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ABSTRACT

Knowledge of the psychrometric properties of moist air is essential in the design of air conditioning,
cold storage, and drying processes. The presented paper describes the development of mathematical
model suitable for calculating psychometric properties and for simulation of dynamic behaviour of
moist air in refrigerated room.

Moist air, circulating around refrigerated product within cold chamber, is continuously in direct
contact with surface of the goods, chamber walls, chamber outfit, fans, defrosting coils and
evaporator surface. Smultaneous heat and mass exchange occurs between moist air and all elements
that air flows by. During the flow within the cold chamber, moist air is simultaneously exposed to all
typical changes of state, such as cooling, heating, dehumidification, moistening and mixing with
outside air stream caused by door opening and air leakage.

Developed mathematical model, describing the dynamics of air temperature and humidity change
caused by those multiple influential factors, is based on mass and energy balances. Such model
provides calculation of psychometric properties and simulation of dynamic behaviour of unsaturated
and saturated moist air between temperature ranges of above and below 0°C (including 0°C).
Keywords: dynamic mathematical model, moist air, refrigerated room

1. INTRODUCTION

Prior to setting a dynamic mathematical model of moist air in cold chamber, it is necessary to define
its properties, as well as mutual relations of those properties based onto physical laws of the moist air
theory [1, 2]. The water vapour saturation pressure Pysa, Pa, at given temperature of the moist air T,
(K), can be calculated by the application of Hyland-Wexler’s equation [1]:

PysalTa)=exp (%+ C,+CT,+C, T +CT2 +CTA +C, InTAJ : (1)
A

where constants C; are given in Table 1.
To calculate the specific enthalpy of moist air ha, Jkg™, the following equation is used:

ha=10059, + X4 (2500357 +18308, ) + X oG I — % 4(334000—¢ ), 2)
where: Xg A, kgkg™', is the vapour content in saturated moist air; X a, kgkg™, is liquid water content; X a,
kgkg™, is ice content. For the specific heat capacity of liquid water and ice, ¢ and G, Jkg'K™, real
(local) values depending on the current air temperature 9a, °C will be introduced. The constants are

taken from available literature [3, 4, 5] and corrected. Thus, the results of the equation (2) do not
derogate more than the value of 0,05 % from the results obtained by Mollier’s equation [6].
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Table 1. Coefficients of the Hyland-Wexler Equation [1]

173,15 K <Tp £273,15K 273,15 K <Tp <473,15K
C —-5,674 359 0 E+03 - 5,800 220 6 E+03
C, 6,392 524 7 E+00 1,391 499 3 E+00
G —-9,677 843 0 E-03 —4,864 023 9 E-02
Cy 6,221 570 1 E-07 4,176 476 8 E-05
Cs 2,074 782 5 E-09 — 1,445 209 3 E-08
Cs —-9,484 024 0 E-13 0,000 000 0 E+00
G 4,163 501 9 E+00 6,545 967 3 E+00

2. MODEL DESCRIPTION AND PRESUMPTIONS

Moist air, which is a mixture of dry air (mya, kg) and moisture (mya, kg), is circulating around
refrigerated product within cold chamber, thus guaranteeing the uniform distribution of temperature
within the chamber. Refrigerated moist air (A) is continuously in direct contact with surface of the
refrigerated product (P), chamber walls (W), chamber structures and its outfit (S), fans (F), defrosting
coils (D) and most of all with evaporator surface (V), as shown in the structural model on figure 1.
Consequently, the change of heat and mass between moist air and system elements in contact with it
occurs. The moist air in cold chamber is continuously exposed to all characteristic changes of state:
refrigerating, cooling, drying, moistening and air streams mixing due to the fact of chamber leakage
and door opening.
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Figure 1. Sructural Model of Refrigerated Moist Air /7]

The dynamic mathematical model of refrigerated moist air has been developed, describing the
dynamics of air temperature 9a (t), and value of moisture content Xa (t) and relative humidity @a (1),
caused by those multiple influential factors represented in the structural model in figure 1. During the
model setting, following presumptions and simplifications are involved [7]:

— air temperature 9, is equally distributed within the whole space of cold chamber,

— dry air and superheated water vapour are treated as ideal gases,

— change state of moist air occurs at constant volume,

— partial pressure of dry air Paa in the mixture is changed according to the law of isochor,

— dry air leakage mass flow into the environment m, , ¢, is equal to dry air mass flow penetrating into

chamber M, , g4, thus resulting in constant dry air mass within the chamber mga,

— mass flow of moisture which is in a form of liquid water or ice within the moist air is disregarded,

— specific heat capacities of dry air C, 44 @nd C, a4, and superheated water vapour C,s and C, s have
constant values.
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3. EQUATIONSOF ENERGY AND MASS CONSERVATION
Mathematical model is based on mass and energy balances. The equation of energy conservation for
refrigerated moist air within cold chamber may be written in the form of:

dU,(t) _

T - QA,rez (t)+ H a,A,rez(t)+ Hs,A,rez(t) > (3)

where: Uy, J, is internal energy of moist air; QAYreZ, Js'' is a sum of all of heat flows, to which moist
air is exposed; Ha, Arez> Js, is a sum of all of enthalpic flows for dry air; and H SArezs Js', is a sum of

all of enthalpic flows for water vapour within the mixture of moist air.

