is propor- 
tional to the temperature. 

(g) The pressure drop is ignored in the super- 
heated vapor region because the length is short, 
compared with the two-phase region. 

2.2 Basic equations 
The basic equations of the dynamic characteris- 

tics are derived from the continuity, energy equi- 
librium, and heat transfer equations with above 
assumptions and analysis model. The two-phase 
evaporating region is shown in Fig. 1 as a 
control volume between boundaries 1 and 3. 
Here, the continuity equation, energy equilibrium 
equations of the refrigerant and tube wall can be 
written as: 

o~-yU] (l) 

M~H~ - M3H3 + O~3 
dL13 

=/t[ff~T(p2H2L13 ) - p3H3~d~- ] (2) 

az~Ao* L13( 0 2 g -  O2m)- a2A,.* L13( 0 2 m -  O2) 

= C m L  dO2m (3) 

where Q,3-  az~Ao* L,3( 02g - 02m) 

-~- fro(  Oshm -- 0 2 m ) ~ - -  CmL13 dO2m 
dt 

The control volume of the completed evapora- 
tion region is shown in boundaries 3 to 5, 
where the basic equations can be written as: 

d dL3s M3-  M~=A[~-(p4Lss)-p~] (4) 

M3H~-M~Hs+Q~ 
d dL3~ ] 

C,~L3~-[ -=  ce~gAo L3s( O~g - 04m) 

- a~A~*L3s(O4m - 04) (6) 
where Qa5 = asgAo * L3s( Osg - (94m) 

,~ ,, dLa5 f "  r dO4m 
- Cm(  O~m - ~ , ~ m , ~ i - -  , - ~ 3 5 -  ~[ 

The control volume in the superheated region 
is shown in boundaries 5 to 5, where the basic 
equations can be written as: 

Ms-- M~ (7) 

1'/5 3 e ,  A T 30 C p ~ -  ~ Ap56CpL56 3t  

= a~Ai* L~d Om - O) (8) 

3Om , 
CmL~--aT- = a~Ao L~( O~ - 0~) 

-av4i*L~dO,~-O) (9) 

where, Ls6 is the length from boundary 5 to any 
position in this region, l=(LsdL~6o) is the 
dimensionless position in boundary 5, and O is 
the refrigerant temperature of the superheated 
vapor in the dimensionless position (i), and O,~ is 
the tube wall temperature. 

2.3 Combination and linearization of basic 
equations 

By combining basic equations in each region, 
each change in quantity describes the sums of  the 
equilibrium state quantity and perturbation quan- 
tity, i. e., where the operation of the ewaporator is 
considered from the equilibrium state to perturba- 
tion, which is linearized, and infinitesimal items 
of higher degree are ignored. When the inlet 
refrigerant flow rate changes, in the two-phase 
evaporating region, the linearized energy equilib- 
rium equation of the refrigerant can be written as: 

Mt0(Ha0 -//10) = ct2Ai* L13o( O2mo- 02o) (10) 
(/-/3o-- Hlo) ml = ~2Ai*(  OZmO -- 020) lla 

+ * fleA, Liao( 02m-- 02) 
+ [A (p2oH~o- pzoIAo) 

02 ~1 dlla +Cm(OshmO-- m 0 J J - ~  (11) 

Using the same method, the linearized energy 
equilibrium equation of  tube wall can be written 

as: 

a2gAo*( O2go- 02~o) 
= a2A,*(02~o- 020) (12) 
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C~ ~t~ m = a.A,* 02- ( a~A,* + a~Ao* ) O.m 

(13) 

The linearized energy equilibrium equation of 
the refrigerant in the completed evaporation 
region is given by: 

(1-15o- 113o) rn~ = a,A~* Lsso( 04m -- 04) 
, ,  ~ dos --  ~ cp 

-- ~v2 ~ o cp t : s - ~ - -  ~i  p40 Lsso~-  

- a3A,-( 0 4 ~ o -  040) 113 
+ {A[p4o(H4o- Hso) 
+ p2o(H~o-/-/3o)] 

+ c~(04~o- ~ o ) ~ 7 -  (14) 

Using the same method, the linearized energy 
equilibrium equation of the tube wall can be 
written as: 

C , , ~ =  a~Ai* 04 

-(asA,-*+asgAo*)O4m (15) 

The energy equilibrium equations of the refrig- 
erant and tube wall in the superheated vapor 
region can be written as: 

:Vl 8 0 ,  . . 80  IoCp--~- ~'- ~t.P560 CpL560" 
= a~Af*L56o( O,, - O) (16) 

80m = a,~Ao*( O~g - Ore) Cm 81 

- o<~A,* (Ore - O) (17) 

Also, in each region, derivation of the linear- 
ized equations along with each disturbance such 
as inlet refrigerant enthalpy change, air tempera- 
ture and air velocity is possible by the same 
method on the inlet refrigerant flow rate change. 

