Chapter 2
Component Modeling with State-Space
Method

2.1 Basic Knowledge About State-Space Modeling Method

A state-space representation, also known as the ‘time-domain approach’, is a
mathematical model of a physical system as a set of input, output, and state vari-
ables related to first-order differential equations. To abstract from the number of
inputs, outputs, and states, these variables are expressed as vectors. Additionally, if
the dynamical system is linear, time-invariant, and finite-dimensional, then the
differential and algebraic equations may be written in matrix form [1]. The
state-space representation provides a convenient and compact way to model and
analyze systems with multiple inputs and outputs. With p inputs and g outputs, we
can encode all the information about a system instead of g x p Laplace transforms.
Unlike the frequency-domain approach, the use of the state-space representation is
not limited to systems with linear components and zero initial conditions [2].

The most general state-space representation of a linear system with m inputs,
n outputs, and p state variables is written in the following form [3]:

X(t)=A-X(z)+B-U(t) (2.1)
Y(1)=C-X(1)+D-U() (2.2)
where
U(1) is input variable vector, U(t) = [u; (1), u2(7), . . ., um(7)]";

Y(1) is output variable vector, Y (1) = 1(1),y2(%), -+, ¥n(7) T
X(t) s state variable vector, X(t) = [x1(1),%(0), % r)]T;
A is the state (or system) matrix, dim[A] = p X p;

B is the input matrix, dim[B] = p X m;

C is the output matrix, dim|[C] = n X p;

D is the feed-forward matrix, dim[D] = n x m;
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The internal state variables are the smallest possible subset of system variables
that can represent the entire state of the system at any given time. The minimum
number of state variables required to represent a given system is usually equal to the
order of the system’s defining differential equation. If the system is represented in
transfer function form, the minimum number of state variables is equal to the
order of the transfer function’s denominator after it has been reduced to a proper
fraction [4].

In this chapter, the state-space method is firstly employed to develop dynamic
models of the main components in a general HVAC system including water-to-air
heat exchanger, refrigeration system, cooling tower, air-conditioned space, air duct,
water pipe, and valves (or dampers). Afterward, the method of component models’
integration is introduced and an example of HVAC system modeling based on the
component models is given.

2.2 Modeling for HVAC Components

2.2.1 Water-to-Air Heat Exchanger

Water-to-air heat exchanger is used for air cooling with or without accompanying
dehumidification. They work under dry conditions (without dehumidification) when
the external surface temperature is lower than the air dew-point temperature or
otherwise under wet conditions (with dehumidification). For general comfort con-
ditioning, cooling, and dehumidifying, the extended-surface (finned) heat exchan-
ger design is the most popular. In finned heat exchanger, the external surface of the
tubes is primary and the fin surface is secondary. The primary surface generally
consists of rows of round tubes or pipes that may be staggered or placed in line with
respect to the airflow. The inside surface of the tubes is usually smooth and plain,
but some heat exchanger designs have various forms of internal fins or turbulence
promoters to enhance the performance. The individual tube passes in a heat
exchanger are usually interconnected by return bends to form the serpentine
arrangement of multi-pass tube circuits [5]. Heat exchangers for water, aqueous
glycol, or halocarbon refrigerants usually have aluminum fins on copper tubes, or
copper fins on copper tubes, or aluminum fins on aluminum tubes. The outside
diameters of core tube are commonly 8, 10, 12.5, 16, 20, and 25 mm, with fins
spaced 1.4-6.4 apart. Tube spacing ranges from 15 to 75 mm, depending on the
width of individual fins and on the other performance considerations.

Figure 2.1 shows the physical map of a water-to-air heat exchanger which is
taken as the modeling object. The objective of the modeling is to study the dynamic
characteristics of the water-to-air heat exchanger when subjected to perturbations of
different inlet variables including entering air temperature and humidity, entering
water temperature, and flow rate of the two fluids.



2.2 Modeling for HVAC Components 31

s— W

Fig. 2.1 Physical map of a water-to-air heat exchanger

2.2.1.1 Model Development [6]

1) Assumptions and basic equations

Figure 2.2 shows the schematic diagram of water-to-air heat exchanger for
modeling. Further, the following assumptions are necessary to be made for the
convenience of modeling.

(1) Moisture air is treated as a mixture of ideal gases. The specific heat and
density of air are considered as constants in the process of heat and mass
transfer;

(2) Air-side heat transfer coefficient includes the additional thermal resistance due
to the presence of partially or completely wet extended surfaces;

(3) Under wet-condition mode, the air on the surface of coils and fins is con-
sidered as saturated state;

(4) Temperature and humidity of the air change linearly from the inlet to the outlet
of the heat exchanger. So does temperature of the water [7].

Thus, a series of equations can be established according to the law of energy and
mass conservation.

(1) Mass and energy equation for water passing through coils:

GW,E = GW,L = GW (23)
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Fig. 2.2 Schematic diagram of water-to-air heat exchanger for modeling
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1 d(ty 1+ 1o
EpWCWAWlM = GW,ECW(tW,E — tw,L) =+ agWAi (tg _

tw,E + tw‘L)
dr

2
(2.4)

(2) Mass and energy equation for air passing through heat exchanger:

Ga,E = Ga,L =G, (25)
* Dry-condition process:
Wa,E = Wa,L (263)
1 d(ta.L + ta,E) ILaE + ta.L
EgapaCaAabT = Ga,ECa(ta,E — ta,L) =+ agaAo ([m T) (26b)
* Wet-condition process:
1 d(w, W, W, W,
Leapab S VAL, G = Wan) + i (W — et ot
2 dr ’ 2
(2.7a)
1 d ha. + ha. ta. + ta. Wa. + Wa.
EnapabAa$ = Ga‘E(ha,E - ha‘L) + agaAo (tm - %) + qrAosm (ng - %)
(2.7b)

(3) Energy equation for coils and fins

* Dry-condition process:

dr toE + 1 Lo+t
Mgcgd—f = gy A (% — tg) + agAo (% _ ;m) (2.8a)

* Wet-condition process:

dz twE +tw, TaE + 1, Ww g+ Wy
Mgcgdif:agwAi<%_tg>+ClgaAo<a'E2 a'L—lm)—quAo)»m(%_ gb)

(2.8b)

In Egs. (2.3) through (2.8), the symbol ‘G’ stands for flow rate, kg/s; ‘¢’ for
mass specific heat, J/(kg °C); ‘A’ for area, m2; ‘h’ for enthalpy, J/kg; ‘I’ for length of
coiled tube, m; ‘b’ for width of heat exchanger, m; ‘¢’ for temperature, °C; ‘W’ for
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air humidity, kg/(kg dry air); ‘M’ for mass, kg; ‘g,’ for latent heat of condensation
of water vapor, J/kg; ‘agy,’ for heat transfer coefficient on the water side, W/(m? °
C); ‘agy’ for heat transfer coefficient on the air side, W/(m2 °C); ‘Am’ for mass
transfer coefficient, kg/ (m2/s); ‘t’ for time, s; “p’ for density, kg/m3; and ‘g’ for air
volume ratio in heat exchanger. The subscript ‘a’ stands for air; ‘w’ for water; ‘g’
for shell wall of heat exchanger; ‘E’ for inlet; ‘L’ for outlet; ‘m’ fins of coil; ‘gh’ for
saturated air near external surface of heat exchanger; ‘o’ for air-side surface of heat
exchanger; and ‘i’ for water-side surface of heat exchanger.

2) Parameter determination and linearization

Two kinds of variables are considered in the equations: the fundamental and the
lumped. The fundamental variables include the temperature and humidity of inlet
and exit air (t, g, WaEg, faL, WaL), the temperature of inlet and exit water (ty g, fw,L),
and the air and water flow rates (G, and Gy,). These variables can be considered as
the summation of initial value (6,) and a small increment (A0):

0 = 0, + A0 (2.9)

where 0 denotes, t,5, WaEg, tar, WaL, twE, twi, Ga, and Gy, respectively.

The lumped variables include the coefficients of heat and mass transfer between
fluids and heat exchanger (i.e., dgw, @ga and ), which are usually expressed as an
equation dependent on the fluid flow rate (G, or u,, Gy, or uy), respectively, as below:

Nu,, = C|Re} (2.10)
Nu, = CyRe}}? (2.11)
thd = C3R€Z3 (212)

where Cy,C;,Cs,ny,ny,n; are empirical constants that can be determined with

i Qagur; : . ]
experimental data; Nuy, = a)‘jwr; Rey, = 2‘:—:’, Re, = 2?—6“, Nug = %

Re, = 2uyrg _ 2Gurg. _($-2ni)(e—0¢)

e apde T4 52n) + (e,
ficient of water, W/ (m °C); ‘r;’ is inner radius of coil, m; ‘uy,” and ‘u,’ are velocities
of water and air, respectively, m/s; ‘v,,” and ‘v,” are kinematic viscosity coefficients
of water and air, respectively, m?/s; ‘Dy,,° is mass diffusivity of water vapor in the
air, m2/s; ‘S’ is finned tube center spacing of surface of heat exchanger, m; ‘e’ is fin
spacing of heat exchanger, m; and ‘0.’ is fin thickness of heat exchanger, m.

Thus, the lumped variables can be linearized by using the first-order Taylor
series:

5 The symbol ‘4,,” is heat conductivity coef-

do y
0=0,+ (W) OAH (2.13)
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where o stands for gy, dg, and Ay, respectively; 0 for u, (G,) or uy, (Gy,); and A for
increment of variables.
The efficiency of sensible heat exchange, 1, is defined as follows:

(tm _ ta,E;’ta.L)
Ns = Lt (2 14)
(tg T2 )
where t, is the average surface temperature of fins. #, is mainly related to the
structure of finned heat exchanger. For a specific water-to-air heat exchanger, #, can
be considered as a constant, normally as 0.7-0.8.
According to Eq. (2.14), t, can be expressed as follows:

ta,E + ta,L

5 (2.15)

Im = N5ty — (1 - ns)

The humidity of saturated air, Wy, on the fins can be expressed by Eq. (2.16).

Wab = 12, + aot?, + a3t + a4 (2.16)

where the coefficients, a;, a», a3 and ay, are obtained as 0.0008, —0.0190, 0.7287, and

1.6910, respectively, through data fitting of the thermodynamic properties of moist

air. The maximum relative error of Eq. (2.16) compared with the data in ASHRAE
Handbook [8] is less than 3.5 % when the temperature changes from 5 to 40 °C.

By using the first-order Taylor series, Eq. (2.16) can be converted into a linear
one as below:

Wep = (Wap), + (3a115, + 200t + a3) Aty (2.17)
Let f, = (3a1% + 2a2tm +a3) ., Eq. (2.17) can be written as:
Wb = (Wep), + 1At (2.18)
The enthalpy of moisture air, 4,, can be calculated by:
hy = cat, + (2501 + 1.841,) - W, (2.19)
Let f, = (2501 + 1.84¢1,), Eq. (2.19) can be simplified as follows:
hy = cata + W,y (2.20)
Since the value of 1.84¢, is very small compared with 2501, 3, can be con-
sidered as a constant dependent on the initial air temperature.

The latent heat of condensation of water vapor (gq,: J/kg) can be calculated by
Eq. (2.21).
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g = (2501 —2.351,) x 10° (2.21)
Since the air temperature (¢,) changes in a small range, g, can be similarly equal
to a constant as well, i.e., g, = 2,441,250.
3) State-space representation

Through parameter linearization and removing the high-order item (product of
two increment items), Egs. (2.3) through (2.8) can be transformed as follows:
For dry-condition process

dAlW,L

Tw ac =X AIW‘L +X2Afg + X3AtW,E + X4AGW.,E + 5Atw.L.dry (222)
dAta.L
T, dt' = Ydry,lAta,L + Ydry,ZA[g + Ydry,3Ata$E + Ydry,4AGa.,E + éAta.L.dry (223)
Ay o (At + Zary s Atar + Zary sy + Zary 4L
e qp LAyt Bl T Ly 2Bla L Ldry 380 T Zary 4Rl E (2.24)
+ Zdry,s Atw,E + Zdry,6AGw.E + Zdry,7AGa,E
AGy1 = AGyk (2.25)
AG,1 = AG,g (2.26)
AWa,L = AWZLE (2'27>
For wet-condition process
dAl‘W7L
TW T = Xl AIW,L —|—X2Alg +X3Al‘wa + X4AGW.E + éAtw_L,wel (228)
dAla L
Ta — = wel Ata +Ywe AWa +Ywe At +YWC Ata
ar 180 L 28 WalL 132 A (2.29)
+ Ywet,S AGa,E + Ywet,6AWa,E + 6Ata,L_Wel
dAW,
In—4; £ = Mye 1Aty L+ My 2 AWar + Myei3Atg + My sty (2.30)
+ Mwet,SAGa,E + Mwetﬁf)AW&E + éAWaAL.wel
Oy et Myt + ZucrAtar, 1 Zuersig + ZusAius | Zus A
g dt = Lwet, 1 Alw L wet,2Ala L wet,4lg et,580 E wet,6 2w,E (231)

+ Zyet 7 AGw E + Zoet sAGL E + Zyet 9 AW, E

AGy L =AGyg (2.32)
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AG,1 = AG,g (2.33)

All coefficients in Egs. (2.22) through (2.31) are listed in Table 2.1. Combining
Egs. (2.22) through (2.33), the state-space equation for water-to-air heat exchanger
can be expressed by Eq. (2.34):

Xeoil = Acoil * Xcoil + Beoil * Ueoil + Ecoil (234>
And the corresponding output equation is written as follows:
Yeoil = Ceoil * Xeoil + Deoil * Ueoil (235>

To transform into the standard form of state-space representation, Eq. (2.34) can
be written as follows:

Xeoil = Acoil (xcoil + Ac_oli] écoil) + BeoilUcoil (236)

Let Xcoil = Xeoil —|—Ac’olﬂfcoﬂ, we have x.oi = Xeoil — Ac’olilécoﬂ. Thus, the standard
state-space model for water-to-air heat exchanger can be obtained as follows:

Xcoil = AcoitXcoil + Beoileoil (237>
Yeoil = CeoitXeoil + Deoitteoil — CooitAnoh Ecoil (2.38)
For the dry-condition process:

Xeoil = [AtwL, Atar, Afg]T§ Yeoil = [Atyr, AGy L, Atyr, AW, 1, AG,1]";

T
Ueoil = [Atyg, AGy i, Atyg, AW, 5, AG,g]"; ¢ = [fm“_uw éAta_L_d,yao} ;

ook £ g 00 o
At = | 0 YdTnﬁl YATZZ i Beoit = | O 0 YdTiz 0 YdTi‘t ;
Zos Zma Zms Zus Zus Zns () Zms
L7, T, T, T, 1, 1, T,
1 0 0 00 0 0 O
0O 0 O 01 0 0 O
Cait =10 1 0]:Dey=10 0 0 0 0
0 0 O 0O 0 0 1 0
10 0 O 0 0 0 0 1
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Table 2.1 Coefficients in Eqs. (2.22) through (2.31)

Equation No.