The left side of the equation (3) is representing the change of internal energy which is being stored in
moist air, and with the presumption on constant mass of the dry air, it may be expressed as follows:

du A(t) _ dua,A(t) duw,A(t) dmN,A(t)
ot =My A ™ +mN,A(t)' ™ +uw,A(t) ot

where: Uy o =CanPas Jkg'', is specific internal energy of dry air; and Uy a =Usp = Pis +Cs Fas Jkg'!,

, 4)

is specific internal energy of humidity in the form of superheated vapour within non-saturated moist
air. Introduction of U, , and u,, , into the equation (4) is resulting with:

du ,(t d,lt d,lt d t
Walt) i, 200 1), 20 [, v 0] I

QA,rez(t) is the sum of all heat flows towards and from the moist air within cold room:

QA,rez(t) = Qualt)+ Qpalt) + Qaa(t)+ Qea + Qo — Qav (t). (6)
Mass balance of superheated water vapour within non-saturated moist air gives the expression:
d t) . . . .
m;—f() = rns,PA(t)+ rns,EA(t) LS (t)- ms av (t). (7)

Mass flows of dry air and water vapour are connected with their enthalpic flows. The resultant of all
of the enthalpic flows of dry air into the moist air is:

H a,A,rez(t) = ma,A,EA(t) ha,A,E - rha,A,AE (t) ha,A,A > (8)
while, the resultant of all of the enthalpic flows of water vapour within the moist air is:
H s,A,rez(t) = ms,PA(t) hp + rhs,EA(t) hgg — My A (t) hg o =M Ay (t) hg - )

Rearrangement of previous equations [7], results in equations which are describing the dynamics of
the temperature a (t) of refrigerated non-saturated moist air within the refrigerated room:

dg,(t) _ Qualt)+ Qpalt)+ Qaa(t)+ Qea + Qoa — Quy () + ma,A,EA(t)Cpa,A['gE (t)-9a(t)] N

dt M aCant ms,A(t)Cvs
+ ms,PA(t) hyp + ms,EA(t) hye - [ms,AE (t)"' M v (t)]hs,A - ms,A(t)[pls +Cs '9A(t)]
My aCran+ Malt)Cs ’ (19
and expressions for the current value of relative humidity ¢a(t) and moisture content Xa (t):
myat) R TA(t)
palt)= 22 A (11)
A Va Py s,A('gA)
t 4
X, (t)=0,62198 oalt) pgs,A( A (12)

pA(t) - (/7A(t) Py S,A(‘9A) ‘
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4. MODIFICATION OF THE MODEL FOR THE PHASE CHANGES PHENOMENA

When the moisture content Xa exceeds moisture content of saturated air Xga (Xa = Xga), the
condensation and/or desublimation of water vapour as well as the phenomenon of liquid droplets
and/or ice crystals occurs, depending on value of the air temperature Ja (t). When the air temperature is
Ia(t) > 0 °C, the saturated moist air contains the moisture in the form of superheated water vapour
and liquid droplets. In that case equation (10) is replaced with (13), which is describing dynamics of
the temperature of the saturated moist air with the surplus of humidity m 4 (t) in the form of fog:

d&,(t) _ Quat)+ Qpalt)+ Qaa(t)+ Qea + Qop — Quy (1) + rha,A,EA(t) Cpa,A[‘gE (t)- '9A(t)]+ ms,PA(t) hsp N
dt M, A Cran+ Mysal9a) Cs+M A(t)G
ms,EA(t) he - [ms,AE (t)"‘ Mg Ay (t)] hy o — mgs,A(‘gA)[pls +Cs ‘9A(t)]_ m ,A(t) G '9A(t)
M, A Cva,A+mgs,A(‘9A)Cvs+ m,A(t)CI -
If air temperature is 9a (t) < 0 °C, the humidity in the saturated moist air is in the form of superheated
water vapour and small ice crystals, and equation (10) assumes the form of equation (14), describing

dynamics of temperature of the saturated moist air with the surplus of humidity m 4 (t) in the form of
white ice or snow:

dg, (t) _ QNA(t)+ QPA(t)+ QSA(t)+ QFA + QDA - QAV (t)"' maA,EA(t) Cpa,A[lgE (t)_ '9A(t)]+ ms,PA(t) hp N
dt M, ACua,at My s,A(‘gA) CstM ,A(t) G
ms,EA(t) hye — [ms,AE (t)+ Mg Ay (t)] hy A — My s,A(‘gA)[pls +Cys l9/&('[)]_ m ,A(t) G lS’A(t)
M, ACyaat My s,A(’gA)Cvs +m ,A(t)cl .

Finally, if the temperature of saturated moist air is 9 (t) = 0 °C, the humidity can appear in all three
aggregate forms — as superheated vapour, liquid water and ice. Equation (15), describing the dynamics
of liquid water within the saturated moist air, is derived by modification of the equation (10):

+

(13)

J’_

(14)

dmd,:(t) = rL[QNA(t)+ QPA(t)+ QSA(t)"r QFA + QDA - QAV (t)+ rha’A,EA(t) Cpa,A ’9E (t)+
il
+ rhs,PA(t) hgp + rhs,EA(t) hgg — My pe (t) hg p =M ay (t) hg o +334000 mN,A(t)] : (15)

5. CONCLUSIONS

In the presented paper, the mathematical model for calculation of all possible states of refrigerated
moist air within the cold chamber has been developed. It can be used for simulation of dynamic
behaviour and those refrigerating systems where, due to door opening, moisture content X (t) of air in
cold chamber occasionally over exceeds saturation limit X3 a. Developed model can enable calculations
of psychometric properties and simulation of dynamic behaviour of non-saturated and saturated moist
air, at temperatures over and under 0 °C. The method of System Dynamics, known as Forrester's
Dynamics, was used for development of dynamic numerical model, and Powersim program was used
for simulation. The model is verified and confirmed by comparison of simulation results with
experimental results.
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