


E. EES Code. Vacuum Ice Maker

SUnitSystem SI C Pa kJ mass

To better understand the code, it is recommended to go the state-point
calculations. The procedures are calculated in sequence from top to bottom.
This is not the case for the main body, where EES decides what to calculate
first. See Computational Flow. This is recommended since the procedures are
put in the start of the script due to syntax reasons.

When simulation the cascade system, T cond=5 [C]

PROCEDURE areavessel (R$;m dot gas;T amb;V _dot:D vessel[l])

SARRAY ON

T 1= 0,01 [C] "Operating temperature Vacuum
vessel"

T 1 k=ConvertTemp (C;K;T 1)

P 1=P sat(R$;T=T_1) *convert (Pa;dyne/cm”2) "Operating pressure [dyne/cm”2]"

DELTAP=100 [Pa]*convert (Pa;dyne/cm"2) "Guessed pressure difference"
P g=P_1-DELTAP "Pressure in gas"

T g=T sat (R$;P=P _q) "Temperature gas"

T g k=ConvertTemp (C;K;T g)

R=8,31447*10~7 [kJ/K*kmol] "Universal gas constant"
M=MolarMass (R$) "Molar mass water"

"Evaporation coefficient 0, 1<f<1"

perc[1]1=0,001
dperc=0,001

percent [1]=perc[1]*100
REPEAT

i=i+1

"IArea and diameter"
A vessel[i]=(m dot gas*1000)/ (£[i]*(P_1/sqrt(T_1 k)-

P g/sqrt (T _g k))*sqgrt((M/(2*pi*R)))) *convert (cm*2;m"2) "Evaporation rate of
water, Knudsen eg-n"
D vessel[i]l=sqrt (4*A vessel[i]/pi) "Diameter vacuum vessel"

fli+l]=£f[i]-df

r_i:D_vessel[i]/2*convert(m;mm) "Inner radius of vessel"
r o=r i+r i*perc([i] "Outer radius of vessel"
perc[i+l]=(perc[i]+dperc)

percent [i+1]=perc[i+1]*100

"!Strength of pressure vessel"
p_i=611 [Pa] "Inner pressure"
p_0=101325 [Pa] "Ambient pressure"

"Outer radius"

sigma_t o[i]=(p i*r i"2-p o*r o”"2-r i"2*r o”"2*(p o-p i)/r o"2)/(r o"2-
r i72)*convert (Pa;MPa) "Tangential Stess"
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sigma r o[i]l=(p i*r i"2-p o*r o”2+r i"2*r o"2*(p o-p 1i)/r 0"2)/(r o"2-

r i72)*convert (Pa;MPa) "Radial Stess"

sigma 1[i]=(p_i*r i"2-p o*r o"2)/(r_o"2-r i”"2)*convert (Pa;MPa)"Longitudinal
Stess"

"Inner radius"

sigma t i[i]=abs((p_i*r i"2-p o*r o”"2-r i"2*r o”"2*(p o-p 1i)/r i72)/(r o"2-
r i”72)*convert (Pa;MPa))"Tangential Stess, Kritisk radius"

sigma r i[i]=(p i*r i"2-p o*r o”2+r i"2*r o"2*(p o-p 1i)/r i72)/(r o"2-

r i72)*convert (Pa;MPa) "Radial Stess"

E=YoungsModulus (Stainless AISI302; T=T amb)*convert (GPa;MPa) "Youngs
Modulus"

t[il=r o-r i "Thickness of vacuum vessel"
sigma max[i]=(E/3)*(t[i]/(2*r_1))"2 "Maximum stress"

p max[i]=(2*E/3)* (t[i]/(2*r_1i))"3 "Maximum pressure"

UNTIL (1>99)

PROCEDURE

heattransfercond(m dot gas;m dot water;T water outlet;T cond;T w avg;T[5];T
[6];w plate cond;x plate cond:U_cond)

"!Overall heat transfer coefficient for condenser."