Coefficient expression

Eq. (2.22) Ty = 1 pycuAl; Xayt = —€w(Gug), ’3 (@gw)o;
Xdry2 :A'(agw)();Xdly? = Cw( WE) (agw)m
Xarya = cw(twr — twL), +Ai ( agwg) (tg - %)o;
OAty
éAfw,L.ary = prCWAWl( ot
Eq. (2.23) T, = %gapacaAaba; Yary1 = —Ca(Gag) — A“”‘ (aga)o;
Ydry.2 = Ao”ls(aga)cd Ydry,3 = Ca(Ga.E)o Aozm (aga)0§
Jag, Wi+
Yaya = ca (la‘E - la,L)0 + (acf_E>0’75Ao (tg - E;t L)§
At
éAta.L.dry = %SapaCaAab 0t1E
Eq. (2.24) Ty = cgMy; Zary) = Zarys = %(G&W)o;
Zaryp = Zary s = Anzm (aga)o; Zary3 = —Ai(agw), — Aotls(aga),;
Zdry.6 = Zwet,7 = % (ggi\jE)o(tWL +twg — 2tg)o;
ofls [ Oz
Zya =5 (56) [t +18) — (10)o]-
Eq. (2.28) Ty = 3 pucwAul Xyet1 = —cw(Guk)y — 5 (agy)y
Xwet,2 = Ai (agw)o; Xwel 3= Cw( W, E)O - % (agw)o;
Xwet,4 = Cw (tw,E - twﬁL) +A <6agw> (tg - W)o;
dAr,
éAtw.L.wei = _%8apWCWAW Aatr =
Eq. (2.29) Ty = Leap,cadab;
Yier1 = —Ca(Gag) — [(aga) 0y +Bi(qe — B2)(1 — ’ls)(;“m)e]Q
Yyer2 = Ywet,6 = M (/“m)v
Yiers = Aolls(dga)y + (g — B2) Ao 115 (2m),o;
Yyeis = ca(Gag) — % [z(aga)o — (aga)ohts + B1(gr — B2)(1 — "s)(lm)o}'
yweLS = Ca(taE — I L) - % [(;gi)oﬂs + ﬂl (qr - /32)(1 — 1 )(a{()GA:‘E) ] (ta.E +ta,L)0
A1), [(m) oot Bulae = B () |+ S (2 ) (Wo + Wan )
OAt,
éAtw,L.wa = SdpaAdC“ (;EE )
Eq (230) Tm = %EapaAab§ Mwet,l = Mwet,4 = _M(Am)&
Mwet,Z = *(Ga,E)o - AT; Uvm)o§ Mwet,3 = BlrlsAo()Lm)o;
Mwet,ﬁ = (Ga,E)O - % ()Vm)o;
A
BingAo(te), — 70 (Wap +War), Py
Myer6 = <Am)+ Wag — W, 0
et,6 ﬁ1Ao(1 _ ”ls) G, ( E ,L)
A ),
AW,
Etae = —%eapabAa Gt
Eq. (2.31) Tg = CgMg; Zwet,l = Zwet,ﬁ = %(agw)o;

Zwel,z = Zwet,S = 1% (aga)o + %ﬂl(l - ns)CIer(ﬂvm)&
Zwet,S = Zwet‘9 = 1% ()“m)o;
Zwet,4 = _Ai(agw)g - Aons(aga)o - Qr.glnsAO()“m)o;

w.E + bw,) Jagy,
Zwel,7 = _Ai (tg -2 Eert L)o <3gi,13)0;
Oaga
Zwet,S = 115A0 (a(a?fﬁ>0 [% (taAL + ta,E)o - (tg)o}
+AoGr (%)0 811 =) (tag +tar)o — Bing(te)o + 3 (War + War),]
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For the wet-condition process:

Xeoil = [Atw,La Al‘a,La AVVZt.,Ly Atg}r; Yeoil = [Atw,Ly AGW“,L) Ata,La AVVa.,L» AGa,L]T§

T
T
Ueoil = [Atyw g, AGyg, Atyg, AW, 5, AG,g] ; & = [CA;W,L.“W CAtat et éAtgwnO} ;

rXo X2 X3 X4
— 0 0 ™ T T 0 0 0
Yy Yyer, Yyer. Yo Yiers  Yiwers
0 Tel 1 Tle Tel} 0 0 Tt,4 Tt,( Tli
a a a a a a
ACO]] - 0 chl,l chl,z Myer3 ) BCO]] - 0 O chl.4 chl,() Myes
T T T In In T
Zyet)  Zwe2  Zwes  Zweta Zyets  Zwet1  Zwets  Zwet9  Zwers
L T, T, T, T, Ty T, T, T, T,
1 000 00 0 0O
0 00O 01 0 0 O
Ccoil = 01 0 O 3 Dcoil = 0O 0 0 0 O
0 010 00 0 0O
|10 0 0 0 0 00 0 1

In Eq. (2.34), the variables, Aty g, AGy g, Atyg, AW,z and AG,g, are input
perturbations, and the variables, Aty ,AGyL,Aty1,AW, and AG,y, are the
response ones. The state variables are At 1, At, 1., At, for the dry-condition process
and Aty 1, At,L, AW, 1, At, for the wet-condition process.

2.2.1.2 Model Validation

An experimental setup has been built for validating the state-space model of
water-to-air heat exchanger. The schematic diagram of the experimental setup is
shown in Fig. 2.3. A grid board is placed in the upstream of the test section to
reduce the influence of turbulence of inlet air on the test. A louvered mixer is placed
after the heat exchanger to guarantee a uniform temperature profile of outlet air. The
test instruments and relevant equipments in the experimental system are listed in
Table 2.2, and the detailed information of structure about the water-to-air heat
exchanger is given in Fig. 2.4 and Table 2.3.

Three experimental cases with the validation time of 1200 s are investigated to
verify the heat exchanger’s transient behaviors including the transient responses of
the exit air temperature and humidity as well as the exit water temperature subjected
to different sudden perturbations. These cases are as follows: D Start up the chiller
at the beginning of the system’s running; @ the water flow rate has a sudden
increase of 0.058 kg/s during the system’s running; and Q) Stop the chiller at the
end of the system’s running. The initial conditions corresponding to these cases (see
Table 2.4), which are used for the model simulation, are obtained under the steady
state before the perturbations began to apply to the heat exchanger. During the
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Fig. 2.3 Schematic diagram of experimental setup for water-to-air heat exchanger model

validation

Table 2.2 Specific details about the apparatus in the experimental system

Items

Properties or features

Temperature sensor

Copper-constantan thermocouples: +0.2 °C

Temperature and humidity
sensor

Type: HHC2-S; 40.008 for air humidity ratio and 0.1 °C for
air temperature

Digital anemometer

Type: T425; precision: £(0.03 + 5 %) m/s

Electromagnetic flowmeter

Type: ETEM-20; precision: £0.5 %

Water pump Type: 50T5WA-3; nominal water flow: 4.2 m*/h; power:
1.7 kW

Ventilator Type: KT40-2.5; nominal airflow rate: 2000 m>/h; power:
0.75 kW

Chiller Nominal cooling capacity: 6.0 kW; power: 2.0 kW
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Fig. 2.4 Structure of the water-to-air heat exchanger
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Table 2.3 Structural information of the water-to-air heat exchanger

Length of the coil: / (m) 21.0 Area of windward side A, 0.175
(m?)

Inner diameter of the coil: r; (m) 0.004 Length along airflow: b (m) 0.66

Inner surface area of the coil: A; (mz) 0.5287 Thickness of fin: d. (m) 0.0002

External surface area of the coil: A, 8.8065 Total mass: M, (kg) 17.52

(m?)

Mean specific heat: ¢, [J/(kg °C)] 625 Fin spacing e (m) 0.0024

Table 2.4 Initial conditions for model validation and simulation

Cases Case 1 Case 11 Case 111
Initial conditions

(tag), (°C) 29.8 + 0.1 28.3 £ 0.1 28.2 + 0.1
(far), (°C) 28.8 £ 0.1 213 £ 0.1 20.7 £+ 0.1
(Wag), (g/kg dry air) 20.1 £ 0.2 18.7 £ 0.2 16.1 = 0.2
(War), (g/kg dryair) 20.1 £ 0.2 17.0 £ 0.2 143 £ 0.2
(Ga), (kgfs) 0.2000 £ 0.01 0.2000 £ 0.01 0.2000 % 0.01
(twe), °C) 28.2 £ 0.1 16.7 £ 0.1 15.7 £ 0.1
(tw,L)o (°C) 28.4 £ 0.1 18.9 £ 0.1 18.6 + 0.1
(Gyw), (kgls) 0.2587 £ 0.005 0.2387 £ 0.005 0.1964 + 0.005
(tg), (°C) 293 + 0.1 19.5 £ 0.1 189 £ 0.1

Note: Case I: Start-up the chiller; Case 1I: Gy, T 0.058 kg/s; Case 11I: Stop the chiller

simulation, the dew-point temperature of inlet air is compared with the heat
exchanger’s wall surface temperature to judge whether the wet-cooling model or
the dry-cooling model is used for the calculation.

The average error (AE) is used to evaluate the goodness of the calculated results
by the model compared with the experimental data during the transient response
process, which is defined by Eq. (2.39).

AE(Average error) = Y Z [AYop]
exp,i

i=1

N AYmi_AYex i
! <L——;————&lx100%> (2.39)

where AY stands for the variation of the response parameters comparing with the
initial value; the subscripts ‘m’ and ‘exp’ stand, respectively, for the model result
and the experimental ones; i denotes the ith calculated or experimental result at the
same time point; and N stands for the total number of the calculated or experimental
result during the transient response process.

(1) Experimental case I

For the experimental case I, only changes were made on inlet air temperature and
humidity as well as inlet water temperature of the water-to-air heat exchanger. As
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Fig. 2.5 Changes of inlet variables in the case I (measured data)

shown in Fig. 2.5, the inlet air temperature increases gradually till to the steady
value; the inlet air humidity increases a little in the beginning (last for about 120 s)
and decreases afterward; and the inlet water temperature drops quickly in the first
180 s and then tends to be steady. The ultimate change of the inlet air temperature,
the inlet air humidity, and the inlet water temperature is about +2.1 °C,
—1.6 g/(kg dry air), and —12.3 °C, respectively. The flow rates of air and water
passing through the water-to-air heat exchanger were kept stable as much as pos-
sible during the experiment, and they are considered as zero in the model
simulation.

Figure 2.6 shows the comparisons of the model results with the experimental
data on transient responses of the exit air temperature, the exit air humidity, and the
exit water temperature for the case I, and the corresponding average error [AE,
calculated by Eq. (2.39)] is estimated as 8.7, 8.8, and 10.3 %, respectively. It is
reasonable to see that the exit air temperature and humidity will decrease when
subjected to a big decrease in the inlet water temperature while the other inlet
variables have small change. The exit water temperature decreases with the
decrease in the inlet one, and the ultimate change of the exit water temperature is
lower than that of the inlet one. This is because decreasing the inlet water tem-
perature will increase heat transfer quantity of the water-to-air heat exchanger.

(2) Experimental case II

For the experimental case II, the water flow rate had a sudden increase of
0.058 kg/s while the other inlet variables were kept unchanged. The comparisons
between model results and experimental data on transient responses of the exit
variables are given in Fig. 2.7. The model results are shown to have a good
agreement with the experimental data, and the average errors of the simulated
results for the case II are all less than 12 %. It is obvious that a larger water flow
rate will bring about a larger cooling and dehumidification capacity of the
water-to-air heat exchanger and cause the exit air temperature and humidity to
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Fig. 2.7 Responses of exit variables to a sudden increase in water flow rate by 0.058 kg/s (case II)

decrease. Meanwhile, the water flow rate affects as well the exit water temperature
of water-to-air heat exchanger. In this case, the exit water temperature gradually
decreased after the water flow rate had a sudden increase.
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Fig. 2.8 Changes of inlet variables in the case III (measured data)

(3) Experimental case III

In the case III, the inlet air temperature and humidity and the inlet water tem-
perature all gradually increase (see Fig. 2.8), while the water and the airflow rates
are kept unchanged. Figure 2.9 shows the calculated and experimental results on
the transient responses of exit variables to the changes of inlet variables under initial
conditions in the case III. Comparing with the experimental data, the average error
of the model results on the transient responses of the exit air temperature and
humidity as well as the exit water temperature is estimated as 14.2, 8.9, and 8.2 %,
respectively.

As seen from the three study cases (case I, case II, and case III), the simulation
errors compared with the experimental data are all less than 15 %, which indicates
that the dynamic model developed in this study is capable of predicting well-transient
performances of water-to-air heat exchanger under wet conditions.

2.2.2  Chiller

Vapor-compression packaged liquid chillers are often employed to provide chilled
media for space thermal environment control purposes in commercial and industrial
applications. As well known, the space-cooling load often changes and the
refrigeration system needs to operate in an unsteady manner and adjust its capacity
to guarantee an anticipated space thermal conditions. Usually, a refrigeration sys-
tem adjusts its capacity mainly through modulating compressor speed with input
frequency control. To obtain better control effect of the space thermal conditions,
we need to have the knowledge of the dynamic performance of the refrigeration
system under different conditions, and a dynamic model for refrigeration system is
very necessary for that objective.
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2.2.2.1 Model Development [9]

Basically, a conventional refrigeration system mainly consists of four key com-
ponents (i.e., compressor, condenser, expander, and evaporator) and other acces-
sories. Figure 2.10 shows the theoretical single-stage cycle used as a model for
actual vapor-compression chiller. Heat is added to the refrigerant from state ‘4’ to
state ‘1.” The heat capacity of the refrigerant fluid is assumed to be constant in this
process. The refrigerant temperature is increased in process from state ‘1’ to state
2’. Process from state ‘2’ to state ‘3’ is a heat rejection process in which the
refrigerant temperature decreases linearly with heat transfer. The cycle ends with
expansion between states ‘3’ and ‘4.

1) Assumptions and fundamental equations

For the convenience of modeling, some assumptions are necessary to be made as
below:

(1) The compression (from state ‘1’ to state ‘2’) is assumed to be a isentropic
process, and the expansion from state ‘3’ to state ‘4’ is considered to be
isenthalpic;

(2) Mass flow rate of refrigerant is uniform throughout the cycle;

(3) Mass of refrigerant in the condenser and evaporator is unchanged during the
dynamic response simulation;

(4) Working performance of the compressor is kept invariable during the dynamic
response simulation;

(5) Temperature of chilled liquid (passing through the evaporator) and cooling
liquid (passing through the condenser) change linearly from the inlet to the
outlet of the corresponding heat exchanger. And shell temperature of the heat

towe, Gewk towr, Gewt

Condenser (Pe,tc)
W% IgP

2

Expansion
valve gompressﬁr

1

Evaporator (Pr,tx)
G

¢

Lewt, Gewt teve, Gewe

Fig. 2.10 Schematic diagram for the working cycle of vapor-compression chiller
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exchangers (i.e., the condenser and the evaporator) is represented by a lumped
parameter;

(6) Superheated temperature of gaseous refrigerant after evaporator and subcooled
temperature of liquid refrigerant after condenser are assumed to be constant
(equal to initial conditions) during the transient response simulation.

Based on the above assumptions, the fundamental equations can be established
according to the principle of energy and mass conservation.
Energy equation for refrigerant in the condenser

ds.
Cchcr d = Grm(hr,Z - hr.3) + acoAco(tcg - tc) (240)
T

Mass equation for cooling liquid passing through the condenser
Gcw,L = Gcw,E = Gcw (241)

Energy equation for cooling liquid passing through the condenser

d(tewr +1 tewE + few,
7CCWMCW M - CCWGCW,E(ICW,E - tcw,L) + achcw (tcg - M)
2 dr 2
(2.42)
Energy equation for shell of the condenser
ds, fewE +lewL
chMcg d_‘CEg = acoAco(tc - tcg) + achcw (% - cg) (243)
Energy equation for refrigerant in the evaporator
dr
CerMer E = Grm (hr,?) - hr,l) + aeero(teg - tk) (244)

Mass equation for chilled liquid passing through the evaporator
GBW7L = GeW,E = Gew (245)
Energy equation for chilled liquid passing through the evaporator

1 d(tew . + few, Tew E T few,
EcewMew % - CewGew.E(tew,E - tew,L) + aewAew (teg - W) (246)

Energy equation for shell of the evaporator

dreg

CegMeg fewE + lew,L _ eg)
dr

= aeero([k - teg) + aewAew( )

(2.47)
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Electric power of compressor

Ks—1
Grm RTT C T

Ncom = L (i_) -1
Heom s — 1 k

= GimfNeom (I, 1c)

Heom Ks — 1 P (tk)

Ks—1
_ Gum Re(t + Mte e +273.15) [ fp(tc))Tl}

(2.48)
Energy equation for refrigerant in the expansion process
hr,3 = hr,4 (249)
Cooling capacity of chiller
e = G (hr 1 — hes) = G, t) — fulte
Oc = Gunlh1 — hes) = Gun(f() ) 250
= Gmlo, (1)
Coefficient of performance (COP) of chiller
Ik, 1
COP = QC = fQC( L, C) chop(lk,lc) (251)

Neom B chom (tka tC)

In Egs. (2.40) through (2.51), the symbol ‘G’ stands for flow rate, kg/s; ‘c’ for
mass specific heat, J/ (kg °C); ‘A’ for area, m2; ‘h’ for enthalpy, J/kg; ‘t.’ for
condensing temperature, °C; ‘f;’ for evaporating temperature, °C; ‘M’ for mass, kg;
‘a’ for heat transfer coefficient, W/(m2 °C); and ‘1’ for time, s. The subscript ‘cg’ for
shell wall of condenser; ‘eg’ for shell wall of evaporator; ‘co’ for refrigerant-side
surface of condenser; ‘cr’ for refrigerant in condenser; ‘cw’ for cooling liquid in
condenser; ‘cr’ for refrigerant in condenser; ‘eo’ for refrigerant-side surface of
evaporator; ‘er’ for refrigerant in evaporator; ‘ew’ for coolant liquid in evaporator;
‘er’ for refrigerant in evaporator; ‘rm’ for circulating refrigerant in refrigeration
system; ‘Neon for power of compressor, W; ‘n..,” for working efficient of com-
pressor; ‘R,’ for gas constant of gaseous refrigerant, J/kg.K; ‘xs’ for adiabatic
compression index of compressor; ‘T’ for inlet temperature of compressor, K; ‘p.’
and ‘py’ are pressure in condenser and evaporator, respectively, Pa; ‘Af, g, for
superheat degree of gaseous refrigerant, °C; ‘Q.’ for cooling capacity, W; and °f’
denotes function.