2.4 T r a n s f e r  func t ions  and block d iagram 

The transfer functions of the dynamic charac- 
teristics analysis are obtained by the Laplace 
transformation of the linearized heat energy equi- 
librium equations. When the refrigerant flow rate 
changes, in the two-phase evaporating region, the 
transfer function is represented as: 

K~B 
rm(s)e  . . . . . .  +_~_a { 1 ( I +  TzAS) }O2(S) 

_ (1+  T2s) l,a(S) (18) 
K. 

The transfer function of the completed evapora- 
tion region can be written as: 

(1 Kr, s) e Tf/I(S) 

K4B }03(s) K4A(~ ~4~ T4S){1 (1 + T4AS) 

K,. }0~(s)+ l~(s) -~ K4A(I K4 T4S){1 (1 + T4AS) 

K,(1 + T4Bs) 
- K4c (1 -  T4s) &(s) (19) 

The transfer function of the superheated vapor 
region is represented as: 

O~(s) = e_:(.~= [o+~:+cr,_[~. ) (20) O~( s) e- 

where, e ~ is the gain constant of  the static 
characteristic, ra is the time delay constant by the 
transportation delay, and Cnos/ ( l+rws)  is the 
phase delay parameter, which is the effect of  heat 
capacity in the tube wall. Also, in each region, the 
transfer functions of the dynamic characteristics 
analysis along each disturbance such as inlet 
refrigerant enthalpy change, air temperature and 
air velocity are obtained by the same method for 
the inlet refrigerant flow rate change. The block 
diagrams of each region were drawn through the 
transfer functions of the region, and the whole 
block diagram under the various disturbances can 
be described by the combination of transfer func- 
tions of each region such as the two-phase, the 
saturated vapor and the superheated vapor 
region. 

3. Results  and Discuss ion 

3.1 Responses  of  e a c h  region 

The response characteristics were analyzed 
from the Bode diagram in the frequency response 

h r mr 

I Ol k / J~t3 
] Evaporating p . . . . . . .  [ - ~  Two ph . . . .  porafit~g felon i ~  

/ ',, 
0a v a 

Fig. 2 Block diagram of the two-phase evaporating 
region 
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(b) Response of phase 

Fig. 3 Responses of length in the two-phase evaporat- 
ing region 
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(b) Response of phase 
Fig. 5 Responses of outlet temperature in the completed 

evaporation region 

I [ Two phase region 

h r mr  

::i x / ;_ Comple|ed evaporation region 

0, / X v  a 

Fig. 4 Block diagram of the completed evaporation 
region 

method. It was performed separately under each 

disturbance and combined disturbances�9 Figure 2 

shows the block diagram of the two-phase evapor- 

ating region, and Fig. 3 shows the responses of 

length of this region in the frequency response 

method when various disturbances were input 

parameters. In the gain diagram of Fig. 3(a), 

the change of inflow air velocity showed-large 

ga in re sponse  in the total frequency range�9 

Also, substantially each disturbance showed 

high gain value in the low frequency band, 

but these showed decreasing tendency when 

moving toward the high frequency band. It is 

believed to be that the heat transfer coefficient of 

h r mr  

\ 
ICnmpleted evaporati . . . .  gion ] - - ~  [ Supecheated vapor region t - ~  

/ ',, 
O~ v a 

Fig. 6 Block diagram of the superheated vapor region 

the refrigerant side and evaporating temperature 

affect largely in this region. In the phase diagram 

of Fig. 3(b), the change of inflow air temperature 

showed the lowest phase delay, the change of the 

refrigerant flow rate showed the highest. The 

reason is that the change of flow rate accompanies 

the time delay, thus the time delay constant affects 

the phase delay. The total phase response showed 

the response characteristics of higher degree. 