WS="'Water'
R$S="Water'
delta wall cond=1 [mm]*convert (mm;m) "Wall thickness stainless steel"

k ss=Conductivity (Stainless AISI302; T=17)"Thermal conductivity stainless
steel”

d e=7 [mm]*convert (mm;m) "Equivalent diameter"
"Cold side"
P cold=101,325 [kPa] "Ambient Pressure"

k cold=Conductivity (W$;T=T water outlet;P=P cold)"Thermal conductivity
water"

mu_cold=Viscosity (W$;T=T water outlet;P=P cold)"Dynamic viscosity"

mu wall water=viscosity (W$;T=(T cond+T w _avg)/2;P=P cold+0,01)

A=(d _e)*w plate cond*0,5*x plate cond "Flow area"

G=m_dot water/A "Mass flux"

Pr cold=Prandtl (W$;T=T water outlet;P=P cold)"Prandtl number"
Re cold=(G*d e)/mu_cold "Reynolds number"

"Martin correlation for one-phase flow water"

beta cold=45 "Chevron angle"

fO0 martin cold = (1,8*1logl0O(Re cold)-1,5)" (-

2) "parameter for friction factor calculation"

fl1 martin cold= 39/ (Re_cold”0,289) "parameter for friction factor

calculation"

f martin cold=(1 /

(cos (beta cold)/sqrt(0,18*tan (beta cold)+0,36*sin(beta cold)+(f0 martin col

d/cos (beta cold))) + ((l-cos(beta cold))/(sqgrt(3,8*fl martin cold)))) )" 2
"friction factor"

Nusselt cold=0,122* (Pr cold”(1/3))* ((mu_cold/mu wall water)”(1/6))*(f marti

n _cold*( (Re_cold”2)*sin(2*beta cold)))"0,374 "Nusselt number"

alpha cold = (Nusselt cold*k cold)/d e "heat transfer coefficient water"

"Warm side"
P warm=P_sat (R$;T=T cond)
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k warm o=Conductivity (RS$S;P=P warm+0,01;T=T[6])
mu_warm o=Viscosity (R$;P=P warm+0,01;T=T[6])
mu_warm i=Viscosity (R$;P=P warm+0,01;T=T[5])
mu wall ref=viscosity (R$;T=(T_cond+T w_avg)/
rho warm o=Density (R$;P=P warm+0,01;T=T[6])
rho_warm_i=Density(R$;P=P_warm+0,0l;T=T[5])
cp_l=cp(R$;T=T cond+0,001;P=P_ warm)
G_warm=(m_dot gas) /A

T sh out=Temperature (R$;P=P warm;x=1)

Pr warm=Prandtl (R$;T=(T[5]+T[6])/2;P=P warm)

2;P=P warm+0,01)

"Dobson and Chato correlation V&M boka"

h fg=Enthalpy vaporization (R$;T=T cond)

h fg f=h fg+0,375*cp 1* (T _cond- (T cond+T w_avg)/2)

alpha warm=(k warm o/d e)*0,555* ((rho _warm o*g* (rho warm o-
rho_warm_i)*h_fg_f*d_eA3)/(mu_warm_o*k_warm_o*(T_cond—
(T_cond+T w_avg)/2)))"(1/4)

"heat transfer coefficient vapor"

U cond=1/((1/alpha cold)+(delta wall cond/k_ss)+(l/alpha warm)) "Overall
heat transfer coefficient"

END "Procedure"

R$S="water'

"IModel specifications"
m_snow=50000 [kg/day] "Production capacity of system"

"From mass balance of vacuum freezer and snow separator"
m_dot w=m snow*convert (kg/day;kg/s) "Mass flow of water"

"IWater inlet temperature"
T water outlet=4,5 [C] "Water outlet temperature from
chiller"

"!Ambient temperature"
$ifNot Parametric table

T amb=5 [C] "Ambient temperature 5-20 degC"
SEndif

DELTAT cond=5 [K] "DeltaT in condenser"

T cond=T amb+DELTAT cond "Condensation temperature"

"!Vacuum freezer"
P vacuum=611,7 [Pa] "Pressure inside the freezer"
T vacuum=0,01 [C] "Temperature inside the freezer"
T vac 1ig=0,009 [C]
h evap=enthalpy vaporization (R$;T=T vacuum)
"Latent heat of vapourizaton"
h fusion=enthalpy fusion (R$) "Latent heat of fusion"
PS=phase$ (R$; T=T vac_liqg;P=P_vacuum) "Phase of water"
C p lig LP=specheat (R$;T=T vac_1liqg;P=P _vacuum) "Specific heat of the liquid
phase”

