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A.1.

SIMULINK MODEL OF A VC SYSTEM
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HEAT TRANSFER CORRELATIONS

Heat exchanger Parameter Formula Description

Chilton - Jhx,ary o Repyary - Reynolds number at
Colburn = 0-023Reﬁf§ry the dry zone of the heat

factor ' exchanger
O HUnxary - dynamic viscosity of
air at the dry zone of the heat

Dry zone Prandtl _ Cairlinx,ary exchanger in (kg/m.s)
number  FThxdry =T

o ky, : thermal conductivity of
the heat exchanger in

(kw/m°C)
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Rehx,dry
Reynolds  PairUnx,ary I lnxary - length of the dry zone
number Unxary 0 of the heat exchanger in (m)
Chilton - Jnxwet Repywee - Reynolds number at
Colburn = 0-023R€f?92'v2vet the wet zone of the heat
factor exchanger
Unxwet - dynamic viscosity of
air at the wet zone of the heat
Wet zone Prandtl p _ Cairlnxwet exchanger in (kg/m.s)
number " Thewet =T
ky, : thermal conductivity of
the  heat exchanger in
(kw/m°C)
Rehx,wet
Reynolds  _ Pairthxwet I Lhxwee : length of the wet zone
number Unewee O of the heat exchanger in (m)
A.3. DERIVATION OF DISCRETIZED EQUATIONS

Conservation of mass and energy in the condenser:

dp  d(pu)
— = Al
T =0 (A1)
d(ph) d(puh) .
= A.2
o T oy T80 =0 (A.2)
8Qyey is defined as follows:
. a (Tref cond — Twall)
= d A.3
6Qref Ncells Ox ( )
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a is the heat transfer coefficient (kw/m?°C). Tyercona 1S the refrigerant temperature in the

condenser (°C). T, 4 1S the wall temperature in the condenser (°C). 6x is the distance travelled

by the refrigerant stream (m).

Eq. (A.1) and (A.2) could be discretized across the i**-control volume as follows:

Jov (%) Vi + oy (%) Vi =0 (A.4)
Jov (a(;th)) v+ [, (a(gzh)) QV; + [ 1y (60rer)dVi = 0 (A5)

The volume integrals with spatial terms in (A.4) and (A.5) could be re-written as surface integrals

by adopting the divergence theorem of Gauss. For a vector A this theorem states:

oA

Jov 554V = [y div()dV = [ ;n. AdA (A.6)

n. A represents the component A in the direction of vector n normal to the bounding surface element

dA. Applying Gauss’s theorem, (A.4) and (A.5) can be written as follows:

0
&fcv(p)dvi + fAin. (pu)dA; =0 (A7)

% [ ey (o)aV; + [ , n. (puh)dA; + (8QrefV), =0 (A.8)

Re-arranging (A.7) and (A.8) yields to:

a(pV);
o+ louA gt =0 (A9)
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d(phV); .
% + [pUAlh]?#t + 5Qref,iAi6xJi =0 (Alo)
By definition,
pud; =m (A.11)
50,, = «  (Ti = Twaus)
refil Ncells 6x, i (A12)
Therefore,
[PUA ]out = (mcond,ref)in + (mcond,ref)out (A.13)
[pUA h]out - _(mcond ref) hcond in + (mcond ref)out cond,out (A-14)
SQ.ref,iAi(Sx:i = (T Twall,i) = Qref,i (A15)
cells
Eq. (A.9) and (A.10) could therefore be re-written as follows:
a(pV);
ot L (mcond ref) + (mcond ref)out 0 (A-16)
d(phV);
TL (mcond ref) hcond in Tt (mcond Tef)out cond,out + Qrefl =0 (A'17)

Applying the chain rules with p = f(P, h), (A.16) and (A.17) could be arranged as follows:
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ap dP.ona 0p;| dh; . .
l C;Zn + h d_tll - (mcond,ref)in - (mcond,ref)out (A18)
ap; 0 dh;
Vv I(hﬂ _ 1) Peona + (R 22t opi + 00 d—tll
(A.19)

= (mcond,ref)inhcond,in - (mcond,ref)outhcond,out - Qref,i

Inserting (A.18) into (A.19) yields to:

dpcond dhi
ar TPy

(mcond,ref)m h (mcond ref) VL

out hi

(A.20)