2) Key parameters determination

(1) Heat transfer coefficients

Four coefficients of heat transfer are concerned in the model equations. They
include condensation heat transfer coefficient in condenser (a,), boiling heat
transfer coefficient in evaporator (a.,), convective heat transfer coefficient between
liquid coolant and condenser (acy), and that between cold carrier liquid and
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evaporator (dey). These coefficients can be usually modeled by Egs. (2.52) through
(2.54), respectively [10] .

deo = Ci (te — teg)"' (2.52)
leo = Ca(feg — 1) (2.53)
thd = C3R€dn3 (254)

For condenser: Nug = ”‘f{d“‘, Req = "% For evaporator: Nug *”eﬂwdﬂ,

Req = ”fj‘?e‘. Cy, G, C3,n1,ny,n3 are empirical coefficients determined by field test
data.

(2) Enthalpy calculation for refrigerant at key state in the refrigeration cycle

According to the diagram of refrigeration cycle (Fig. 2.19), the refrigerant often
exists in the form of superheated vapor at the states ‘1’ and ‘2” and subcooled liquid
at states ‘3’ and ‘4’. For a real refrigerant, the state equations are often expressed by
semiempirical ones. The famous Martin-Hou equations are often used to calculate
the thermophysical properties of refrigerants [11, 12], based on which the enthalpy
of refrigerant at different states can be obtained.

The enthalpy of refrigerant in the gaseous state (fyapor, kJ/kg) can be calculated
by:

4 n
cn T
hyapor = ho + (Prgveg — ReTeg) + > "nr’g +esinTey —

n=1 n=

5
C
te —KiTrg/Tee 1+ KT, T % n
(4 Kiig/Ter) Z,, (n— 1) (veg — )"

(2.55)

The state equation for the gaseous refrigerant can be expressed as follows:

RTrg 25: o+ BoTrg + Cpe K1Tee/Te
(vrg —b)"

Prs = (2.56)

=2

The saturated vapor pressure of refrigerant (p; g, kPa) can be computed by

B E(F—T,
Inprog = A+ +CTrpg + DT}, + E(F ~ Tep)
Tr,bg '.be

ll’l(F — Tr,bg) + GlnTr,bg
(2.57)

The enthalpy of subcooled liquid refrigerant (%, a;, kJ/kg) can be calculated by
Eq. (2.58).
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Prbl — Patm

T

hr,lAt = hr,b] - (258)

In Eq. (2.58), the heat of vaporization (g;, kJ/kg) can be obtained by the
Clausius-Clapeyron equation as follows:

qr = Tr,q(Vr,bl - Vr,bg)pr.q

5 i ciomr EF><1(F T.q) LIV S SORE S

_ Y e In(F — _

2, T2, r va F—Teg F—Tyq T
(2.59)

The enthalpy of saturated liquid refrigerant (h,,;, kJ/kg) is written as follows:
hrA,bl = hrﬁbg —qr (260)

The density of saturated liquid refrigerant can be counted by Eq. (2.61).

6
Prol = Pec T ZDn(l — Tiwi/Tec)’ (2.61)

n=1

In Egs. (2.55)-(2.61), h stands for enthalpy, kl/kg; p for pressure, kPa; T for
temperature, K; p for density, kg/m3; v for specific volume, m3/kg; h,, for reference
enthalpy, kJ/kg; R, gas constant of gaseous refrigerant, kJ/kg.K; g, for vaporization
heat of refrigerant, kJ/kg; the subscript ‘r, bg’ for saturated gaseous refrigerant; the
subscript ‘r,bl’ for saturated liquid refrigerant; the subscript ‘r,q’ for gaseous
refrigerant; the subscript ‘r, [A#’ for subcooled liquid refrigerant; the subscript ‘atm’
for standard atmospheric pressure; and the subscript ‘cc’ for critical state; the rest
parameters including A, B, C, D, E, F, G, K, b, ¢c; ~ ¢, Ay ~ As, By ~ Bs, C, ~
Cs, and D; ~ Dg are undetermined coefficients.

The enthalpy of refrigerant at states ‘1’ (h;) and 2’ (h;) can be calculated by
using Egs. (2.55) and (2.56) with respect to temperature and pressure. The pressure
at states ‘1’ (p;) and ‘2’ (p,) corresponds, respectively, to saturated evaporating
pressure and saturated condensation pressure. Known from Eq. (2.57), the saturated
evaporating pressure is dependent on the evaporating temperature (7y), and the
saturated condensation one is dependent on the condensing temperature (7).
Assuming the influence of small perturbations on the superheated temperature of
vapor refrigerant is negligible, the variations of /#; and h, are only dependent upon
Ty and T, respectively. The enthalpy of refrigerant at states ‘3’ (h3) and ‘4’ (h4) can
be computed by Egs. (2.56), (2.58), (2.59), (2.60), and (2.61). Likewise, h3 and hy
are both dependent upon the condensing temperature (7).

(3) Adiabatic compression process index ( Ks)

The adiabatic compression process index for the real gaseous refrigerant can be
expressed by Eq. (2.63) [13].
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(2.62)

whereZ, = Z — p(g—i)T; Ir =7+ T(g—%)p. Z is the compressibility factor; the

subscripts ‘p” and ‘T” stand, respectively, for the isobaric process and isothermal
process. During the dynamic simulation, the adiabatic compression process index
() can be assumed to be constant.

3) State-space model formulation

Through parameter linearization, Eqgs. (2.40) through (2.51) can be transformed
as follows:

dAs
Tcr d_C = Cr,lA[c + Xcr‘ZAlcg + Xcr.3 A(;rm (263)
T )
dAt.,
Tcw de L = Acw,1 Atcw,L + ch,ZAtcg + chﬁ3 Al‘cw.E + ch,4AGcw,E + éAtCW‘L
(2.64)
dAs
Tcg d * = Xcg.lAtc +Xcg.2Atcw.L +Xcg.3Atcg +XCg~4AtCW~E +XCg~5AG°W-E (265)
dAs
Ter d—‘Ek = er,lAtk + Xer,ZAteg +Xer73AGrm (266)
dAt,,
Tew di' L = ew,lAtew,L + Xew,ZAteg + Xew.3 Al‘ew,E + Xew,4AGew,E + éAzeW_L
(2.67)
dAs,
Teg ?eg = Xeg 1A + Xe g 2Alew . + Xe g 30leg + Xe g 4Alew + Xe g 5AGew E
(2.68)
AGcw,L = AGcw,E = AGCW (269)
AGew7L = AGeW,E = AGCW (270)
AA’com = XEW,IAtc +XEW,2Atk +XEW,3AGrm (271)
AQ. = XQ,IAtc + XQ,2Atk + XQ,3AGrm (272)

ACOP = Xcop,lAtc +Xc0p,2Atk (273)
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Table 2.5 Coefficients in Eqgs. (2.63) through (2.73)

Equation No. Coefficient expression

Eq. (2.63) T = (Cchcr)o;

X = | (2 Ohes G A Jag, A)
cr,l = Dte 07 a ), ( l’m)o + CO(th - tc)o B oi(aco °°)0’

Xcr,2 = Aco(tcg - tC) <0a“°) + (aCOAco)o; Xy = (hr~2 - h"3)0

o\ g )
Eq. (2.64) Tow = CwMew /25 Xew1 = —Cw(Gew)y — Acw (dew) o /25
XCW,2 = Acw(acw)o; ch.3 = CW(GCW,E)O - Acw(acw)o/z;

ch,4 = Cw (ICW,E - tcw,L)O +Acw (tcg - M)o (086‘1sz)0;

OAtey,
éAtcw,L = _%CWMCW Zt)r -
Eq (265) Tcg = chMcg; Xcg.l = Aco(tc - tcg)o (05; ) + (acoAco)o;
¢/o

Xcg,Z = Xcg,4 =Acw (acw)/zo;
Xegs = Acol(te = lteg), (?)‘,lf:)o_ (GewAcw + AcoAco )

Xcg,S = *Acw(tcg - tCW.Eertm‘L)o (a%(iij’E)O

Eq. (2.66) T = (CerMer)o; Xer,1 = *<ag;;l)o(Gm)o +Aeo(teg - tk)o (aaatiﬂ)o*(aeero)o;
Xer.2 = Aeo(teg - tk)o (%‘::;)o + (aeero)o; Xer.3 = (hr,4 - hr,l)o;

Eq. (2.67) Tew = CwMew/2; Xew,1 = _Cw(Gew.E)o - % (aew)o;

Xew,2 = Aew(aew)(,; Xew,} = prw(GeW,E)o - A%(aew)o;

Tew E + Tew, Datew .
Xew,4 =Cw (tew,E - tewyL)o +Aew (teg — = 2 < L)o (30‘1:‘“5) )
/0

_ 1 OAtewE
e = —3CwMew =5

Eq. (2.68) Teg = CogMeg; Xeg.1 = Acolti — xeg)o(%c;io)o + (deoAeo)y;

Xe4gA.2 = Xe,g.,4 = % (aew)o;

Xe.g.,} = Aeo (tk - leg)o <%‘;:)0_(aewAew + aeoAco)o;
Xe,g,,S = *Aew (teg - ICWVE;—IEWVL)O (8%13.5)0
Eq. (2.71) Xt = (Gen)y (Z2o5) .
— Wfveom (tiote) | . _
Xowz = (Gm)o (L52) : Xz = (i (1)),
e (tite) ) . Uo (tste) ) .
Eq. (2.72) Xoi = (Gm)o< fgca(tfck 1 ))0’ Xoo = (Grm)()( fga(tfkk ‘ ))0’
Xqs = (fo. (i, 1)),
Eq. (2.73) Xcop,l — [afcogt(:k,tc)]o; Xcop,z _ [chogt(:k,rc)}o

All coefficients in the above equations are listed in Table 2.5. Combining
Egs. (2.63) through (2.73), the state-space equation for the vapor-compression
packaged liquid chiller can be expressed as follows:

AXchitier = Achitter * AxXchilier + Behitier * Altchitier + & (2.74)
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Ayehitier = Ceilter * AXchitter + Dehitter * Alchitier (2.75)

Let AXchitier = AXchitter + Agpier Cenitters then Eqs. (2.74) and (2.75) can be con-
verted into a standard state-space form as follows:

AXchiter = Achitler AXchiller + Behiller Altchitier (2.76)

—1
Ayenitier = Cenitter AXchitter + Dehitter Attchitier — CehilterA hifter Schiller (2.77)
where

Axehitter = [Ale, Aty L, Ateg, Ay, Aoy L, Aleg]Tl,
Ayehilier = [Afew,Ls AGew L, Alew,L; AGew,L, ANeom, AQ., ACOP] T
Auchier = [Alew gy AGew B, Alew gy AGew E, AG]";

¢ =10, 0,0, éArm.uO}T?

X, Xero Xers 7]
70 F 0 0 0 o0 0 0o 0 3
0 F R0 00 R0 00
R R0 0 0 om0 00
Achitier = | X X, | Behitler = Xes |’
Ter 0 0 T 0 Ter 0 0 0 0 Ter
0 0 0 o0 o e 0 0 =2 oS
[0 0 0 F S S [0 0 B o]
o 10 0 0 0] [0 0 0 0 0 ]
0 00 0 00 01 00 0
0 00 0 10 0000 O
Caiter =] 0 0 0 0 0 O|;:Daier=1]0 0 0 1 0
XEw,l 0 0 XEW,Z 0 0 0 0 0O XEw,3
Xo1 0 0 Xgo 0 O 0 00 0 Xgi
_XcopA,l 0 0 XCOp.2 0 0_ _0 000 0 _

By solving the state-space model as in Eqgs. (2.76) and (2.77), the response
characteristics of evaporating and condensing temperature (Afy and Af.), exit
coolant temperature of evaporator and condenser (Afey 1 and Aty 1), shell wall
temperature of evaporator and condenser (Af,, and Aty), input electric power
(AN¢om), and cooling output (AQ.) as well as COP of chiller can be obtained under
different initial conditions and perturbations.

2.2.2.2 Model Validation

(1) Experimental setup

An experimental refrigeration system has been built to validate the state-space
dynamic model of chiller, whose schematic diagram is shown in Fig. 2.11. The
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PH PL

TH
l N lTL
P-35
R Compressor: <

7'y

T2

cFrM | e
T1 T4
Condenser Evaporator CFM
Tc
—

®Pc

Pyl Pv2

(x) Tvll % Tv2l R

REM Expansion valve

Yy

Fig. 2.11 Schematic diagram of experimental setup for the model validation of refrigeration
system. PH Compressor exhaust pressure sensor; PL Compressor inlet pressure sensor; Pvl
Expansion valve inlet pressure sensor; Pv2 Expansion valve outlet pressure sensor; Pc Condenser
outlet pressure sensor; TH Compressor exhaust temperature sensor; 7L Compressor inlet
temperature sensor; 7vl Expansion valve inlet temperature sensor; 7v2 Expansion valve outlet
temperature sensor; Tc¢ Condenser outlet temperature sensor; 71 Condenser inlet coolant
temperature sensor; 72 Condenser outlet coolant temperature sensor; 73 Evaporator inlet cold
carrier temperature sensor; 74 Evaporator outlet cold carrier temperature sensor; RFM Refrigerant
flowmeter; CFM Coolant or cold carrier flowmeter

condenser and evaporator of the system are of plate-type heat exchanger, and the
main structural parameters are listed in Table 2.6. The system uses R-134a (which
is admitted to be environmentally friendly) as the working refrigerant. The model
coefficients for calculating the thermal properties of the refrigerant R-134a are
determined based on the REFPROP 7.01 (a popular calculation program for the
refrigerants), which are listed in Table 2.7 [14]. A kind of heat conduction oil is
employed as the coolant of the condenser and the cold carrier of the evaporator. The
thermal conductivity and the specific heat of the oil versus its temperature ranging
from —40 to +60 °C are shown in Fig. 2.12. The density and kinematics viscosity
of the heat conduction oil change very small within the temperature range of —40
to +60 °C, which is assumed to be constant (1084 kg/rn3 and 6.5 X 107 rn2/s,
respectively) in the dynamic response simulation.

The measurement parameters are mainly the refrigerant temperature and pressure
at key states of the refrigerant cycle, the inlet and exit coolant (or cold carrier)
temperature of the condenser (or the evaporator), the shell wall temperatures of the
condenser, and evaporator as well as the corresponding mass flow rate (see Fig. 2.11
for detail). The fluid temperatures are measured by Pt1000 sensors (measurement
precision: 0.1 °C), and the shell wall temperatures are measured by
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Table 2.6 Basic information about structural parameters of condenser and evaporator in the
experimental chiller system

Structural parameters for the condenser

Equivalent diameter of channel 0.0008 | Heat transfer area on the coolant 18.33

for coolant (m) side (mz)

Heat transfer area on the 12.15 Total cross-sectional area of 0.006

refrigerant side (mz) channel for coolant (mz)

Coolant volume in the 0.0085 | Liquid refrigerant volume in the 0.0071

condenser (m3) condenser (m3)

Mass of the condenser (kg) 10.86 Specific heat of the condenser 880
(kg °C))

Structural parameters for the evaporator

Equivalent diameter of channel 0.0008 | Heat transfer area on the cold carrier | 8.87

for cold carrier (m) side (m?)

Heat transfer area on the 6.24 Total cross-sectional area of channel | 0.004

refrigerant side (m?) for cold carrier (m?)

Cold carrier volume in the 0.0038 | Liquid refrigerant volume in the 0.0025

evaporator (m3) evaporator (m3)

Mass of the evaporator (kg) 542 Specific heat of the evaporator 880

(kg °C))

Table 2.7 Model coefficients for the calculation of thermal properties of the refrigerant R-134a

A 24.8033908 s ~0.00000202
A, —0.1195051 s 0

A, 0.00014478 cs 15.8217

Ay —0.000000105 D 0.0000225
As —6.95E-12 D, 819.6183

B ~3980.408 D, 1023.582

B, 0.000113759 D, ~1156.757
B —0.0000000894 D, 789.7191

B, 0 Ds 0

Bs 1.27E-13 Ds 0

b 0.000345547 E 0.1995548

C —0.02405332 F 374.8473

C» -3.531592 G 0

Cs 0.006469248 K 5475

C, 0 ho (kV/kg) 209.092133
Cs —2.05E-9 Patm (KP2) 101.325

c —0.005257455 R (kI/kg) 0.081488163
s 0.00329657 T. (K) 374.25
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Fig. 2.12 Thermal properties versus temperature of the cooling and cold carrier fluid

copper-constantan thermocouples (measurement precision: 0.2 °C) which have a
direct contact with the exterior surface of the heat exchangers. The pressure sensors
are of AKS32 type (measurement precision: (20 £ 0.3 % full scale) Pa). The meter
for the measurement of refrigerant mass flow rate is of LSLW type (measurement
precision: 0.5 % of full scale) and that for the coolant and cold carrier mass flow rate
is of FVC one (measurement precision: 0.5 % of full scale). All the measured
parameters were collected automatically by the Keithley 2700 data acquisition
system connected with a computer, and the sampling interval was set as 2 s.