"lHeat to be removed"
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Q 1=m dot w*C p lig LP*(T water outlet-T vacuum) "Energy to change the
temperature of the inlet water"

Q 2=m dot w*h fusion "Energy to freeze the inlet water"

Q tot=Q 1+Q 2 "Energy to be removed by evaporation/Cooling capacity"

Q evap=(h[10]-h[9]) "Cooling capacity [kJ/kg] of cycle"

"IMass flow of water vapour"
m_dot gas=Q tot/Q evap "Mass flow of vapour"
v_g=Volume (R$; T=T_ vacuum; P=P_vacuum) "Specific volume of vapour"

V_dot=(m_dot gas*v_g*convert (m"3/s;m"3/h))
"Volumetric flow vapour"

{State 1 to state 2}
{Controll volume: Compressor}
"!State points 1: Compressor inlet"

h{1]=h[10] "Enthalpy of vapour inlet"
x[1]=1 "Gas quality"
T[l]=temperature (R$;P=P[1];h=h[1]) "Temperature "

s[l]=entropy (R$;P=P[1];h=h[1]) "Entropy"

eta IS=0,5 [-] "Compressor efficiency"
HL=0,1 [-] "Relative heat loss 1 compressor, % of input power"
lambda=0, 7 "Volumetric efficiency"
v_g_1=Volume (R$;T=T vacuum; P=P_vacuum) "Specific volume of vapour"

V_dot 1=(m dot gas*v_g l*convert (m"3/s;m"3/h))"Volumetric flow vapour"

"IState points 2: Compressor outlet"

P[2]=sgrt(P[1]*P[4]) "Pressure"
h[2]=h[1]+DELTAW* (1-HL) "Energy balance on real compressor-assumed
adiabatic"

s[2]=entropy (R$;h=h[2];P=P[2]) "Entropy of state 3"
T[2]=temperature (R$;h=h[2];P=P[2]) "Discharge gas temperature"
h_2_IS=enthalpy(R$;P=P[2];s=s[l]) "Isentropic enthalpy"

w _IS=(h 2 IS-h[1l]) "Energy balance on isentropic compressor"
DELTAW=w IS/eta IS "Real compressor entalphy difference"

T discharge=T[2] "Discharge gas temperatur"
x[2]=quality (R$;h=h[2];T=T[2]) "Gas quality"

Q loss=((h[2]+DELTAW) - (h[2]+DELTAW* (1-HL))) *m_dot gas "Heat loss in
compression"

{State 2 to state 3}
{Control Volume : Connecting Pipe}

"!Pipe Information"

e 23=0,000015[m] {Roughness, Drawn Tubing}
D 23=40[cm] *convert (cm;m) {Pipe Diameter}

RR 23=e 23/D 23 {Relative Roughness}

L 23=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow(R$;T[2];P[Z];m_dot_gas;D_23;L_23;RR_23:{h_T_23}; {h H 23}
;DELTAP 23; {Nusselt T 23}; £ 34; Re 23)



{State 3 to state 4}
{Controll volume: Compressor}

"IState points 3: Compressor inlet"

T[3]=T sat(R$;P=P[3])+10
h[3]=enthalpy (R$;P=P[3];T=T[3])
s[3]=entropy (R$;P=P[3];h=h[3])

"IState points 4: Compressor outlet"

P[4]=P sat (R$;T=T cond)

h[4]=h[3]+DELTAW* (1-HL) "Energy balance on real compressor-assumed

adiabatic"

s[4]=entropy (R$;h=h[4];P=P[4]

P )
T[4]=temperature (R$;h=h[4];P=P[4])

h 4 IS=enthalpy(R$;P=P[4];s=s[3])

DELTAW 2=w IS 4/eta IS

difference"

T discharge 2=T[4]
x[4]=quality (R$;h=h[4];T=T[4]

)
Q loss_2=((h[2]+DELTAW 2)- (h[4]+DELTAW_ 2* (

compression"
v_g 2=Volume (R$;T=T[4];P=P[4])

V_dot 2=(m_dot gas*v_g 2*convert (m"3/s;m"3/h))