As the same method, Fig. 4 shows the block 

diagram of completed evaporation region, and 

Fig. 5 shows the responses of outlet temperature 

in this region. In the gain diagram of" Fig. 5(a), 

the change of inflow air velocity showed the 
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largest response, and the change of refrigerant 

flow rate showed increasing tendency when mov- 

ing toward the high frequency range. The gain 

response of total disturbances showed the highest 

in a frequency of 5 • 10 ~ In the phase diagram of 

Fig. 5(b), the change of inflow air temperature 
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(b) Response of phase 

Fig. 7 Responses of the outlet temperature in the super- 

heated vapor region 

and velocity showed almost similar tendency; the 

change of refrigerant flow rate showed small 

phase delay when moving toward the high fre- 

quency band. It is believed to be that the refriger- 

ant in this region is in a saturated state, so the 

heat capacity of the tube wall affects the gain and 

time delay constants which affect the responses of 

length. 

Figure 6 shows the block diagram of the super- 

heated vapor region, and Fig. 7 shows responses 

of the outlet temperature in this region. In the 

gain diagram of Fig. 7(a), each disturbance 

showed almost no influence on the total fre- 

quency range, and when the various disturbances 

input simultaneously, the response increased 

when moving toward the high frequency band. In 

the phase diagram of Fig. 7(b), the change of the 

refrigerant flow rate and inlet enthalpy, and the 

change of the inflow air temperature and velocity 

showed similar tendency, respectively. And the 

total phase delay showed an item of higher 

degree. It is believed to be that the refrigerant in 

this region is in a superheated vapor state and the 

heat transfer coefficients on the refrigerant and 

tube wall side and temperatures of refrigerant and 

tube wall almost were not affected from the vari- 

ous disturbances. 

3.2 Responses of total region 
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Fig. 8 Block diagram of the evaporator 
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Fig. 10 Response of the evaporator outlet temperature 

( & )  depend on the change of air velocity 

From the results of the dynamic characteristics 

in each region, the dynamic response of the outlet 

temperature in the evaporator was analyzed by 

combining the transfer functions of each region in 

the block diagram when various disturbances 
were operating in the evaporator. Figure 8 shows 

the block diagram of the total evaporator as well 

as the transfer functions of each region in the 

evaporator. 

Figure 9 shows the response of the outlet tem- 

perature (06) in the evaporator when the change 

of the refrigerant flow rate is operating in the 
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Fig. 12 Response of the evaporator outlet temperature 

(0~,) in the evaporator 

total region of the evaporator. In this figure, the 

results showed a higher tendency in the low fre- 

quency band, which decreased when moving 

toward the high frequency band. These results 

showed differences from that of Fig. 7 only in the 
superheated region. The reason is that the time 

delay and time constants were affected by the heat 

capacity of the tube wall, the heat transfer coeffi- 

cients on the refrigerant and tube wall side. 

Figure 10 shows the response of the outlet 

temperature (06) in the evaporator when the 

change of air velocity is operating in the total 
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region of the evaporator simultaneously. Figure 
11 shows the evaporator outlet temperature (06) 
when the change of air temperature is operating 
in the total region of the evaporator simultaneous- 
ly. In these figures, the gain and phase values 
showed almost similar tendency qualitatively 
with that of Fig. 9, but they differed quantitatively 
in the whole frequency range. Gain, time constant 
and time delay were considered on the basis of  the 
heat transfer coefficient on the refrigerant and air 
side. 

Figure 12 shows the response of the outlet 
temperature (06) in the total evaporator when the 
disturbances, such as change of refrigerant flow 
rate, air velocity, and air temperature, are operat- 
ing simultaneously. In this figure, the responses of 
gain and phase showed different trends in each 
disturbance input, respectively. 

4. Conclus ions  

The transfer functions of the dynamic charac- 
teristics in the evaporator were obtained from the 
basic equations, linearizations and Laplace trans- 
formations of equations for the various kinds of 
disturbance input. The analyses of the dynamic 
characteristics were performed by the frequency 
response method, and results of  this study can be 
described as follows: 

The development of a block diagram on the 
dynamic characteristics analysis in the evaporator 
become possible by linearizations of the basic 
equations, derivation of transfer functions, and 
combination of these with various kinds of distur- 
bance input. Effects of various disturbances on 
the actual evaporators were analyzed by the fre- 
quency response method, and the basic design 
data in the evaporator were obtained quantitative- 
ly and qualitatively. Sufficient data were obtained 
to analyze the dynamic characteristics in the total 
system on the basis of these results. Therefore, 
these results may be used to evaluate hardware 
and optimal design parameters, design control 
systems and determine the best controller settings 

for the refrigeration and air conditioning systems. 
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