(2) Methods for experimental validation

In real situations, the exit cold carrier temperature of evaporator is the key
control parameter we care the most. Therefore, the state-space model of chiller is
experimentally validated mainly in terms of the transient responses of the exit cold
carrier temperature of evaporator under certain initial conditions and perturbations
that are chosen arbitrarily.

To begin with, the empirical constants in Eqgs. (2.52)-(2.54) need to be deter-
mined through experiments by using the following equations:

Grm(h2 - h3) = acoAco(tc - tcg) = ClAco(tc - tcg)nl 1 (278)
Grm(h4 - hl) = aeero(teg - tk) = C2Aeo(teg - tk)nz 1 (279)

CewGew (tcw.L - tcwﬁE) = AcwAcw [tcg - (tcw,L + tcw,E) /2}

Cs/ny
I Tt — (fowr + few ) /2] Reg™ (2.80)

= Acw -
dci
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As shown in Egs. (2.78)—(2.80), the measured parameters include the temper-
ature and pressure of refrigerant at the key states (states ‘1,” ‘2,” ‘3,” and ‘4’), the
inlet and exit coolant temperature of condenser (fcw g, few,1.), the inlet and exit cold
carrier temperature of evaporator (few g, few,1.), and the shell wall temperature of
condenser and evaporator (feg,f.) as well as the mass flow rate of refrigerant,
coolant, and cold carrier (G, Gew, Gew)- All these parameters are measured under
different steady conditions in which G, and G, ranges, respectively, from 0.05 to
0.30 kg/s and from 1.0 to 2.5 kg/s.

To obtain the empirical constants, Cy, C, C3,ny,ny and nz, Egs. (2.78)—(2.80)
can be written, respectively, as follows:

Ln[Grm(hz - ]’l3)] = Ln(ClACO) + (n1 + l)Ln(tC — tcg) (281)
Ln[Gm(hs — h)] = Ln(CrAeo) + (n2 + 1) Ln(tey — #) (2.82)
Cily

Ln [chGcw (tcw,L - tcw,E)] =Ln|Acy [tcg - (tcw,L + tcw,E) /2} +n3LnReq

dci

(2.83)

The constants, Ci,C,,Cs,ni,nyandns, can be determined, respectively,
according to the slope and intercept of the straight line of Ln[Gn(hy — h3)] versus
Ln(t. —teg), Ln[Gum(hs — hy)] versus Ln(tee —#) and Ln [CCWGCW(I‘CWL - tcw,E)]
versus LnRey fitting to the experimental data. The results are listed as follows:
C; = 2558; C, = 3056; n; = —0.25; n, = 0.25; C3 = 0.05; n3 = 0.8.

Similarly, the average error (AE, Eq. (2.39)) is employed as well to evaluate the
validity of the model results compared with the experimental data during the
transient response process.

(3) Experimental results

Three experimental cases have been performed for the model validation. The
initial conditions of the three cases are listed in Table 2.8, which were measured
under the steady states before the input perturbations began. The perturbations
corresponding to the three experimental cases are shown in Fig. 2.13, respectively.
The perturbations on the inlet cold carrier temperature of evaporator were achieved
through adjusting the heat load simulated by an electric heating box, and that on the
inlet coolant temperature of condenser were done through changing the cooling
capacity of the cooling tower. The refrigerant mass flow rate is closely related to the
compressor rotation speed which can be adjusted by a compatible frequency
converter.

Figure 2.14 shows the comparisons of the theoretical simulations with the
experimental data on the transient responses of the exit cold carrier temperature of
evaporator under the perturbations of case I (see Fig. 2.13). It is easily understood
that the exit cold carrier temperature of evaporator will increase with the inlet cold
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Table 2.8 Initial conditions for model validation and simulation

Initial conditions Experimental cases
Case 1 Case 11 Case III
Evaporating temperature (), (°C) 14.5 15.9 14.5
Inlet cold carrier temperature of evaporator (fewg), (°C) 24.8 24.8 254
Outlet cold carrier temperature of evaporator (), (°C) 19.5 19.9 19.7
Shell wall temperature of evaporator (), (°C) 225 229 22.6
Cold carrier flow rate of evaporator (Gey), (kg/s) 1.45 1.45 1.45
Condensing temperature (), (°C) 36.3 50.1 48.2
Inlet coolant temperature of condenser (few i), (°C) 29.5 422 39.9
Outlet cold carrier temperature of condenser (fy,1), (°C) 37.2 49.7 494
Coolant flow rate of condenser (Gcw), (kg/s) 1.16 1.05 1.51
Shell wall temperature of condenser (f,), (°C) 339 42.5 40.9
Compressor inlet temperature (feomg), (°C) 24.1 20.2 234
Compressor exhaust temperature (feom), (°C) 58.1 51.2 81.5
Refrigerant flow rate (Gm), (kg/s) 0.116 0.17 0.26
9.0 0.03
so | W
0.025
7.0 i e
5 I N)/ —&— Case | :Perturbations of the inlet cold carrier
L\uj 6.0 temperature of evaporator (Atew,E) 0.02
5 ’ /- —0— Case Il : Perturbations of the inlet coolant =
<]‘_ 5.0 temperature of condenser (Atcw,E) g
ui ’ f{ —— Caselll: Perturbations of the refrigerant flow 0.015 E
5 4.0 rate (AGrm) 2
<
3.0 b 40.01
2.0 F
4 0.005
1.0 W‘
0 120 240 360 480 600 720 840 960 1080 1200

Time (s)

Fig. 2.13 Perturbations for the experimental cases (measured data)

carrier temperature rising. The experimental results manifest that the model can
predict well the transient responses of the exit cold carrier temperature of evaporator
(the average error (AE) is estimated about 6.4 %) under perturbations of the inlet
cold carrier temperature.

Figure 2.15 shows the calculated and experimental data on the transient
responses of the exit cold carrier temperature of evaporator under the perturbations
of case II (see Fig. 2.13). Clearly, the increase in the inlet coolant temperature of
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Fig. 2.14 Responses of the exit cold carrier temperature of evaporator (A1) under the
perturbations of case I (calculated results vs. experimental data)
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Fig. 2.15 Responses of the exit cold carrier temperature of evaporator (Afe,y) under the
perturbations of case II (calculated results vs. experimental data)

condenser will cause the condensing temperature to rise and decrease the chiller’s
cooling capacity. As a result, the exit cold carrier temperature of evaporator will
increase. The average error (AE) of the model results compared with the experi-
mental data for the experimental case II is about 9.3 %, which also verifies the
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Fig. 2.16 Responses of the exit cold carrier temperature of evaporator (A1) under the
perturbations of case III (calculated results vs. experimental data)

effectiveness of the model in predicting the transient responses of the exit cold
carrier temperature of evaporator under perturbations of the inlet coolant temper-
ature of condenser.

Figure 2.16 shows the calculated and experimental data on the transient
responses of the exit cold carrier temperature of evaporator under the perturbations
of case IIl (see Fig. 2.13). It is reasonable to see that the exit cold carrier tem-
perature of evaporator will decrease with the increase in the refrigerant flow rate
since the chiller’s output cooling capacity increases under such circumstance. The
average error (AE) of the model simulation in the experimental case III is about
4.5 %, which validates as well the goodness of the proposed model for predicting
the transient responses of the exit cold carrier temperature of evaporator under
perturbations of the refrigerant flow rate.

As seen from the experimental study cases illustrated above, the errors of model
simulation compared with the experimental data are all less than 10 %. Therefore,
we can safely conclude that the proposed state-space model is capable of studying
the transient response characteristics and dynamic performance of the vapor-
compression liquid refrigeration system under different ambient perturbations.

2.2.3 Cooling Tower

A HVAC (heating, ventilating, and air-conditioning) cooling tower is used to
dispose of (‘reject’) unwanted heat from a chiller. Water-cooled chillers are nor-
mally more energy efficient than air-cooled chillers due to heat rejection to tower
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water at or near wet-bulb temperatures. With respect to the heat transfer mechanism
employed, the main types are as follows: (D dry-cooling towers operate by heat
transfer through a surface that separates the working fluid from ambient air, such as
in a tube to air heat exchanger, utilizing convective heat transfer. They do not use
evaporation; @ fluid coolers (or closed-circuit cooling towers) are hybrids that pass
the working fluid through a tube bundle, upon which clean water is sprayed and a
fan-induced draft applied;@ wet-cooling towers (or open-circuit cooling towers)
operate on the principle of evaporative cooling. Since the wet-cooling towers have
the highest heat transfer performance, and the warm water can be cooled to a
temperature lower than the ambient air dry-bulb temperature, the wet-cooling
towers are used in a HVAC system more frequently. To achieve better performance
(more cooling), a medium called ‘fill” is used to increase the surface area and the
time of contact between the air and water flows to improve heat transfer.

There are two types of configurations for the wet-cooling tower, one is
cross-flow and the other is counterflow. Cross-flow is a design in which the airflow
is directed perpendicular to the water flow. Airflow enters one or more vertical faces
of the cooling tower to meet the fill material. Water flows (perpendicular to the air)
through the fill by gravity. The air continues through the fill and thus past the water
flow into an open plenum volume. Lastly, a fan forces the air out into the atmo-
sphere. In a counterflow design, the airflow is directly opposite to the water flow.
Airflow first enters an open area beneath the fill media and is then drawn up
vertically. The water is sprayed through pressurized nozzles near the top of the
tower and then flows downward through the fill, opposite to the airflow.
Advantages of the counterflow design include the following: (D Spray water dis-
tribution makes the tower more freeze-resistant and @ breakup of water in spray
makes heat transfer more efficient. In the following section, the counterflow
wet-cooling tower is taken as an example for the state-space modeling.

2.2.3.1 Model Development

1) Assumptions and fundamental equations

As shown in Fig. 2.17, a counterflow wet-cooling tower normally consists of
two sections: The upper is fill and the lower is sink. The main assumptions for
modeling are as follows:

(1) Moisture air is treated as a mixture of ideal gases;

(2) The exterior wall of the cooling tower is thermally adiabatic;

(3) The single-film theory is applied to the heat and mass transfer between the air
and the water film on the fill;

(4) Air temperature and humidity as well as water temperature change linearly
from inlet to outlet of the cooling tower, and they are, respectively, mean value
of inlet and outlet.
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Fig. 2.17 Schematic diagram for counterflow wet-cooling tower

By using the first law of energy and mass conservation, the following equations
can be obtained for the counterflow wet-cooling tower.

(1) Mass and energy equation for air passing through fill of cooling tower

Ga,E = Ga,L = Ga (284)
1 d(l’l E+ h 7L) twg+ tw,L 2 .E +1taL
EpagaAtaHl% = Ga,E(ha,E - ha,L) + awaAt< ) -2 D) = )
Wag + W,
+ (ZrimAt <‘/th - %)
(2.83)
(2) Mass equation for air moisture
1 d(W,p. + W, Wag + W,
5 PataluHy (LTE) = Gop(War — WaL) + ZmAy (% — %)
(2.86)

(3) Mass and energy equation for water passing through fill of cooling tower

Gyg =Gy = Gy (2.87)
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%Cw Gus % d(tw.LdJTr NE) G (s — fwi) + duedhy (tE ; ful  IwE ; tw,L>
+ GemAy (LE “2L War _ Wﬂ,)
(2.88)
(4) Mass equation for water in sink of cooling tower
/
Mw,pt% = Gyg(twL —1,1) (2.89)

In Eqgs. (2.84) through (2.89), the symbol ‘G’ stands for flow rate, kg/s; ‘e, for
air volume ratio in cooling tower; ‘Ay,” for cross-sectional area of cooling tower,
m2; ‘A’ for surface area between air and water film in cooling tower, mz; ‘Hy’ for
height of cooling tower, m; ‘uy,’ for falling velocity of water, m/s; ‘A, for mass
transfer coefficient, kg/ (m2/s); and ‘ay,’ for heat transfer coefficient between air and
water film in cooling tower, W/(m2 °C);

2) Key parameters

According to the single-film theory, the saturated humidity of air on the water
film surface of fill (Wy,) can be expressed by Eq. (2.90), a function dependent on the
average temperature of the water film.

tw,E + tw,L

Wo =~ By >

(2.90)

The convective heat transfer coefficient (ay,) and convective mass transfer
coefficient (4;,) can refer to the correlation equation of heat and mass transfer for
plate flow as follows [15]:

H,
Nity = “V; L = 0.648Re%Pr!/3 (2.91)
AmH
Shn = =1 = 0.648Re0>Sc, (2.92)
Pallw,a
where Re, = M, H, is height of film in cooling tower, m; u,, is mean gliding

speed of water film on the fill, which can be calculated by Eq. (2.93)

H,
1
Uy = —/ \/u2 +2gHdy (2.93)
H,
0
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where u, is spraying velocity at the spray nozzle, m/s. Please note that drag forces
of water film is neglected in Eq. (2.93).

3) State-space representation

Through linearization, Eqs. (2.84) through (2.89) can be written as follows:

dAz,
Toa— g = XuMap + XioAWar + X3 + XiaAtyg (2.94)

+ X 5Aty g+ X 6Wag + X 7AG g+ &, |

dAW,
Tt wa TL = Yo AW, + YAty L + YAty g + YiaAW, g + YisAGug + Sy,
(2.95)
dAty, 1
Tiow ——— = Zi 1A, Zi 2 AW, Zi3Aty, Z 4t

i 1AL L+ Zip AW, L + Zi3ALy |+ Zia Al E (2.96)

+Zi5sAtwg +ZisWag +Z7AGu g + ZisAGy g+ G,

dAz, ,

w,pt T = Mt,lAlw7L + Mt,ZAtwA’L -|—ML3AGW,E (2.97)
AG.y = AGyx (2.98)
AGW,L = AG'w.,E (299)

The coefficients in Eqgs. (2.94)—(2.97) are described in Table 2.9.
Choosing the variables, At,1, AW, 1, Aty 1, Af;/,L» in the differential term as state

ones, the variables, At,g, AW, g, AG,g, Aty g, AGy g, as input ones, and the vari-
ables, Aty1, AW,1,AG,1, At{va7 AGy 1, as output ones, Egs. (2.94)—(2.99) can be
expressed in the form of state-space representation as follows:

).Ctower - Alower * Xtower + Btower * Utower + 6tower (2 100)
Yiower = Crower * Xtower T Diower * Utower (2 101)

Similarly, the standard state-space form can be deduced from Egs. (2.100) and
(2.101) as follows:

X.[OWCI‘ = AtOWCI'XtOWCI‘ Jr B[OWCI‘ utOWCI‘ (2 102)

-1
Yower = CrowerXtower + Diowerltiower — CrowerA gwer Stower (2.103)
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Table 2.9 Coefficients in Eqgs. (2.95)-(2.98)

65

Equation No.

Coefficient expression

Eq. (2.94) T = lsacapaAL’aH[; X = *Ca(Ga ) - Al(awa /2'
Xip = Xi6 = M(im) Xi3 = Xos =24 [(awa)o + B1(gr — B2) (3m)o):
X4 = Ca( - Al(awa)o/2
A, [ Oa
Xi7 = Ca(ta,E - ta,L)O + 5[ (an;>0(tw.L +twE — L — ta,E)o
Adgr — By) (04 '
Tf 6G:E n[ﬂl (twe+twL)y — (Wag +WaL),)
v At
St = T dd#;
Eq (295) Tt,wa = fanAt aHy; Yll = 7(Ga E) ( )0,
Yio=Y3= 4 ﬁ' (Zm)os Yia = (Gag)o — 7(/""!)0’
Yis = (Was = War)y + % (#22) [Brltun+ 1)y — (Was + War),:
e = ~Tiwa dA,Z“'E
Eq. (2.96) Tw =3y Mi
Zy=Zu = 2(6 5 (awa)o, Zp = Zis = 5gt ()
ZKS = - ( Aiqr A (awa) ) Cw;
(‘ g‘qr Am) + A () ) Fow:
A [ Oa
2 \9 Wd) (faf +taL — twe — fwi),
Zi7 = ° ;
' (Gwr) A, [ O,
I () 100 War), o )]
aE/ o
| (@wa)oA((fag + 1) — (fwE +1wL)o)
Zis="1gz,
wE +qr(Zm) Al(( aE T W«IL) - B (IW-,E +thL)0)
. dAty g
S = —Tow =g
Eq. (2.97) My = —Mip = (Gyg)ys Miz = (twr — 2,1 )os
where
1 X
Xiower = Xiower T Amwerétowen
/ T
Xtower — [AlaA,L; AVVa,La A[w7L> AZ‘W,L] )
/ T
Ytower = [Ata,L; AVVa,La AGa,L7 AIW"U AGW,L] )
T
Utower = [Ata,E; AWa,Ev AGa,Ev Al‘w,E, AGW,E] )
T
étower ftALv éWALv étWU :| 5
X X X3 Xa  Xie Xz Xis Xig
Tia Tita Tita Tia Tia Tia Tia Tita
0 Y Yio 0 Yia Yis Yis Yie
A _ Tl wa Tl,wm . B _ Tl,wm Tl,wm Tl,wa Tt,wa
tower — |z,  Z, Zjs 0 yPtowera T Ziy  Zie  Zg Zgs Zig
Tl.lW Tl tw Tl,lw 7‘l.lW Tl,lW 7"l.lW Tl.lW 7‘[.lW
M, M M3
0 O Mw.pl Mw.pl O 0 O O Mw.pl
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2.2.3.2 Model Validation

(1) Experimental conditions

A counterflow wet-cooling tower was used for the model validation. The tower
is of 1.5 m in diameter and 2.0 m in height. The total surface area of its fill is
identified as 285.4 m?. The test parameters include the following: (Dtemperature
(£0.1 °C in absolute error) and humidity (0.8 % in absolute error) of air inlet and
outlet of cooling tower; @ cross-sectional velocity of air passing through the tower
(£2 % of reading data); Qtemperature (0.1 °Cin absolute error) of water inlet
and outlet of cooling tower; and @ water flow rate (£0.5 % of reading data)

Experiments were made on the transient responses of exit air temperature and
humidity of cooling tower and exit water temperature of fill and cooling tower when
subjected to different disturbances under various initial conditions as shown in
Table 2.10. Then, the experimental data were used for the model validation.