{State 4 to state 5}

{Control Volume : Connecting Pipe}

"!Pipe Information"

e 45=0,000015[m]

D 45=35[cm] *convert (cm;m)
RR 45=e 45/D 45

L 45=1 [m]

"!Pressure drop"

call PipeFlow(R$;T[4];P[4];m_dot_gas;D_45;L_45;RR_45:{h_T_45};

;DELTAP 45; {Nusselt T 45}; f 45;

P[5]=P[4]-DELTAP 45

{State 5 to state 6}
{Controll volume: Condenser}

"IState 5 : Condenser inlet"
h[5]=h[4]
T[5]=temperature (R$;P=P[5];h=h[5])
x[5]=quality (R$;h=h[5];T=T[5])
s[5]=entropy (R$;T=T[5];h=h[5])
v[5]=Volume (R$; T=T[5];P=P[5])
rho[5]=density (RS$;P=P[5];x=1)
mu[5]=viscosity (R$; T=T[5];P=P[5])
V_dot[5]=(m _dot gas*v[5]*

Re_ 45)

"!Size and Pressure drop in condenser"

CALL

heattransfercond(m dot gas;m dot water;T water outlet;T cond;T w avg;T

[6];w _plate cond;x plate cond:U_cond)

P amb=101325 [Pa]

C p w=Cp(R$;P=P_amb;T=T water outlet)

m_dot water=10 [kg/s]

"Entropy of state 3"
"Discharge gas temperature"
"Isentropic enthalpy"

w IS 4=(h 4 Is-h[3]) "Energy balance on isentropic compressor"

"Real compressor entalphy

"Discharge gas temperatur"
"Gas quality"
1-HL)))*m dot gas "Heat loss in

"Specific volume of vapour"
"Volumetric flow vapour"

{Roughness,
{Pipe Diameter}
{Relative Roughness}
{Length of pipe}

Drawn Tubing}

[51:;T
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T out cond=T water outlet+Q cond/(m dot water*C p w)
T w avg=(T water outlet+T out cond)/2

dt 1=T[6]-T out cond
dt 2=T[5]-T water outlet
DELTAT cond lmtd=((dt 1)-(dt 2))/ln((dt_1)/(dt_2)) "LMTD in Condenser"

U cond 1=3243 [W/m"2*K]

UA cond=Q cond/DELTAT cond lmtd

A cond=(UA _cond*1000) /U _cond 1

w_plate cond=500 [mm]*convert (mm;m) "Alfa Laval AXP112"
h plate cond=1658 [mm]*convert (mm;m) "Alfa Laval AXP112"
x _plate cond=CEIL(A cond/ (2*h plate cond*w plate cond))

"Pressure drop condenser"

rho cond=(rho[5]+rho[6])/2 "Average density"
mu_ l=viscosity (R$;T=T[6];x=0)

mu g=viscosity (RS$;T=T[6];x=1)

7[mm]*convert(mm;m)

[m]

cond=(m_dot gas)/ ((pi/4)*D p"2) "Mass velocity through the port"
cond=0, 5*x plate cond*w plate cond*d e
"Flow area"

d e=
D_p=0
g=9,8
G_p_
A ©

G_cond=(m_dot gas)/A o cond "Mass velocity through the core"
DELTAP cond g = rho _cond*g*h plate cond "gravity driven acceleration"
DELTAP cond acc = (G _cond”2)*1*( (1/rho[5]) - (1/rho[6])) "acceleration

pressure, quality change is 1"
DELTAP cond p = 0,75*(G_p cond”2)/rho _cond "inlet/outlet pressure loss"

DELTAP cond fr = (1,9*G _cond”2)/(2*rho cond) "kinetic model from Longo
2010"
DELTAP cond test = (DELTAP cond fr+DELTAP cond p - DELTAP cond acc -

DELTAP cond g)
"The pressure drop is very high, and Alfalaval is asked for advice. No
feedback was given"

P[6]=P[5] {-DELTAP cond}

"IState 6: Condenser Outlet"
T[6]—T cond

enthalpy (R$S;T=T[6]:x=x[6]
entropy (R$; T=T[6] ;x=x[6])