= (mcond,ref)mhcond,in - (mcond,ref)outhcond,out - Qref,i

Eq. (A.20) is for one control volume and it is equivalent to (3.6) and could be re-arranged as

follows:

. chond dhi
(mcond,ref)inh (mcond ref)out i VL T + Vipi E
+ (mcond,ref)outhcond,out (A.Zl)
= (mcond,ref)inhcond,in - (T Twall,i)
cells
o Within (i — 1)t*-control volume:
Inlet conditions : (mcond,ref)in and Reong in
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Centre or nodal point: m;_; and h;_;
Outlet conditions: m;_, ; and h;_ ;

Applying Eg. (A.21) within the (i — 1)%"-control volume yields to:

Pcond dhi—l
(Meondirer), hit = Mi—gihioa = Viey ¢ T Vs gt Misgihioa
(A.22)
i-1
= (mcond,ref)inhcond,in — i1 N_ (Ti-1 — Twall,i—l)

cells
o Within i*-control volume:
Inlet conditions: m;_4 ; and h;_4 ;
Centre or nodal point: m; and h;
Outlet conditions: m; ;1 and h; ;14
Applying Eg. (A.21) within the i*"*-control volume yields to:

chond i
mi_qih; = My hy =V —r T Vipi a My iv1Riivn
| (A.23)
L
=m;_qihi1; — o N (Ti — Twau,i)
cells
o Within (i + 1)t*-control volume:
Inlet conditions: m; ;,., and h; ;44
Centre or nodal point: m;,, and h;,,
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Outlet conditions: (mcondfef)out and Reona out

Applying (A.21) within the (i + 1)"*-control volume yields to:

Pcond i+1
mi,i+1hi+1_(mcond,ref)outhHl - Vi+1 dt + Vit1Piv1 dt +(mcond,ref)outhcond,out
A.24
_ 3 Aitq ( )
=Myivaliivr — Qg1 5 N (
cells

Tl+1 Twall,i+1)

Regrouping (A.22) to (A.24) into a system and re-arranging each equation yields to:

(Meondirer), hict = Mi—gihioa = Viey % + Vic1pioa d_lt + Mg ihiog
= (mcond ref)- hcond in — Qj—q =L (Ti—l - Twalli—l)
' mn ' Ncells '
chond dhi
mi_qh; =My hy =V T + Vipi T Mg + MR
] (A.25)
=0 Ncells (T Twall,i)
dP,,na dhy,
m; I.+1hl+1 (mcond ref)out i+1 V1+1 % i+1Pi+1 d_l; - mi,i+1hi,i+1
Ajvq
(mcond ref)out cond,out — W1 Ncells (Tl+1 Twall,i+1)
AA4. MODEL TRANSFORMATION FROM PREDICTIVE TO CONTROL-ORIENTED

To convert the transient model into a control-oriented model more suitable for controller
implementation the Navier-Stokes equations adopted for the transient model in the previous
section would need to be considered with additional parameters to capture with more accuracy the

phase changes undergone by the refrigerant.

Therefore, starting from the conservation equations for mass and energy we previously had as

follows:
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dp  d(pu)
s = Al
T o =0 (A1)
d(ph) 0d(puh .
(p )+ (p )+<SQref — 0 (A2)

ot 0x

We need to derive the governing equations of the refrigerant dynamics along within the evaporator
and the condenser considering the phase changes. The transient pressure p needs to be considered
to effectively capture the refrigerant dynamics therefore (A.2) could be written into generic energy

equation as:

d(ph —p)  9(puh)

) A26
ot ox T OCrer =0 (A26)

A.4.1. Evaporator modelling
The refrigerant flow through the evaporator undergoes phase change due to energy gains, therefore
it is divided in two zones namely, the two-phase and superheated zones. The refrigerant
temperature is at saturation and is spatially invariant along the two-phase zone whilst it increases

along the single-phase zone through the evaporator outlet.