(2) Experimental results

For the experimental case I, the water flow rate had a sudden increase of
1.37 kg/s, while the other inlet variables were kept unchanged. The system matrixes

Table 2.10 Initial conditions for cooling tower model validation

Initial conditions Cases
Case 1 Case 11 Case 111

Inlet air temperature (f,g), (°C) 324 33.1 34.0
Exit air temperature (z,1.), (°C) 34.3 34.1 34.8
Inlet air humidity (W,g), (g/kg dryair) 18.5 19.4 224
Exit air humidity (W, ), (g/kg dryair) 20.4 21.4 23.8
Airflow rate (G,), (kg/s) 12.62 12.62 12.62
Inlet water temperature (fyg), (°C) 40.8 38.8 38.2
Exit water temperature of fill (#1), (°C) 34.5 332 32.7
Water flow rate (Gy), (kg/s) 3.31 3.31 3.31
Exit water temperature of tower (), (°C) 34.1 32.8 323
Mass of water in the sink of tower Mg, (kg) 88.5 88.5 88.5

Perturbation for case 1: G, increases 1.37 kg/s; perturbation for case II: G, increases 5.60 kg/s;
perturbations for case III are shown in Fig. 2.38
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of cooling tower (Agower, Biower) Under the initial conditions of experimental case I
for the model calculation are counted as follows:

[—12.0343  0.0251 2.4203 0

0.0000  —9.5964  0.0002  0.0000 |
0.5702 0.1313  —3.1097  0.0000 |’
0.0000 0.0000  0.0374 —0.0374
[7.1580 0.0251 —0.6777 2.4203 0.0000
0.0000 9.5959 —0.0013 0.0002 0.0000
0.5702 0.1313 —-0.2615 1.7810 3.6122
 0.0000 0.0000 0.0000 0.0000 0.0011

Atower =

Biower =

Figure 2.18 compares experimental dada and model results on the transient
responses of exit air and water states under the initial conditions and perturbations
of case 1. The results manifest that the exit air and water temperature of cooling
tower will rise as the water flow rate increases, while the impact of water flow rate
on the exit air humidity is very small. The response time of exit water temperature
of fill is much shorter than that of exit water temperature of tower (or tower’s sink),
and this is because the quantity of water in the sink is much larger than that in the
fill of tower (as well known, a larger mass results in a larger thermal inertia). For the
experimental case I, the average error (AE) of model results on the transient
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Fig. 2.18 Thermal responses of cooling water tower under the initial conditions and perturbations
of case I (calculated results vs. experimental data). a Transient response of exit air temperature.

b Transient response of exit air humidity. ¢ Transient response of exit water temperature of tower’s
fill. d Transient response of exit water temperature of tower’s sink
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response of exit air temperature, exit air humidity, and exit water temperature of fill

as well as that of cooling tower’s sink is estimated as about 11.6, 10.4, and 6.7 %,
respectively.

For the experimental case II, the airflow rate had a sudden increase of 5.60 kg/s
while the other inlet variables were kept unchanged. The corresponding system

matrixes of cooling tower (Aower, Biower) Under the initial conditions of experimental
case II are calculated as follows:

[—18.0200 0.3440  8.1797  0.0000

0.0000  —9.5993  0.0023  0.0000 |
1.9699 1.8013 —5.6933  0.0000 |’
0.0000 0.0000  0.0374 —0.0374

[1.1722 0.3440 0.8738 8.1797  0.0000
0.0000 8.1797 0.0013 0.0023  0.0000
1.9699 1.8013 —1.4503 —0.8044 30.6488
. 0.0000 0.0000 0.0000  0.0000  0.0045

Amwer =

B tower —

The experimental and simulated results on the variations of response parameters
of the cooling tower under the initial conditions and perturbations of case II are
shown in Fig. 2.19. As shown in Fig. 2.19, the exit air temperature and the exit

@ (b

Time (s)

—o— Calculated data (AE=9.9%)
—=— Experimental data

—o— Calculated data (AE=8.2%)
—=— Experimental data

Variations of exit air humidity (g/kg dryair)

o 1 2z 3 4 5 6 7 8 9 10 1 12

Time (s)

Time (s)

—o— Caleulated data (AE=4.1%)
—=— Experimental data

—o— Calculated data (AE=7.4%)
—=— Experimental data

-0.3 -

Fig. 2.19 Thermal responses of cooling water tower under the initial conditions and perturbations
of case II (calculated results vs. experimental data). a Transient response of exit air temperature.
b Transient response of exit air humidity. ¢ Transient response of exit water temperature of tower’s
fill. d Transient response of exit water temperature of tower’s sink
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Fig. 2.20 Variations of disturbance parameters for experimental case III

water temperature of the cooling tower’s fill and sink tend to decrease as the airflow
rate has a step increase, while it is opposite for the exit air humidity. For the
experimental case II, the average error (AE) of model results on the transient
response of exit air temperature and exit water temperature of fill as well as that of
cooling tower’s sink is estimated as about 9.9, 8.2, 7.4, and 4.1 %, respectively.

To further validate the cooling tower’s model, the perturbation parameters
increase gradually under the initial conditions of experimental case IIl. The vari-
ations of the perturbation parameters are shown in Fig. 2.20, and the system
matrixes of the cooling tower corresponding to the initial conditions of experi-
mental case III are as follows:

[—16.4952  0.0079 4.1736  0.0000
0.0000 —10.9671 0.0001 0.0000

Arower = 0.6516 0.0488  —7.1269  0.0000 |
L 0.0000 0.0000  0.0299  —0.0299
r9.2031 0.0057 —0.8149 2.7824 0.0000
0.0000 13.7087 —0.0015 0.0038 0.0000

Blower:

0.6516 0.0300 —0.2504 11,9525 1.2299
1 0.0000 0.0000  0.0000 0.0000 0.0036

Figure 2.21 compares the simulated results with the experimental data on the
transient responses of the concerned parameters under the initial conditions and
perturbations of experimental case III. The model results are shown to be of fairly
good consistency with the experimental data. The average error (AE) of model
results on the transient response of exit air temperature, exit air humidity, and exit
water temperature of fill as well as that of cooling tower’s sink is about 9.2, 17.2,
10.2, and 11.6 %, respectively.
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Fig. 2.21 Thermal responses of cooling water tower under the initial conditions and perturbations
of case III (calculated results vs. experimental data). a Transient response of exit air temperature.
b Transient response of exit air humidity. ¢ Transient response of exit water temperature of tower’s
fill. d Transient response of exit water temperature of tower’s sink
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2.2.4 Duct (Pipe) and Fan (Pump)

Air and water systems transmit and distribute cooling or heating energy through
duct and pipe work systems. They are important components of an air-conditioning
system, typically including air ducts, water pipes, fans, and pumps. For central
air-conditioning systems, the pipes and ducts are normally long, and the heat loss
due to the pipes and ducts cannot be neglected during the thermal simulations of the
whole air-conditioning system. Meanwhile, the transmission and distribution
components connect the air-conditioning equipments, e.g., water-to-air heat
exchanger, chiller, and cooling tower, which have been modeled in the state-space
form. For the convenience of system modeling, the transmission and distribution
components are required to be modeled in the state-space form.

2.24.1 Straight Air Duct Modeling

1) Assumptions and fundamental equations

Figure 2.22 shows the schematic diagram for straight air duct, and the main
assumptions for modeling are as follows:

Moisture air is treated as a mixture of ideal gases;

Thermophysical parameters of air on the transversal surface of duct adopt
lumped ones;

Air temperature and humidity change linearly from inlet to outlet of the duct;

External surface of duct’s thermal insulation is non-condensing as the cooling
air passes through the duct.

According to the first law of energy and mass conservation, the following
equations can be obtained for the straight air duct.

(1) Mass equation for moist air passing through straight air duct

Gda,L - Gda,E = Gda (2104)

Wda,E Wda,L
—> —>

tdu,E —> —> “da,L
—> —>

hdu,E hda,L
—> —>

Gda,E : Gdu,L

| l, |

Fig. 2.22 Schematic diagram for straight air duct
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(2) Energy equation for moist air passing through straight air duct

« In the case of condensation on the interior surface of duct,

1 d(h h P p
5 PaAdld A(sar + hane) = Gaag(haag — haar) + @gaAda (tdg _ laap Fldal da'L)
2 dt 2
Wiaa Waa
 grimAas (de _ %)
(2.105)

¢ In the case of non-condensation on the interior surface of duct,

lpa Ayl d(hda,Ld+ hdag)
T

tdaE + tdaﬁL)
2

= Gaag(RaaE — haaL) + ddaBaa (fdg — 5

(2.106)

(3) Mass equation for air humidity passing through straight air duct

¢ In the case of condensation on the interior surface of duct,

1 d(Waar + W, Waag + Waa,
_paAdldM = GaaE(Waag — Waa L) + AmAda | Wap — —Qb Tl
2 dt 2
(2.107)
¢ In the case of non-condensation on the interior surface of duct,
Wiar = Waag (2.108)
(4) Energy equation for duct wall
« In the case of condensation on the interior surface of duct,
dr, l t4: t4:
CdgMdg & = el (tenv - [dg) + adaAdi (M - tdg)
dr Rdg 2
W s 4 W (2.109)
+ gr/mAdi (7@’]5 5 Gk _ de)
¢ In the case of non-condensation on the interior surface of duct,
dldg ly tdaE + tdaL
CugMa 4.2 = o (e — 1) + s (5 1) (2.110)
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2) State-space representation

As illustrated in previous text, the saturated air humidity (Wy,) near the wet wall
surface of duct in the case of condensation can be approximately expressed by:

Wab %ﬁltdg (2111)

where f3, is a constant coefficient.
Through linearization, Eqs. (2.104) through (2.110) can be converted as follows:
« In the case of condensation on the interior surface of duct,

dAs,
Tia % = Xawet,1 Ataa L + Xawet 2AWaa 1. + Xawet 3A%ag + Xawet 4Alda E (2.112)
+ Xawet,5 Waa g + Xawet 6AGda e + Eiaweta
dAWga 1,
Td,wa T = deet,lAWda.L + deet,ZAtdg + deeL,S A‘/Vda,E + deet.4AGda,E + éw,dweta
(2.113)
dAl‘dg
Tq.de = Zawet,1 Maa L. + Zawet 2AWaa L + Zawer 3Adg + Zawer 4ALaa g (2.114)
+ Zawet sAWaa E + Zawet,6AGaa E
AGguL = AGaa g (2.115)
¢ In the case of non-condensation on the interior surface of duct,
dAl‘da.L
Ty e Xadry,1 Mtaa L + Xaary 2 Atag + Xadry 3Ataa E + Xadry 4AGaaE + i ddrya
(2.116)
dAldg
Tadg—g = Zadry, 1 Maa L. + Zaary 2 Atag + Zadry 30aa E + Zaary 4AGaag  (2.117)
AWgor = AWaa g (2.118)
AGda,L = AGda,E (2 1 19)

Coefficients in Egs. (2.112) through (2.117) are listed in Table 2.11
Equations (2.112) through (2.119) can be expressed by the state-space repre-
sentation as follows:

xzducl = Azduct * Xzduct + Bzduct * Uzduet + ézduct (2 120)

Yaduet = Caduet * Xzduet + Daduct * Uzduct (2 121)
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Table 2.11 Coefficients in Egs. (2.112) through (2.117)

Equation No.

Coefficient expression

Eq' (2.112) Tia = %paCaAdld; deet,l = *Ca(Gda,E)g - % (ada)o;
deet,Z = deel,S = - Qr;ﬁz Ada(lm)o;
Xawets = Ada(@da)y + 1(dr — P2)Ada(m)ys
deel,4 = Ca(Gda,E)o - % (adﬂ)o;
tiaE + tas Oag;
Xawet,6 = Ca(faaE — tdaL)y +Ada [ldg - w] <7BG & )
o da,E/ o £ . - Ty, dAtg, g
Waag + WaaL Ol shdwets o
Agalqr — fgg — —2 :
+ dd(q ﬁZ) |:ﬁl dg 2 :|0 <6Gda_E o
Eq. (2.113) Tawa = 3 PaAals; Yawert = —(Gaak)y — 24 (Am)os
deet.Z = ﬁlAda()Mm)oi deetﬁ = (Gda,E)o - % ()‘m)o;
Yawerd = (Waag — WaarL),
Waag + Waa L Z AN
+A tag — - :
° |:ﬁl o 2 :| o <8Gdﬂ«,E o
AWda,
éw,dwela = 7Td.wadd#
Eq (21 14) Td.dg = CdgMdg; Zdwet,l = ZdwetA = % (ada)o; ZdWCl,Z = Zdwet,S = %q:(im)o;
Zywers = —Adi(@aa), — ,%:g = q:B1Ada(Vm) o
Waa g + Waa L O
Z —A —qak Ak By
dwet,6 daqr { ) By dg} . ( G )
TdaE + daL Oaga
Ad ['7’4 ]
+ Ada P dg o <8Gda,E>0
Eq (2.116) Td,m = %PaCaAdld; derytl = —C (Gda.E)o - % (ada)o;
Xadary2 = Ada(ada)os Xaarys = €a(Gaag)o — ATJ (@da)ys
Xadry4 = CaltaaE — tdaL)o
taaE +ldaL Oag, >
+ di | tdg 2 o (6Gda,E>0
61,ddrya = 7Td,la dAdtiu'E
Eq. (2.117) Tadg = cagMag; Zaary,) = Zadry3 = Aﬁ" (Aga)

dery‘Z = 7Ada(ada)0 - &; Xla:,l = a(Ga.i - Ga,leal)o

The standard form of state-space equation corresponding to Egs. (2.120) and
(2.121) is written as follows:

dot
deuct = Azducthduct + Bzductuzducl

—1
Vaduet = CrductXzduct + DzductUzduct — CzductAzductézduct

_ -1 .
where X, quct = Xzduet + Azductézducla
For the case of condensation on the interior surface of duct,

(2.122)

(2.123)
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Xpduet = [Atdar, AWaar, Aldg]T;yzdua = [Atgar, AWaar, AGuar]™;

T T
Uzduct = [Atda,& Adea,Ev AGdaﬁE] 3 Eaduct = [ft,dwetaa éw,dwetaa O} 5
[ Xawet,  Xawet2  Xdwet3 Xawetd  Xdwets  Xdwet6
Tia Tog Tisa Tasa Tona Tos
o Yawer,1  Yawer2 | | _ Yawer3  Yawers | |
Asguer = | 0 Tawa Tawa $ Brduet = 0 Tawa Towa |7
Zawet)  Zawer2  Zdwet3 Zaweta  Zawets  Zdwers
L Taag Tadg Tq,dg Ta4g Ta.dg Tadg
1 0 0 0 0 O
Cuauet = |0 1 O0[;Dyquee=1]0 0 O
0 0 0 0 0 1

For the case of non-condensation on the interior surface of duct,

Xzduct = [Atda.LvAtdg}T;yzducl = [Atda,Ly AWda,hAGda,L}T;

T, . T
Ugduet = [Atga g, AWaag; AGaag] 5 Erauet = [Erdaryal]

Xadya1  Xadry2 Xadry 3 0 Xadry.a 1 0 0 0 O
Ty Ty Ty Tag

Azduet = 3 Baduer = 3 Caut = |0 0 ;Dgquee= |0 1 0
Zaary)  Zadry2 Zadry 3 0 Zadry 4
Tadg Tadg Taqe Taag 0 0 0 0 1

3) Model validation

A straight air duct is used to validate the state-space model. The main physical
parameters of the duct are shown in Table 2.12. The test parameters include the
following: (D inlet and outlet air temperature and humidity (precision: £0.1 °C in
temperature; £0.8 % in relative humidity); @ duct wall temperature (preci-
sion: 0.2 °C); @ airflow rate (precision: 2 % of reading data).