=density (R$;P=P[6];x=x[6
=viscosity (RS$;T=T[6];P=P[

‘—‘o‘\ll

{State 6 to state 7}

{Control Volume : Connecting Pipe}

"!Pipe Information"

e 67=0,000015[m] {Roughness, Drawn Tubing}
D 67=35[cm] *convert (cm;m) {Pipe Diameter}

RR 67=e 67/D 67 {Relative Roughness}

L 67=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T[6];P[6];m dot gas;D 67;L 67;RR 67:{h T 67}; {h H 67}
;DELTAP 67; {Nusselt T 67}; £ 67; Re 67)

P[7]=P[6]-DELTAP 67
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{State 7 to state 8}
{Controll volume: Expansion valve}

"!State 7 Expansion Valve Inlet"
h[7]1=h[6]
[7]=temperature (R$;P=P[7];h=h[7])
x[7]=quality (R$;h=h[7]1;T=T[7])
[7]=entropy (RS$;T=T[7];h=h[7])

"!State 8
h[8]=h[7]
=T vacuum

Expansion Valve Outlet"

T[8]
P[8]=P Sat(R$ T=T[8])+0,01
s[8] entropy(R$ T=T[8]; h=h[8])
x[8]=quality (R$;T=T[8];s=s[8])

{State 8 to state 9}
{Control Volume Connecting Pipe}

"Assume no pressure drop"

P[9]=P[8]

{State 9 to state 10}

{Controll volume: Vacuum freezer}

"IState points 9: Freezer inlet"

h[9]=h[8]
[9]=temperature (R$; P=P[

x[9]=quality (R$;T=T[9];h
[9]=entropy (RS$; T=T[9];h=

"IState points 10: Freezer outlet”

T[10]=T vacuum

P[10]=P[9]

x[10]=1

h[10]=enthalpy (R$;P=P[10];x=x[10])
s[10]=entropy (RS$;P=P[10];x=x[10])

{State 10 to state 1}

{Control Volume Connecting Pipe}
"!Pipe Information"

e 101=0,000015[m]

D 101=5[cm] *convert (cm;m)
RR 10l=e 101/D 101
L 101=1 [m]

"!Pressure drop"
call PipeFlow (RS$;T[10];P[10]
{h_ H 101} ;DELTAP 101; {Nusselt T 101};

;m_dot gas;D 101;L
£ 101;

=P[10]-DELTAP_ 101

"!Pressure ratio"

{Roughness,
{Pipe Diameter}
{Relative Roughness}
{Length of pipe}

"Entropy of vapour inlet"
"Temperature in point 7"

"Enthalpy of vapour inlet"

stainless steel}

101;RR_101:{h T 101};

“Re 101)

PR 1=P[2]/P[1] "Pressure ratio, comp 1"
PR 2=P[4]/P[3] "Pressure ratio, comp 2"
"!ICompressor"

W_comp 1l=m dot gas* (DELTAW)

"Compressor work,

comp 1"

91



W _comp 2=m dot gas* (DELTAW 2) "Compressor work, comp 2"
W _tot=W comp 1+W comp 2+P ag tot+W pump iceslurry+W snowsep "Total work"

V_dot s 1=v_dot 1/lambda "Suction volume of compressor"
V_dot s 2=v_dot 2/lambda "Suction volume of compressor"
"!Condenser"

Q cond=m dot gas* (h[5]-h[6]) "Condensation heat"
"!Evaporator"

Q cooling=m dot gas* (h[10]-h[9]) "Cooling capacity"

A\ ! COP"

COP=Q cooling/W_tot "COP for cooling"

COP_c=Q cond/W_tot "COP for cooling"

"!Size of vessel"
CALL areavessel (R$;m dot gas;T amb;V dot:D vessel[l])

"1Volume"
V_vessel=1 [m"3] "Assumed volume of ice slurry in
vessel"

"!TIce slurry pump"
x=0,15 "Fraction of ice to water"
m_iceslurry=m dot w/x "Mass flow of ice slurry"

"At ice fractions below 15% the pump power is not affected"
T iceslurry=0,01

P iceslurry=P vacuum+0,1

N iceslurry=1000

[1/min] *convert (1/min;1/s) "RPM pump"
D iceslurry=0,15 [m] "Diameter pump"
D iceslurry hub= 0,08 [m] "Diameter pump hub"