Adopting time-invariant principle the following Leibniz equation could be adopted:

j-xz(t) (ag(x, t)) p
X
@ V0t

X

x2(t) dx,(t)
=— ,t) dx — t),t (A.27)
LR O
dx,(t)
t)t
a0, —
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Mass conservation equation along the two-phase zone could be integrated from x; = 0 to x, =

Levap2pn N eXpressed as:

levap,2ph ap 2R
Aevap j(_) <%> dx = (mevap,ref)in - (mevap,ref)int (A28)
with,
Pevap,2ph = pevap,liq(1 - Vevap) + pevap,gasfevap (A29)
we have,

l
evap.zph apevap,th d
Aevap ot X

d levap,2ph _ _
= EJ;) (pevap,liq (1 - yevap) + pevap,gasyevap) dx
dlevap,th
— Pevap,gas T
(A.30)
d 1 levap,2ph _
= E levap,thl—f (pevap,liq (1 - yevap)
evap,2ph J0
_ dlevap 2ph
+ pevap,gasyevap) dx) — Pevap,gas T
—1 dpevap,thd_p + ( _ )dlevap,th
— ‘evap,2ph dp dt pevap,liq pevap,gas dt
Therefore, the conservation of mass along the two-phase zone is expressed as:
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dp 2ph AP dl ,2ph
Aevaplevap,th 61;1; P dt + Aevap (pevap,liq - pevap,gas) 917;1; .
(A.31)

= (mevapf«?f )in o (me”ap'ref )int

Energy conservation equation along the two-phase zone could be integrated from x; = 0to x, =

Levap2pn N eXpressed as:

Levap.2ph apevap,thhevap,th dp
Aevap ot dx — Aevaplevap,th E
(A.32)
= (mevap,ref)inhevap,in - (mevap,ref)inthevap,int + Qevap,th
where,
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f levap,2ph apevap,th hevap,th
, ot

d et dlevap 2ph
= %'[0 pevap,liqhevap,liq dx — pevap,gashevap,gas —dt

d levap,th
= EL (pevap,liqhwap'liq (1 - yevap)

dl
— evap,2ph
+ pevap,gashevap'gasyevap) dx pevap,gashevap'.gas dt

d leuap,th
= E pevap,liqhevaprliq j() (1 - yevap) dx

levap,th
+ 'Devap,gashevapr.gas '[0 yevap dx

h dlevap,th
pevap,gas evap,gas dt

d —
= E (levap,thpevaprliqhevap,liq (1 - )/evap)

+ levap,thpevap’gashevap,gasyevap) - pevap,gashevap'gas dt

d (pevap,liqhevap’”q) —
(1=7ouy)

= levap,th dt

(pevap,gas hevap,gas) —

+ dt yevap

dleva
— p,2ph
+ (1 - yevap) (pevap,liqhevap'liq - pevap,gashevap'gas) T

Therefore, (A.32) could be rewritten as:

dlevap,th

(A.33)
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d
Aevap levap,zph < (pevap llq evap, llq) (1

dt evap)

+

d(pevap,gas hevap,gas) _ dpevap
dt yevap - dt

Aevap (1 - yevap)(pevap,liq hevap,liq (A.34)

h dlevap,th
- pevap,gas evap,gas)
dt

= (mevap,ref)- hevap,in - (mevap,ref)- hevap,int
in int

+ Qevap,th

A.4.2. Condenser modelling

The condenser equations to be adopted for control-oriented modelling could be derived similarly
to the evaporator from Navier-Stokes equations using Leibniz equations however, three zones

instead of two should be considered namely, superheat, two-phase and subcool zones.
A.4.3. Derivation of steady state equations

Considering (A.20) as follows:

chond dhi
ac TViPige

(mcond,ref)in h (mcond ref) VL

out hi

. . . A.20
= (mcond,ref)mhcond,in - (mcond,ref)outhcond,out - Qref,i ( )

At steady state operating conditions, all time derivatives must be equal to zero therefore:

(mcond,ref)in h (mcond ref)

out hi

= (mcond,ref)mhcond,in (mcond ref) ut cond out Qref,i (A'35)
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At steady state condition the refrigerant mass flow rate at the condenser inlet and outlet could be
assumed identical and equal to the refrigerant mass flow rate at the compressor or thermostatic

expansion valve and therefore:

mcomp(hcond,out - hcond,in) = Qref,i = Qcond (A36)

Eq. (A.36) is equivalent to (3.4) and similar approach could be adopted for the evaporator equation
in Table 3.3. Darcy-Weisback correlation is adopted for pressure drop estimation within the
condenser and evaporator to determine (3.5) assuming constant HTC, friction factor and neglected
water-side pressure drop. Mass flow rate through the expansion valve was correlated following
ASHRAE guidelines considering isenthalpic process and constant valve flow coefficient. The

refrigerant mass flow rate through the compressor was correlated following [145].
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