In most cases, water condensation is not allowed in the air duct. So, the
experiments were performed under the non-condensation situation. Initial condi-
tions for the model validation are as follows: The inlet and outlet air temperature are
29.3 and 29.5 °C, respectively; the inlet and outlet air humidity are both 20.3 g/
(kg dry air); the duct wall temperature is 30.0 °C; the airflow rate is 0.20 kg/s.

Figure 2.24 compares model results with the experimental data on the transient
responses of exit air temperature to perturbations as shown in Fig. 2.23. The
average error (AE) of straight air duct model in this case is estimated as about
13.8 %.

Table 2.12 Structural parameters of the experimental duct

Length of duct / (m) 3.25 Width of duct Wy (m) 0.87
Height of duct Hy (m) 0.25 Specific heat of duct cgg (J/(kg°C)) 620
Density of duct material pgy (kg/m3) 7800 Thickness of duct wall d4 (m) 0.001
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Fig. 2.23 Perturbations of inlet air temperature and humidity (measured data)
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Fig. 2.24 Transient response of exit air temperature to perturbations as shown in Fig. 2.23
(calculated results vs. experimental data)

2.2.4.2 Straight Water Pipe Modeling

1) Fundamental equations

The assumptions for the straight water pipe modeling are basically the same as
that for the straight air duct modeling. The schematic diagram for straight water
pipe is given in Fig. 2.25, and corresponding equations are obtained as follows:

(1) Mass equation for water passing through straight water pipe

Gzpw,L = Gzpw,E = Gzpw (2124)
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Fig. 2.25 Schematic diagram for straight water pipe

(2) Energy equation for water passing through straight water pipe

d(tpr,L + tpw,E)

I = GpwE(fpwE

1
3 PwCwAplp

- tpw.L) + aprpi (tpg -

tpW,E + tpW,L
2

(2.125)
(3) Energy equation for pipe wall

dr,, |y

towE T fpwL
CPgMPg F - R_pg (IEHV - lpg) + apWApi (u - tpg) (2 126)

2

2) State-space representation

Through linearization, Eqs. (2.124) through (2.126) can be written as follows:

dAfyy.
Ty d—pTL = Xp1Atpw L+ Xp 2Alpg + Xp 3Alpw £+ Xp aAGpw g + Cpwr (2.127)
dA¢
Ty pe Tpg = Yp1Atpwr + Y 2Alpg + Yp 3A8w 5 + YpaAGpy e (2.128)
AGpyw1L = AGpw g (2.129)

Coefficients in Eqs. (2.127) and (2.128) are listed in Table 2.13.
Thus, the state-space model for the straight-through pipe can be expressed by
Egs. (2.130) and (2.131).

szipe = Azpipeszipe + szipe”zpipe (2 130)

— -1
Yzpipe = Czpipeszipe + szipe”zpipe - CzpipeAZPipe 5zpipe (2 13 1)
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Table 2.13 Coefficients in Eqs. (2.127) and (2.128)

Equation No. Coefficient expression
Eq. (2.127)

Api
Tow = %PwCWAplp; Xt = —(Gpwi)o — F (Gpw) s
Ay .
Xp2 = Api(@pw)os Xp3 = (GpwE)o — TP(apW)O’

_ . fowE + fpwlL dapw .
Xpa = (fpwk = tpwL)o +Api (’Pg ) >0 (e)anw,H o

z dipwE
Cpwl = —Tpuw :h'E
Ap /
Eq. (2.128) Tope = CoeMpg:¥p1 = Yp3 = 3 (apw)o3¥p2 = —Api(apw), — 755

Pg

_ C(TowE T hhwL Dapw
Yoa = A (P55 tpg)o(aGPW,E .

where
— -1 . _ T
szipe = Xzpipe +Azpipe ‘fzpipey Xzpipe = [Atpw.,b Al‘pg]

Yzpipe = [Atpw7L7 AGpw,L]TQ Uzpipe = [AtpW,Ea AGpW,EV? ézpipe = [étpw,bO]T;

b

Xp1 X2 Xp3  Xpa
Tow  Tpuw Toww  Tpaw 10 0 0
Aspipe = , , i Bupipe = , , 3 Copipe = 1 Dopipe = .
P1p! Yp,] Yp.Z p1p YPv3 Yp.4 p1p O O p1p O 1
Tope  Tope Tope  Tope

3) Model validation

A straight water pipe is used for the model validation. The key physical infor-
mation on the experimental water pipe is given in Table 2.14.

The test parameters include the following: (D inlet and outlet water temperature
(precision: 0.2 °C in temperature); @ pipe wall temperature (precision: £0.2 °
C); and @ water flow rate (precision: 0.2 level). Initial conditions for model val-
idation are as follows: the inlet and outlet water temperature are 26.2 and 27.4 °C,
respectively; the pipe wall temperature is 29.4 °C; and the water flow rate is
0.205 kgfs.

Figure 2.27 shows the experimental data and model results on the transient
response of exit water temperature to the perturbations of inlet water temperature as
shown in Fig. 2.26. The average error (AE) of model results compared with the
experimental data is estimated as 7.4 % in this case.

Table 2.14 Key physical information on the experimental water pipe

Length of water pipe [, (m) 7.0 Inner diameter of water pipe D, 0.02
(m)

Specific heat of water pipe ¢, (J/(kg ° 1569 Density of pipe material pp, 1083

) (kg/m®)

Thickness of water pipe &, (m) 0.005
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Fig. 2.27 Transient response of exit water temperature to perturbations as shown in Fig. 2.26
(calculated results vs. experimental data)

2.24.3 Three-Way Duct/Pipe Modeling

Three-way ducts or pipes are important links in the air duct or water pipe system in
an air-conditioning system. Normally, the three-way duct or pipe has two types:
One is confluent flow and the other is split flow (see Figs. 2.28 and 2.29). Since it
takes very short time for fluid passing through the three-way duct or pipe, thermal
loss of fluid caused by the three-way duct or pipe can be neglected.

(1) Three-way air duct

For the confluent flow, the following equations come into existence:
Ga3L = Gaal g + GaaE (2.132)

Gaa3,.WaasL = Gda1, EWaal g + Ga2 g Waa2 E (2.133)
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Laar. —=1 i =] lias 1
‘- da3.L dal.E . = "da3,
w Confluent flow — W —= Split-flow W
daL.E three-way duct = Wdall‘ dﬂhE%E three-way duct = da3,L
GdaLE —_— Gd L
a3,
tdaz,E‘ Wda2,E‘ Gdaz,E Zdaz,L\ Wdaz,L‘ GdaZ,L

Fig. 2.28 Schematic diagram for three-way air duct

I Z Confluent flow 3L oo Split-flow I

G _= [ three-way pipe 3 Gt Gpwwz three-way pipe G
>
t pw2.E> Gpr,E t pMZ.\ll,/’ él/pr,L
Fig. 2.29 Schematic diagram for three-way water pipe
Gaa3 Llaa3 . = Gdal Eldal E + Gda2 Elda2 E (2.134)
For the split flow, we have the following equations:

t42L = ldal E (2.135)
Waaa L = Waai g (2.136)
Gaaz . = KaGaal E (2.137)

1da3 L. = ldal E (2.138)

Wiz = Waal g (2.139)

Gz = (1 — Ka2)Gaa1 E (2.140)

Then, the dynamic relationships between the inlet variables and the outlet ones
of the three-way air duct can be expressed by Eq. (2.141).

Ysduct = Dyquct * Usduct (2141)
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where for the confluent flow,

T T
Ysduct = [AtdaB,LaAWdaSA,LaAGdaS.L] ; Usduct = [usduct,husduct.ﬂ ;
T T
Usquer,] = [Atgar By AWaa1 g, AGaat ] Usduct2 = [Atawr e, AWawr g, AGanng]
Dgguet = [Ddal.EdezQ,E];

[ (GaaLE), 0 [(taa1.6) o —(ta3L)y] 7]
(Gaaz.L)o . (?daz.g_)(, ']
Dy g = (GaarE)y Waar)o—(Was)o] | ;
Gtk 0 (G L)y (Ga3.L),
L O 0 1 ]
[ (GaxE)y 0 [(tfan2.6) o —(ta3L)y] 7]
(Gaws 1)y . (();dufi.(L)o ']
Dy g = (=N Wag)g=(Waz)o] |
2k 0 (Gaa,L)o (Gaaz.L ),
L O 0 1 ]

and for the split flow,

T T
Ysduct = [ysduct,27ysduct,3] s Usduct = [Atdal,Ea A‘/Vdal,E7 AGdal,E] )

T T
Ysduet2 = [Atawo, AW, AGawo 1] Vsauer3s = [Atgas, L, AWaas L, AGaas L]

D 1 0 O 1 0 0

fdal2,E

Dgguet = D e ]; tdai2E = |0 1 O |;Dfgaizg= |0 1 0
fdal3,E 0 0 Ky 0 0 1—x,

(2) Three-way water pipe

For the confluent flow, the following equations can be obtained:
GpwsL = Gpwi g + Gpw2E (2.142)
GpWS,Ltpw3,L = Gpwl,Etpwl.E + Gpw2,Elpw2,E (2 143)

For the split flow, we have the following equations:

w2 L = fwlE (2144)
Gpw2,L = KWGpWI,E (2145)
tow3,L = fpwlE (2.146)

GpWS,L = (1 - Kw)Gpwl,E (2147)
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Likewise, the dynamic relationships between the inlet variables and the outlet
ones of the three-way air duct can be expressed by:

Yspipe = Dspipe * Uspipe (2.148)
where
for the confluent flow,

T

Yspipe = [Atpw3,L7 AGpw3,L]T; Uspipe = [Atpwl,Ea AGpwl,E7 AlpWZ,Ea AGPWZ,E] ;

(GowiE)o  [(towiB)o—(tpwirL)o]  (Gpw2E)o  [(fow2E)o—(fpwaL)o)
Dypipe = (Gpws L) (Gpwar)o (GpwaL)o (GpwsL)o
0 1 0 1

and for the split flow,

T T
Yspipe = [AtpWZ,L7 AGpw2,La Arpw?x,L7 AGpW&L] 5 Usduct = [Atpwl,Ea AGpwl,E] 5

1 0

0 Kw
Dspipe = 1 0

0 1—ky

2.2.4.4 Fan and Pump

Fan and pump are key power equipments for fluid transportation in an
air-conditioning system. They are also the main control objects in a variable air
volume (VAV) or variable water volume (VWYV) air-conditioning system. The fan
or pump is normally driven by an alternating current motor, as shown in Fig. 2.30.

Assuming that input electric voltage of motor be U,,, and electric resistance and
inductance and rotary inertia of motor be R,, L, and J,,, respectively, we have the
following equations [16]:

(1) Angular speed equation

A0y

Dm _ o 2.149
ot (2.149)

where 0, is angular displacement, rad; w,, is angular velocity, rad/s.
(2) Voltage equation

di,
Lad—’T = —Ruiy — Kyoom + Un (2.150)

where i, is electric current, A; K, is coefficient of counterpotential, V s/rad;
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U m

22

Fig. 2.30 Schematic diagram for fan/pump’s motor

(3) Moment equation

dow .
de—m: mia — Bnon — F
T
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(2.151)

where J,, is rotary inertia of motor, kg mz; K., is coefficient of torsion torque,
N m rad/A; B,, is equivalent friction coefficient, kg mz/sz; and F) is load of

motor, kg m? rad/s”.

The load of motor, Fj, is the function dependent on the outlet pressure of fan or

pump (Pyg,) and fluid flow rate (Gyy,) as follows:

G/, P
Flwm’/lf/l’ = f/ﬁp/ =

Gf/p = Xf/p,Gana/wdfz/pbf/pnm
Pf/p = Xf/p,PXﬁpa/wdfz/pnrzn
Thus, Eq. (2.151) can be written as follows:

2
dow £GEPWY,

Jm—m = Kl — By —
de (27[)377f/p

where &g = Xf/p,Gana/wdfz/pbf/m é&p = Xf/p,PXﬁpa/wd?/p» Om = 27Ny
(4) Power equation
N = 0mUnia

where Ny, is power of motor, W; o, = \/§q5m, @ i1s power factor.

(2.152)

(2.153)

(2.154)

(2.155)

(2.156)

Through linearization, Egs. (2.149), (2.150), (2.151), (2.153), and (2.156) can be

changed into incremental form as follows:
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dAO,

P Awp, (2.157)
dA;,
Ly  — _RuAiy — KyAom + AUn (2.158)
T
dA Dege
I o2 — KAy — | B+ 2k Ay, (2.159)
de (27[)»’71”/]3 o
AGy/p = (86)o A, (2.160)
P 2n
ANy = 0n(Unn) g A + ot (i) yAUn (2.161)

Assume that the inlet air conditions of fan equal to the outlet ones, i.e.,

Alfem,L = Al‘fan.,E (2162)
A‘/Vfan,L = AVVfan,E (2163)

_ _ _ (SG)O
Aszm,L - AGfan,E - AC;f/p - ﬁAwm (2164)

Choosing A0y, Aoy and Ai, as state-space variables, Atpy g, AW g, AGpan g
and AUy, as input ones, and Aftgg 1, AWpn L, AGpan ., and ANy, as output ones, the
state-space model for fan is expressed by Egs. (2.165) and (2.166)

Xfan = Afan * Xfan + Bfan * Ugan (2 165)
Yfan = Cfan * Xfan +Dfan * Ufan (2166)
where

Xfan = [Aoma Aia; Awm]T; Yfan = [Atfan,La AWfan,La A(;fan,L7 AN}Ta
Ufan = [Atfan,Ey AVerm,Ea AGfam,Ea AUm}T§

0 0 1
_R K
A — 0 La La .
fan — ’
2eGep®
0 % _(Bw  2tceom
Im Im @n)’ Jmtiep o
Cfan,a Dfan a
Bpan = [Bfamaanan.,U]; Cian = s Pfan = 5
fan,U fan,U
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Likewise, the state-space model for pump is written as follows:
Xpump = Apump * Xpump + Bpump * Upump (2.167)
Ypump = Cpump * Xpump + Dpump * Upump (2.168)
where

Xpump = [AOm, Aiay Aom]"5 Ypump = [Atpump s AGpump 1, AN]';
Upump = [Atpump,E, AGpump,E» AUm]T;

0 0 1
0 —&
Apump = L L ;
0 Kn By _2eGepny Lp(l)m
Jm JIm (2n) Jinllep
Cpump,w Dpump,w
Bpump = [BpumpA,WaBpump.U]; Cpump = ;Dpump = ;
Cpump,U Dpump,U
00 0
00 0
Bpump,w =10 0 ;Bpump‘U = I/La ;Cpump,w = 0 0 (EG) /27‘C ;
0 0 0 ©

1 00

0 0 0} Dpump,u = [0 0 am(ia)o]'

2.2.5 Air-Conditioned Room Modeling

Although air-conditioned room itself is not part of an air-conditioning system, its
model is indispensable for the simulation or analysis of the air-conditioning system
because the ultimate objective of an air-conditioning system is to keep an antici-
pated thermal environment indoors. In this section, a state-space model for
air-conditioned room is established. The room model can be used to analyze
thermal response characteristics of air in a room.
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2.2.5.1

2 Component Modeling with State-Space Method

Model Development [17]

1) Assumptions

The
®

@

©®O

following assumptions are made for the room model development:

Room is separated into three typical zones, i.e., the air-supply, the work,
and the air-return zone, as shown in Fig. 2.31. Each air zone is fully mixed
and is described by one state.

The surface temperature of each inner and external wall is all described with
a lumped value. The heat transfer from the external walls only affects the air
in the work zone, and there is no heat and mass transfer between the
air-supply and the air-return zones.

In the air-supply zone, light bulbs are the only heat sources defined by a
constant surface temperature during the transient response simulation. No
moisture sources exist in the air-supply zone.

In the work zone, the heat sources are mainly electrical appliances and people
indoors, and the moisture sources are evaporative water from the skin and
from the respiration of human indoors. The surface temperature of all the heat
sources is assumed to be constant during the dynamic response simulation.
There are no heat and moisture sources in the air-return zone.

The radiant heat transfer between walls and objects in the room is negli-
gible. The convective heat transfer coefficients between the walls or the heat
sources and the adjacent air are considered to be constant during the
dynamic response simulation.

2) Basic equations

Based on the above assumptions, the following equations for each indoor air
zone can be obtained according to the principle of energy and mass conservation.