Call CentrifugalPumpl CL( R$; 0; T iceslurry; P iceslurry; m iceslurry ;
N iceslurry; D iceslurry; D iceslurry hub: P out pump iceslurry;
T out pump iceslurry; W pump iceslurry; eta pump iceslurry)

"!Agitation power"

"See The control of ice slurry systems: an overview"

P ag=25 [W/m”*3] "Recommended power to have
homogenity"

P ag tot=P ag*V vessel*convert (W; kW)

"!Snow separator"

"Size is around 30 m"3"

"Motor to operate snow separator. From BUUS-tech-data, same as motor in
flake ice drum"

W_snowsep=370 [W]*convert (W;kW)
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F. EES Code. Flake Ice Maker

SUnitSystem SI C kPa kJ mass
SReference R744 IIR

To better understand the code, it is recommended to go the state-point

calculations. The procedures are calculated in sequence from top to bottom.
This is not the case for the main body, where EES decides what to calculate
first. See Computational Flow. This is recommended since the procedures are

put in the start of the script due to syntax reasons.

To calculate a single stage system. The points from [2] to [7] is commented

out. P[7]=P[3]. In addition, the outlet pressure of compressor 1, must to

the condensation pressure. The pipe dimensions may be changed for the
program to converge.

PROCEDURE

flakeicedrum (T _evap flake;m co2 fl real;T water in;m w;x pipe;Q water:Ul[1l]

Ul _avg)

{Calculation of propagation of the ice layer and overall heat transfer
coefficient for the flake ice drum
for carbon and stainless steel vessel.}

SARRAYS ON
"!Forced flow refrigerant side"

R$="'R744"

h flake=2,6 [m] "Height of flake ice

drum"

d flake=2,5 [m] "Diameter of flake ice drum"
u w=0,5 [m/s] "Water speed along drum"

A flake=pi*d flake*h flake "Area flake ice drum"

P ref=P sat (R$;T=T evap_ flake) "Pressure"

k ref=Conductivity (R$;T=T evap flake;P=P ref+0,01)
"Thermal conductivity. CO2"
d=5 [mm]*convert (mm;m) "Diameter of pipe"
d hyd=d "Hydraulic diameter"

"CO2 evaporation correlation"
mu_f=Viscosity (R$;T=T evap flake;x=0) "Dynamic viscosity. Liquid"
mu_g=Viscosity (R$;T=T evap flake;x=1) "Dynamic viscosity. Gas"
rho f=Density (CarbonDioxide;T=T evap flake;x=0)
"Density. Liquid"
rho _g=Density (CarbonDioxide;T=T evap flake;x=1)
"Density. Gas"
h fg=Enthalpy vaporization(R$;T=T evap flake)
"Enthalpy of vaporization"
M=MolarMass (RS) "Molar mass"
k f=Conductivity (R$;T=T evap flake;x=0) "Thermal conductivity. Liquid"
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k g=Conductivity (R$;T=T evap flake;x=1) "Thermal conductivity. Gas"

cp_ f=Cp (R$;T=T evap flake;x=0) "Specific heat capacity. Liquid"
cp_g=Cp (R$; T=T evap flake;x=1) "Specific heat capacity. Gas"
C=20 "Turbulent Chisholm factor"

PC=P crit(RS$) "Critical pressure"

P r=P ref/PC "Reduced pressure"

G=m _co2 fl real/(x pipe*PI*d hyd~"2/4) "Mass flux"

g=Q water*1000/ (pi*d*h flake*x pipe) "Heat per m2"

Bo=(Q water/ (pi*d*h flake*x pipe))/ (G*h fq)
"Boiling number"
Pr f=Prandtl (R$;P=P ref+0,01;x=0) "Prandtl number"

x[1]1=0,1
dx=0,1
10

DUPLICATE i=2;N

x mali-1]=(mu_f/mu _g)"~(1/8)* ((1-x[i-1])/x[i-11)"(7/8)* (rho g/rho £f)"0,5
"Lockhart Martinelli parameter"

phi f[i-1]=(1+C/x mal[i-1]+1/(x mali-

1172)) "Two-phase frictional multiplier"
F[i-1]=0,05* (phi f[i-1])+0,95 "Correleation factor"
S[i-11=7,2694* (phi f[i-