(1) For the air-supply zone

dh,
dr

paVa,s = Ga(ha,i - ha,s) + AQ&s (2169)

external walls

Inner walls Inner walls

3

Air-return zone

Work zone

Air-supply
zone

Air-supply

— pe=———uy
AN AN o

ir-supply zone

ta,i

;

ta,r
== Wa,r
G

a

Inner walls Inner walls

ta,n
Wai—T1=> Was —1= Wan
Ga Ga Ga

ta,s

—=

Work zone

Air-return zon

Inner walls

Fig. 2.31 Schematic diagram for air-conditioned room
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dw,
paVa,sﬁ = Ga(Wa.i - Wa,s) (2170)
dr ’
dtriw‘s
Criw,s Priw Viiw,s T = ariw,sAriw,s(ta,s — triw,s) (2171)
(2) For the work zone
dhy,
paVa,n ? - Ga(ha,s - ha,n) + AQa,n (2172)
dw, ,
pava,n d: = Ga(Wa,’S - Wa,n) + A]WW&n (2173)
d[riw n
Criw,n Priw VriW,n T = ar‘iw,nAl-iw,n (ta.n - triw,n) (2174)
) T )
dt" w,n )Lr wAr W,n
Crew,nprewvrew,n # = arew,nAreW,n(ta,n - trew,n) %( rew,0 trew,n)
(2.175)
(3) For the air-return zone
dh,;
PaVar—gor = Galltan — har) +AQas (2.176)
daw,
,Oava‘rJ == Ga(Wa.n - Wair) (2177)
dr ) )
dtriw.r
Criw r Priw Vriw,rT = arinAriW,r(ta,r - lriw,r) (2178)

3) Key parameters

The enthalpy of air in different zones can be calculated by Eq. (2.179).
ha=cata + oW, (2.179)

where f, equals to 2.5 x 10°.

Energy gain rate of the air in the air-supply zone, AQ, s, consists of the following
three parts: (1) heat gain rate from the internal walls, AQ,  1; (2) heat gain rate from
the adjacent air zone (the work zone), AQ, s »; and (3) heat gain rate from the indoor
heat sources, AQ, 3.
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AQa,s,l = ariw‘sAriw,s(triw,s - ta‘s) (2180)
AQa,s.2 = Qas—anAas—an (ta.n - la,s) (2181)
AQa,s,S = arq,sArq.s(trq,s — ta,s) (2182)

Energy gain rate of the air in the work zone, AQ, », consists of the following four
parts: @ heat gain rate from the internal and external walls, AQ, 13 @ heat gain rate
from the adjacent air zones, AQj 5 2; (@heat gain rate from the indoor heat sources,
AQqn3; and @ heat gain rate due to the exhaled air from the occupants, AQ, , 4.

AQa.n,l = ariwﬁnAriw,n (triw,n - tam) + arew,nArewﬁn (trew,n - ta,n) (2183)
AQa.,n,Z = aasfanAasfan (ta,s - ta,n) + aanfarAanfar(ta,r - ta,n) (2184)
k - -
AQuns = [argnAl, (10, = tun) (2.185)
i=1
AQa.n,4 = Gres<hexhale - ha,n) (2186)

In the work zone, there are different kinds of indoor heat sources with different
surface temperatures. The superscript ‘i’ in Eq. (2.185) stands for the ith indoor
heat source. The enthalpy of the exhaled air, /exhae, is related to the temperature
(fexhate) and humidity ratio (Wexnae) of the exhaled air. For typical indoor envi-
ronments (f,, = 25 °C), the exhaled temperature and humidity ratio are given in
terms of ambient conditions [8]:

lexhale = 32.6 4 0.0661, (2.187)

Weshate = 0.02933 +0.2W, , (2.188)

Please note that the unit of W, , in Eq. (2.188) is kg/(kg dry air). The pulmonary
ventilation rate, Gy, is primarily a function of metabolic rate as follows [8]:

Gres = CresEbodyA( ) (2189)

1
rq,n

where Ci is a proportionality constant (1.43 X 10’6kg /1); Epody is metabolic rate,

W/m,; and Ag?n is body surface area of occupant indoors (mz), which is calculated
by Eq. (2.190) [8].
A= 0.202Mp S HO o (2.190)

q,n

where Mpoqy and Hyoqy are the weight and the height of the occupant.
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Moisture gain rate of the air in the work zone, AMw,,, is calculated by:

AMyyn = Gres(Wexhate = Wan) = CresEpoayA{,(0.02933 — 0.8W,,)  (2.191)

Energy gain rate of the air in the air-return zone, AQ,,, consists of two parts:
(1) heat gain rate from the internal walls, AQ,,; and (2) heat gain rate from the
adjacent air zone (the work zone), AQ,».

AQa,r,l = ariw,rAriw,r(lriw,r - la,r) (2 192)
AQa.rA,Z = aan—arAan—ar(ta,n - ta,r) (2193)

The external surface temperature of external walls, fywo, is affected by the
ambient air temperature and solar radiation intensity on the walls, which can be
calculated by:

trew,o = ta,out + ap,rewlsol/arewp (2 194)

The division of the room air volume into air zones (V,s, Van, Var) can be
determined based on the airflow pattern and the steady-state temperature field
calculated with the CFD method [18, 19]. Meanwhile, the actual situations should
be fully considered in the division of the indoor air zones. Normally, the work zone
is less than 2.0 m in height.

The other critical parameters of the zonal model include the heat transfer
coefficients between the air and the internal surface of the room walls (aiw,s, Griwn,
riw ¢ ),the indoor heat sources (arq s, drqn), and the heat transfer coefficients between
two adjacent air zones (du—ar and aas—an). Basically, these heat transfer coefficients
are originally obtained from the relevant literature [20, 21] and need to be adjusted
according to the comparisons of the calculated results and the experimental data.

4) State-space representation

Through linearization, Egs. (2.169)—(2.178) can be written as follows:

dAz,
Ttas d—‘C7 = Xtas,lAtaﬁs +Xtasﬁ2Ata,i +Xtasﬁ3Atriw,s +Xtas74Ata7n +Xlas,5AGa.i (2 195)
dAW,
Twas Tw = was.lAWa,s + Xwas,ZAWa,i + Xwas,3 AGa,i (2 196)
dAtw s
Ttriws — = Xtriws‘lA[a,s + Xtriws.,ZAtriw,s (2 197)

dt
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dAr
Ttan ?an = Xtan,l Al‘a,s + Xtan.2Ata,n + Xtan,S Atriw,n + Xtan,4Atrew,n
(2.198)

k
+ Xlan,S Ala.r + Xtan,éAGa,i + Z |:Xt(;r)177 AAE(?H}

i=1

dAW,
Tyan Tdm - Xwan’lAWa*s +Xwa“v2AWa7n + XWamSAGa,i + Xwan,4AA£é,)n (2- 199)
dAz;
Tisiwn —df‘::wm = Xuriwn,1 Ao n + Xiriwn 2 Alriw n (2.200)
dAtrew,n .
Tiewn d’E_ = Xtrewn,l Ata,n + Xtrewn,ZAtrew,n + XLrewn,S Ata,out + Xtrewn,4AIsol
(2.201)
dAt,,
Tiar “ar = Xiar,1 Aty + Xiar 2 Aty + Xiar 30w + Xiar s AGa (2.202)
dAW,
Twar dT a,r = war,lAWa,n + Xwar,yZAWa,r + Xwar,3 AGa,i (2203)
dAz;
Ttriwr % = Xtriwr,lAta,r + th'in”‘2AtriW71' (2204)

The coefficients in Eqgs. (2.195)-(2.204) are listed in Table 2.15.
Thus, the state-space model for air-conditioned room can be written as follows:

).Croom - Aroom * Xroom +Broom * Uroom (2205)
Yroom = CroomXroom (2206)
where
Xy =B, AW, At AL AW, AL AL AL AW, AL T
Vioom =Bty AW, ~ At~ AW, o At~ AW, T
Uy =[O, AW, AG,, AV, AP, AAC AL, ALGT
[ X/ T 0 XL, XL, 0 0 0 0 0 0
0 Xt/ T 0 0 0 0 0 0 0 0
Xl Taw 0 XpofTae 0 0 0 0 0 0 0
X /T 0 0 X2 /Ton 0 XYus/Tw  XaifTu  XugfTuw 0 0
0 X/, 0 0 X/l 0 0 0 0 0
A : 2
0 0 0 XofTow 0 XofTan 0 0 0 0
0 0 0 XpifTow 0 0 XprfTow 0 0 0
0 0 0 XfT, 0 0 0 Xofl 0 X,fT,
0 0 0 0 X,/ 0 0 0 X, /L. 0
0 0 0 0 0 0 0 XuifTow 0 XpuofT]
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Table 2.15 Coefficients in Eqs. (2.195) through (2.204)

91

Equation No.

Coefficient expression

Eq (2195) Tlas = CapaVa‘s; Xtas,l = _(CaGa + ariw,sAriw‘s + aas—anAas—an + arq,sArq,s)o;
Xtas,Z = Ca(Ga)o§ Xtas,3 = ariw,sAn‘w,s; Xias4 = Gas—anAas—an’
Xias5 = Ca(ta,i — ta,S)o
Eq. (2196) Tyas = paVa.s; Xwas.l = _(Ga)o; XWﬂS,Q = (Ga)o;
Xwas,3 = (Wa,i - WB,S)o
EQ- (2197) Tlriws = Criw,s Priw Vriw,s; X[riws,l = ariw,sAriw.s; Xtriws.Z = _ariw,sAriw,s
Eq. (2.198) Tian = CapyVans Xtan,l = Ca(Ga)o + Aas—anAas—ans
Ca (Ga)o + 0~934CacresEbodyA£é?n + ariw,nAriw,n
Xianp = — k . 5
+ arew‘nArew,n + aasfanAasfa.n + aanfarAanfa.r + Zizl [arq,n (Al('a)ﬂ)()}
Xlan,3 = ariw,nAriw,n; Xlan,4 = arew,nArew,n; XLan,S = Gan—arAan—ar;
Xlan‘G = Ca (ta,s - ta‘n)o;xt(atz,j = lrgn |:t£¢l:1)n - tﬂ,n]
’ 0
. (2.1 . . _ 1 .
Eq ( 99) Twan = paVa,anwan,l = (Ga)m Xwan,Z - [_O-SCresEbodyAEq,)n - Ga]o,
Xwan,3 = (Wa,s - Wa,n)o;XwanA = CresEbody(0~02933 - O-SWa,n)O
Eq (2200) Ttriwn = Criw,n Priw Vriw,n; Xtriwn.l = ariw,nAriw,n; Xtriwnl = _ariw,nAriw,n
Eq (2201) Tiewn = Crew,n Prew Vrew,n ;Xlrewn,l = arew,nArew,n;
Xiewn2 = _arew,nArew,n - A-rewArew‘n/arew;XLrewnJ = ArewArew,n/érew;
Xtrewn,4 = O‘p,rew)trewArew,n/(arew,oarew)
EQ- (2202) T = CapaVa,r; XlarAl = Ca(Ga)o + an—arAan—ar’
Xlar<2 = - [ariw,rAriw.,r + Ca(Ga)o + aan—arAan—ar];
X[ar,3 = ariw,rAriw.r;XlarA = Ca(ta.n — tatr)o
Eq (2.203) Tyar = Pa Va,r;Xtar,l = Ca(Ga)o + Gan—arAan—ar}
Xwal:l = (Ga)O; Xwar,2 = 7(Ga)0; Xwar.3 = (Wa,n - Wa.r)o
Eq (2204) Ttriwr = Criw,rPriw Vriw.r; Xtriwr,l = ariw,rAriw,r;Xtriwr‘Z = _ariw.rAriw,r
(X2 /T 0 X5/ T 0 0 0 0 0 o]
0 Xour/Tww Xows/Tous 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 Xno/Tur X s /T XV [T X [T 0 0
_ 0 0 Xu.m,}/Twun Xana ! T 0 0 0 0 0
A 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 Xpens [ Trewn Xirewns [T
0 0 Xira /Tm 0 0 0 0 0 0
0 0 X war 3 / T,., 0 0 0 0 0 0
L 0 0 0 0 0 0 0 0 0
100000 0O0O0OOPO
01 0O0O0O0O0OO0OO0OO0
c = 00 O010O0O0O0OTO0OO0
“" 7100 00100000
00 0O0O0OO0OO0OT1IO0OO0
00 0O0O0OO0OO0OO0OTI1O0
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The matrix A,.om in the state-space model contains different heat transfer coef-
ficients which are affected by airflow rate and turbulence.

2.2.5.2 Model Validation

(1) Experimental system and conditions

To validate the room model, experiments have been conducted in a full-size
air-conditioned room. The internal walls of the room are mainly made from bricks
and limestone with a thickness of 16.8 cm. The air-handling system consists of a
water-to-air surface heat exchanger, a ventilator, and air-supply/return ducts. Two
air-supply diffusers are located in the upper space of the room for a favorable air
distribution in the room. The supply air temperature can be controlled through
adjusting supply water temperature of the heat exchanger.

The state-space model is validated experimentally mainly in terms of transient
responses of air temperature in different zones and that of air humidity in the return
air zone to perturbations of supply air temperature and humidity. According to the
airflow patterns obtained by the standard £ — & CFD model, the size of the
air-supply, the work, and the air-return zone is identified as 348 x 270 x 70,
348 x 270 x 180cm, and 80 x 270 x 180cm  (length X width X height),

Supply air duct I Air diffuser
S J——©  —© |
" Alr—suppbf zone =
o
Elevation view F.—“
e 510
Unit:cm 2| Big l Work zone 2
i sA | =
g 1< |
‘ 40| 40 ‘ 58 116 116 58
3 T T ¥
E Supply air duct Air diffuser
O = N I 1
Ventilator =3 If 120 Ij‘-l55 ‘
Ses
Vertical view & L8
Unit:cm Ze
nit: |
G e
(o))
‘ 40‘40‘ 58 ‘ 116 116 ‘ 58 ‘
® * * * * * T

Fig. 2.32 Test room and detailed positions of temperature sensors
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respectively, as shown in Fig. 2.23. The internal surface area of walls corre-
sponding to the three zones is 13.72, 20.52, and 3.60 m? respectively. The contact
area between the work zone and the air-supply zone and the air-return zone is
9.40 m” and 4.90 m?, respectively. Figure 2.32 also shows detailed locations of
thermocouples (measurement precision: 0.1 °C) in the room. The measured air
temperature of each zone is obtained through taking average value of all test points
in corresponding zone. A humidity sensor (measurement precision: £0.8 % of the
humidity ratio) is placed in the air-return zone to observe the air humidity. The
supply airflow rate is measured with a hot-wire anemometer with a measurement
precision of £0.015 m/s. Being one of the initial conditions, the internal surface
temperatures of the walls are measured by thermocouples (measurement preci-
sion: 0.1 °C) embedded in the internal surface of the walls. The heat sources in
the air-supply zone are fluorescent lamps whose surface area is estimated as 0.3 m>.
In the work zone, there are two adults (total body surface area: 3.65 m2) and a
constant-temperature plate heater (surface area: 0.28 m?). An infrared thermometer
(measurement precision: 0.2 °C) is used to measure surface temperature of the
indoor heat sources. The surface temperature was measured to be 39.6, 35.2, and
43.9 °C, respectively, for the lamps, the human bodies, and the plate heater during
the dynamic response experiments.

Two experimental cases have been investigated for a time period of 2400 s. The
initial conditions for the model validation (see Table 2.16) were obtained before the

Table 2.16 Initial conditions for the room model validation

Experimental cases Case I |Casell
Parameters

Air-supply temperature (f,;), (°C) 31.4 26.4
Air-supply humidity (W,;), (g/(kg dry air)) 20.3 18.1
Air temperature in the air-supply zone (f,s), (°C) 32.1 28.0
Air humidity in the air-supply zone (W, ), (g/(kg dry air)) 20.3 18.1
Internal surface temperature of walls in the air-supply zone (fiws), (°C) 32.7 30.2
Air temperature in the work zone (1,,), (°C) 33.0 29.5
Air humidity in the work zone (W, ), (g/(kg dry air)) 20.5 18.3
Internal surface temperature of walls in the work zone (fiwn), (°C) 332 30.6
Air temperature in the air-return zone (t,,), (°C) 33.1 29.9
Air humidity in the air-return zone (W,,), (g/(kg dry air)) 20.5 18.3
Internal surface temperature of walls in the air-return zone (fiw,), (°C) 33.6 31.1
Supply airflow rate (G,), (kg/s) 0.15 0.20

Other parameters for the model calculation: ¢, = 1005 J/(kg °C); cnw = 1250 J/(kg°C);
p, = 1.18 kg/m?; p,;,, = 1800 kg/m>; S5y = 0.22 m
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Fig. 2.33 Variation of perturbation parameters in the case I (measured data)

response experiments began. All the values of air temperature and humidity as well
as wall surface temperatures were collected with a data acquisition system at a
sample interval of two seconds.