11)70,0094*Bo"0,2814 "Nucleate boiling suppresion
factoro\"

h nbc[i-1]=55*P r"~0,12*(-0,4343*1n(P_r))"(-0,55)*M"*(-0,5)*q"0,67 "Nucleate
boiling heat transfer"

h 1o[i-1]1=0,023*(k_£f/d)* ((G*(1-x[i-1])*d)/mu_£f)~0,8*(Pr_£70,4) "Dittus-
Boelter correlation"

alpha ref[i-1]=S[i-1]1*h nbc[i-1]+F[i-1]*h lo[i-

1] "Heat transfer correlation"

x[1]=x[1-1]+dx
END

alpha ref=1/9*SUM(alpha ref[i];i=1;9) "Average heat transfer
correlation"

"lIFree flow on water side"
WS='water'
P w=101,325 [kPa] "Pressure"
k w=Conductivity (W$;T=T water in;P=P w+0,01[kPa])
"Thermal condutivity"
rho w=density (W$;T=T water in;P=P w+0,01) "Density"
nu_w=KinematicViscosity (W$;T=T water in;P=P w+0,01) "Kinematic viscosity
c_p_w=specheat (W$; T=T water in;P=P_w+0,01)
"Specific heat capasity"

Pr_w=Prandtl(W$;T=T_water_in;P=P_w+0,0l) "Prandtl number"
Re_w=(u_w*h_flake)/nu_w "Reynolds number"

Re x ¢=5*10"5 "Critical Reynolds number"
B=0,037*Re_x c”(4/5)-0,664*Re x c”(1/2) "Correlation factor"

alpha w=(k w/h flake)*(0,037*Re_w" (4/5)-B)* (Pr w~(1/3)) "Correlation for

turbulent flow over flat plate. Incropera (2013)"

"ICarbon steel drum"

delta wall=0,5 [cm]*convert (cm;m) "Thickness of drum wall"

delta wall 2=0,3 [cm]*convert (cm;m) "Thickness of second drum wall"
k al=Conductivity (Aluminum; T=-30) "Heat conductivity aluminum"

S u al=UltimateStress (Aluminum; T=-30) "UTS aluminium"
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k ice=Conductivity (Ice;T=0;P=101,325) "Thermal conductivity ice"

k cs=Conductivity(Carbon steel; T=-15) "Heat conductivity carbon steel"”
S u ss=UltimateStress(Stainless AISI302;

T=17) "UTS. Stainless steel"

T i=0 [C]

DELTAh_fusion=enthalpy_fusion(W$)*convert(kJ/kg;J/kg)

X1[11=0
dt=1
t[1]1=0
Time=120

DUPLICATE i=2;time

"Overall heat transfer coefficient"
Ul[i-1]=1/((1/alpha_ref)+(delta wall 2/k cs)+(delta wall/k al)+(xl[i-
1]/k_ice)+(1/alpha w))

"Ice thickness as function of time"

Ax1[1i-11=((((((T_1i-

T evap flake)/((1/alpha ref)+(delta wall 2/k cs)+(delta wall/k al)+(X1[i-
1]1/k_ice)))-alpha w* (T water in-T i))))*dt)/(rho w*DELTAh fusion)
X1[1i]=X1[i-1]+dx1[1i-1]

t[i]=t[i-1]+dt

"The Ice growth rate [m/s]"

ds\dtl1[i-1]=((((T_1i-

T evap flake)/((1l/alpha ref)+(delta wall 2/k cs)+(delta wall/k al)+(X1[i-
1]1/k_ice)))-alpha w* (T water in-T i)))/(rho w*DELTAh fusion)

END

Ul avg=sum(Ul[i];i=1;70-1)/70 "Average U-value. Carbon steel"

Q cs=Ul avg*h flake*pi*d flake* (T water in-T evap flake) "Heat transfer
with carbon steel"

"!IStainless steel drum"

{k ss=16 [W/m*k] "Heat conductivity stainless
steel"}

k ss=Conductivity(Stainless AISI302;

T=17) "Heat conductivity stainless
steel"