(2) Experimental results

Experimental case 1

Figure 2.33 shows the variation of perturbation parameters in the experimental
case I, in which the supply air temperature and humidity ratio decrease till to steady
value. The calculated and experimental results on the transient response of indoor
air temperature and humidity in different air zones under the initial conditions of
case [ are shown in Figs. 2.34 and 2.35. In the model calculation, the convective
heat transfer coefficients are taken as 9.2, 11.6 and 3.2 W/(mz.K), respectively, for
the room walls, the indoor heat sources, and the air layers between the adjacent
indoor air zones. As shown in Figs. 2.34 and 2.35, the calculated response curves of
the indoor air temperatures and humidity ratios are favorably consistent with the
experimental ones, and the average errors of the calculated results compared with
the experimental data are all lower than 10 % .

Experimental case I1

Figure 2.36 shows the perturbations under the initial conditions of the case I, in
which the supply air temperature and humidity ratio increase. The corresponding
results on the response of the indoor air temperature and humidity in different air
zones are shown in Figs. 2.37 and 2.38. In this case, the heat transfer coefficients of
internal wall surface and indoor heat sources as well as the air layers between the
adjacent indoor air zones are adjusted, respectively, as 10.7, 12.3, and 3.6 W/
(m? K) for the model calculations, which are a little larger than that in the case I due
to the higher supply airflow rate in the case 17 (0.20 kg/s). The average errors of the
calculated results compared with the experimental data are no more than 12 % for
the case I1.
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Fig. 2.34 Dynamic responses of air temperature in different zones in the case I (calculation vs.
measurement)
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Variation of air humidity in the air-return zone
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Fig. 2.35 Dynamic responses of air humidity in the air-return zone in the case I (calculation vs.

measurement)
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Fig. 2.36 Variation of perturbation parameters in the case II (measured data)

2.3 Modeling for HVAC System

2.3.1 Component Model Connection

HVAC system comprises of numerous components or subsystems. These compo-
nents or subsystems are generally connected in parallel or series, as shown in
Fig. 2.39.

In Fig. 2.39, the components S§; and S, are expressed, respectively, by
Egs. (2.207) and (2.208)
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(b)

u o -y1 le-yz y

Fig. 2.39 Schematic diagram for the component model connection. a Parallel connection.
b Series connection

X1 =Ax; +Bu
Component S;: ! e (2.207)
y1 = Cix1 + Dy

X2 = Axxy + Bou
Component S,: ? F e (2.208)
y2 = Coxa + Doup

2.3.1.1 Parallel Connection

When the type of output parameters and dimensions of the two subsystems are
simultaneously homogeneous, the various parameters in the combined system
output vector y is equal to the sum of corresponding parameter values of output
vector y; for subsystem §; and output vector y, for subsystem S, i.e.,

b = Dl + 2] (2.209)

In such case, the state-space equation of combined system in parallel connection
(Fig. 2.39a) is described as follows:
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Xy A 0 X B, 0 u
= : . 2.209
L'Cz { 0 AJ X2 * { 0 BJ Mz] ( 2
u
y=[CiC]- +[D1Dy] - l] (2.209b)
X2 up

When the type of output parameters and dimensions of the two subsystems are
not simultaneously homogeneous (i.e., not similar), the combined system output
vector y is the union of output vectors y; and y, of subsystems S; and S,
respectively, i.e.,

b= | (2210)

2

In such case, the state-space model of the parallel system (Fig. 2.39a) can be
obtained as follows:

)'Cl Al 0 X1 Bl 0 up
= . + . 2.211a
L'Cz { 0 AJ X { 0 BJ Mz] ( )
c, 0 X1 Dy O Ui
= : + . . 2.211b
[y] |: 0 C2:| X2 |: 0 D2:| M2‘| ( )

2.3.1.2 Series Connection

The combined system in series connection (Fig. 2.39b) has input vector u = u; and
output vector y = y,; and the output vector y; of subsystem S, is equal to the input
vector up of subsystem S,. Thus, we have

% = Aix, + By (2.212)
y1 = Cix1 + Dy (2.213)
%2 = Aoxs + Btz = Asxy + Bay1 = Apxs + BoCixi + BaDiu (2.214)
2 = Caxy + Dayuy = Coxy + Doy = Coxp + D2Cixy + DyDyu (2.215)

So, the combined system equation of series connection of S; and S, is as
follows:
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X A 0 X1 B,
_ . . 2215
[XQ] |:BZC1 A2:| lX2‘| * B2D1 " ( )
X1
y = [DzC] Cz] . +D2D1M (2216)
X2

2.3.2 State-Space Representation for HVAC System

Taking a general HVAC system (see Fig. 2.40) for example, in order to make the
system be of hierarchy, the system can be divided into five subsystems: (D refrig-
eration system represented by S,.qi; @ cooling coolant system represented by Seonw
which consists of cooling coolant pump, cooling tower, and pipes; @) chilled coolant
system represented by Scn., Which consists of chilled coolant pump and pipes; @
air-handling system represented by S,,, which consists of surface heat exchanger
and supply air fan; B supply air system represented by Syi.; and exhaust-return air
system represented by S, .,. Based on the above principle of model connection, we
can get state-space model of the subsystems in the HVAC system.

2.3.2.1 Mathematical Dynamic Model of Cooling Coolant
System (Sconw)

XCOHW = ACOHWXCOHW + BCOHW UCOl’lW (2 . 2 1 7)

Yeonw = Czpipe,szpipe,Z + szipe,Z Ctower,thower + R3tower,w (22 1 8)

|

SHX: Surface heat exchanger  wp: Water pump

FAV: Fresh air valve X , .
EAV: Exhaust air valve SF: Supply fan Cooling
RAV: Return air valve tower

SAV: Supply air valve

ASZ: Air supply zone Chilled WP Cooling WP
el

ARZ: Air return zone = =
WZ: Working zone ;; Chiller £
=L [
e
o NI e
- SF SAVg ) L gSAV
SHX
4 | Asz | ASZ
& RAV Air-conditi¢ned room
N
= wz wz |
3] E

Fig. 2.40 Schematic diagram of a HVAC system
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where

T T
Xeonw = [xpump,lvxzpipe,l7xtower7xzpipe72] ;s Uconw = [upumpAW,la AUp, Utower, 1 utower,w} 5

Yeonw = Yzpipe,2;

[ Apump,1 0 0 0
A _ szipeA, 1 Cpump,w,l Azpipe,l 0 0 .
com Btower,tzpipevl Cpump,w71 Blower,w Czpipe,l Alower 0 ’
L 0 0 szipe,ZCtower,w Azpipe,Z
_Bpump,w,l Bpump,U.l 0 0
U Ry 0 0 0
N 0 Bowera O |
L O 0 0 R,
[ ( Xpa Xpa
() o) o 10 GRh], oo
R = iRy = ;R = .
@, o)l )"l
L Tope ) | Tope) o

2.3.2.2 Mathematical Dynamic Model of Chilled Coolant
SyStem (Schw)

The chilled coolant system consists of water-to-air heat exchanger, pipes, and pump
which are in series connection. The state-space model for the chilled coolant system
(Schw) can be written as follows:

Xchw - Acthchw + Bchw Uchw (2219)

Ychw = Czpipe,4xzpipeﬁ4 + szipeACcoil,choil + szipe,4R5 Czpipe,Spripe,S

(2.220)
+ szipeARSszipe.S Cpump,w,2xpump,2
where
Xehw = " Ueh = AU]"; Yoy = ;
chw — [xpump,Zaxzpipe,3axcoi17xzpipe,d s Ychw — [upump,w,27 m} s Ychw = Yzpipe4;
Apump,2 0 0 0
A szipeﬁ Cpump,w.z Azpipe,S 0 0
chw = ;
Bcoil,tzpipe.} Cpump,w Bcoil,w Czpipe,S Acoil 0

szipe,4R5 szipe,B Cpump,w,Z szipe,4R5 Czpipe,3 szipe,4 Ccoil,w Azpipe,4
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Bpump,w,2 Bpump,U,Z X3
Ry 0 (rp"m)3 0 00
Behw = iRy = i Rs
0 0 (Y_> 0 0 1
Tope ) 3
0 0

2.3.2.3 Mathematical Dynamic Model of Supply Air System (S )

Xair,s - Aair‘sXair‘s + Bair,s Uair,s (2221)
Yair,s = Cair,sXair,s + Dair,s Uair,s (2222)

where

T T
Xair,s = [xzduct,hxzduct,Z} ;Yair,s = [(ysducl,Z)layzduct,Z] ; Uair,s = Uzduct,15

Azduct, 1 0 Bzduct,l .
Aair,s = ;Bair,s =
Brauet2(Craa13,8) 1 Caduct,1  Azduct2 Biauet,2(Ctda13.E) ; Dzduct, 1
c [ (Ctda12,e) Crduct,1 0 ] D { (Ctda12,£) 1 Dzduct 1 }
air,s — s Dairs =
Dyauet2(Craa13.6) 1 Cravet1 Crduet2 Dauet 2 (Cda13,5) | Dzduct 1

2.3.2.4 Mathematical Dynamic Model of Exhaust-Return
Air System (Sair,r)

Xair,er = Aair.erxair,er + Bair,er Uairﬁer (2223)
Yair‘er = Cair,erXair,er + Dair,er Uair,er (2224)

where

Xair,er = Xzduct,3> Yair,er = [(ysduct72)37 (ysduct.ﬁ)ﬂT; Uainer = (usduct)2§

Aair,er = Azducl,3§ Bair,er = Bzducl,3(Csduct)2§

Cairer = [(Craa12,£)3Crauer 3, (Craa13.8)5 Czduct.3]T§

Cair,er = [(CfdaIZﬁE)3Dzduct,3(Csduct)za (Cfdal3,E)3DzductA,3(Csduct)z]T§

(usduct)z = [(”sduct,l)za (usduct,Z)z]; (Csduct)z = [(Cdal,E)za (Cda2,E)2]-
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2.3.2.5 Mathematical Dynamic Model of Air-Handling System (S,n,)

Xahu = AsnuXahu + BanuUahu (2225)
Yahu = Ccoil,axcoil + R7 Cfan,axfan +R7R6(Csducl)4(usduct)4 (2226)
where

Xahu = [xfanaxcoil]T§ Yana = Yeoil,as Uini = [AUmv Ucoil,w (usduct)4]T§

(usducl)4 = [(usducul);u (usducl.2)4]§ (Csduct)4 = [(Cdal,E)m (CdaZ,E)zJ;

Afan 0 :| |:Bfan.U 0 0
Auhu = ahu =

1
;B sRe= |0
Bcoil,acfan‘a Acoil 0 Bcoil,w Bcoil.aRG(Csduct)4 0

S = O
S O O

Under dry condition: R; = ; Under wet condition:

o O O
S = O
— o O

R;

|
coco
coco
- oo

2.3.3 Case Study

2.3.3.1 System Model Description

On the basis of state-space models of components and connection principle, this
section gives an example on the system model integration. The system considered
in this study consists of a water-to-air surface heat exchanger, an outlet water pipe,
and an outlet air duct. According to the actual situation, the water outlet pipe and air
outlet duct are in parallel, and they are connected to the heat exchanger in series, as
shown in Fig. 2.41.

According to the state-space representation of component models in the previous
chapters, the state-space model of water-to-air surface heat exchanger can be rep-
resented by:

Xeoit = AcoitXcoil + Beoitlheoil (2227)

Yeoil = CeoitXeoit + Deoitthcoil — CeoitA oy oot (2.228)
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Outlet water pipe

series
Surface heat

exchanger

Parallel

QOutlet air duct

Fig. 2.41 Multi-component system in this case study

The state-space model for water pipe can be represented by:
Xpipe = AspipeXopipe + Bpipellzpipe (2.229)
Yopipe = CipipeXapipe T Dapipelzpipe — CzpipeA;plipefzpipe (2.230)

The state-space model of air duct can be written as follows:
Xaduet = AzduetXaduct + Baduetllzduct (2.231)

-1
Y, zduct — CzduCthducl +D, zductUzduct — CzduCtAZduclézducl (223 2)

To begin with, the state-space model of parallel connection of air duct and water
pipe are obtained as follows:

Xducl&pipe = l: Xzzlpe :l = Aduct&pipe l: Xzzlpet :l + Bduct&pipe l: uzilpet :| (223 3)
zduct Zducf Zauc

Yz ipe ; Xz ipe . Uzpipe
Yduct&pipe = |: PP = Cducl&pipe PP +Dduct&pipe PP - é/duct&pipe

Y zduct deuct Uzduct
(2.234)
where
[ Ay 0 By 0
A — zpipe ‘B A zpipe -C .
duct&pipe I 0 Azduct s Dduct&pipe 0 Bzducl s “duct&pipe
= Czpipe 0 ) Dduct&pipe = szipe 0 5 Cduct&pi
) » Sduct&pipe
L 0 Czducl 0 Dzduct pip
r -1
_ CZPiPeAzpipe fZPiPe :|
= A .
L CzduclAZductézducl

Then, the above state-space model in parallel is integrated with the water-to-air
heat exchanger in series, and we have:
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Xsys = AsysXsys +Bsys I:lcoil - §Xsys (2235)
Ysys = Yduct&pipe = CsysXsys + Dsys’;‘coil - éYsys (2236)
where
Xsys _ [ Xcoil :| ;Asys _ |: Acoil 0 :|;Bsys _ [ Bcoil :| 7
Xduct&pipe Bduct&pipeccoil Aduct&pipe Bduct&pipeDcoil

Csys = [Dducl&pipeccoil Cducl&pipe };Dsys = Dduct&pipeDcoiH
0

. _ —1 .
[ Bavetanine Coot AL € ‘1] ’ éYSyS = Dyuctaepipe CeoitA ot Ccoil T éducl&pipea
uct&pipe “~coi coil =co1

éXsys =

For the convenience of calculation, the system model, i.e., Eqgs. (2.235) and
(2.236), needs to be transformed into a standard form as follows:

X.rys = AsysXsys + Bsy.fucoil (2237)
Ysys = Csysfys + Dsysusys + isys (2238)

— -1 . — -1
where Xsys — Xsys - AsyséXSyS7 isys - CsysAsyngsys - CYsyS‘

2.3.3.2 System Model Validation

An experimental air-conditioning system is built for the system model validation.
As shown in Fig. 2.42, the system mainly consists of a water-to-air surface heat
exchanger, a heat pump (for chilled or hot water supply), a circulating water pump,
fans, air ducts, and water pipes. The test instruments mainly include the temperature

Expansion tank
Air return fan Water-to-air surface
heat exchanger Air supply fan
4 =
| ofiflo ° - -
—3 O — — —
D] oo o- - —

I I I I
i e o | i/ \L
Water pump

. <S — @ Water flow sensor
Chilled or hot N Air-conditioned space

water supplier D D Temperatur sensor

~*=  Water valve

QO Air flow sensor

Fig. 2.42 Schematic diagram for the experimental system
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Table 2.17 Initial conditions for system model validation

Initial conditions of parameters Initial value
Inlet air temperature of surface heat exchanger, (,g), (°C) 28.8
Inlet air humidity of surface heat exchanger, (W,g), (g/kg) 20.0
Airflow rate, (G,), (kg/s) 0.2002
Inlet water temperature of surface heat exchanger, (fyg), (°C) 20.1
Water flow rate, (G ), (kg/s) 0.930
External wall temperature of plate and fin pipe, (¢,), (°C) 28.7
Wall temperature of air duct, (), (°C) 28.5
Exit air temperature of air duct, (f4,1.), (°C) 28.9
Exit air humidity of air duct, (Waar), (g/kg) 20.0
Wall temperature of water pipe, (fpg), (°C) 29.4
Exit water temperature of water pipe, (fpw.r), (°C) 27.5
1.2
4.0
1
2.0
g o8 o
Z5 00 5 _
E - 0.6 =7
£ g, ES
g § 2.0 o u::i 5
zE o~
5 5-4.0 2%
T = 0.2 45 =
g5 2
£Z60 o £E
R £~
E 80 02§
—&— Perturbations of inlet water temperature(‘C) - &~
-10.0 | =& Perturbations of inlet air temperature(‘C) X—X\x* -0.4
—X— Perturbations of inlet air humidity(g/(kg dryair))
-12.0 0.6

Fig. 2.43 Perturbations of inlet variables of the AHU system

sensors (measurement precision: 0.1 °C), the water flow sensor (accuracy of
measurement: 0.5 magnitude), and the hotwire anemometer (accuracy of mea-
surement: +2 % reading data).

The initial conditions (measured data) for the model validation are given in
Table 2.17. The perturbations of inlet variables of the system are shown in
Fig. 2.43. The experimental and calculated results of the change responses of the
system exit variables are plotted in Fig. 2.44. As shown in Fig. 2.44, the calculated
responses of the system exit variables under the perturbations of inlet variables have
a favorable agreement with the experimental ones. The average error of the model
calculation is estimated as 12.6, 22.2, and 9.5 %, respectively, for the response of
the exit air temperature, the exit air humidity, and the exit water temperature of the
system.
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