X2[1]=0

DUPLICATE i=2;time

"Overall heat transfer coefficient”
U2[1i-1]1=1/((1/alpha ref)+(delta wall 2/k ss)+(delta wall/k al)+(X2[i-
1]/k _ice)+(1/alpha w))

"Ice thickness as function of time"

dx2[i-1]1=((((((T_i-
T evap flake)/((1l/alpha ref)+(delta wall 2/k ss)+(delta wall/k al)+(X2[i-
1]1/k _ice)))-alpha w* (T water in-T i))))*dt)/(rho w*DELTAh fusion)

X2[1]=X2[i-1]+dx2[1i-1]

"The Ice growth rate [m/s]"
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ds\dt2[i-1]=((((T_i-
T evap flake)/((1l/alpha ref)+(delta wall 2/k ss)+(delta wall/k al)+(X2[i-

1]/k _ice)))-alpha w* (T water in-T i)))/(rho w*DELTAh fusion)

END

U2 avg=sum (U2[i];i=1;70-1)/70 "Average U-value. Stainless
steel"

Q ss=U2 avg*h flake*pi*d flake* (T water in-T evap flake) "Heat transfer
with of stainless steel"

"IAluminium drum"
X3[1]=0

DUPLICATE i=2;time

"Overall heat transfer coefficient"
U3[i-1]=1/((1/alpha_ref)+(delta wall 2/k al)+(X3[i-
1]/k_ice)+(delta wall/k _al)+(l/alpha w))

"Ice thickness as function of time"

Ax3[1-11=((((((T_1i-
T evap flake)/((1l/alpha ref)+(delta wall 2/k al)+(delta wall/k al)+(X3[i-
1]/k_ice)))-alpha w* (T water in-T 1i))))*dt)/(rho w*DELTAh fusion)

X3[1]1=X3[1i-1]1+dx3[1i-1]

"The Ice growth rate [m/s]"

ds\dt3[i-1]1=((((T_1i-

T evap flake)/((1l/alpha ref)+(delta wall 2/k al)+(delta wall/k al)+(X3[i-
1]1/k_ice)))-alpha w* (T water in-T i)))/(rho w*DELTAh fusion)

END

U3 avg=sum(U3[i];i=1;70-1)/70 "Average U-value. Aluminium"

Q al=U3 avg*h flake*pi*d flake* (T water in-T evap flake) "Heat transfer
with of stainless steel"

END

PROCEDURE heattransfercondevap (m dot co2;m co2 fl real;T evap;

T evap flake;x[13];w plate;h plate;x plate;b plate:U cond evap;G_2)
"!Overall heat transfer coefficient for condenser evaporator. Forced flow
on both sides"

{Calculates the heat transfer coefficients and U-value for the for
condenser/evaporator}

SARRAY ON

R$='R744" "Refrigerant string. CO2"

delta wall condevap=1 [mm]*convert (mm;m) "Thickness HX plates"

k ss=Conductivity(Stainless AISI302;

T=17) "Thermal conductivity. Stainless
steel"

d e=7 [mm]*convert (mm;m) "Equvivalent diameter"

"Cold side"

P cold=P_sat (R$;T=T evap) "Pressure"
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mu_ f=Viscosity (RS$;T=T evap;x=0) "Dynamic viscosity. Liquid"
mu_g=Viscosity (RS$;T=T evap;x=1) "Dynamic viscosity. Gas"
rho f=Density (CarbonDioxide;T=T evap;x=0) "Density. Liquid"

rho _g=Density (CarbonDioxide;T=T evap;x=1) "Density. Gas"

h fg=Enthalpy vaporization (RS$;T=T evap) "Enthalpy of vaporization"
M=MolarMass (R$) "Molar mass"

k f=Conductivity (R$;T=T evap;x=0) "Thermal conductivity

coz"

cp_f=Cp (R$; T=T evap;x=0) "Spcific heat capacity"
C=20 "Turbulent Chisholm factor"
PC=P crit (RS) "Critical pressure"

P r=P cold/PC "Reduced pressure"

A=(d _e)*w_plate*0,5*x plate "Total Flow area"

G_2=m _dot co2/A "Mass flux"

g=213,9*1000/ (2*w_plate*h plate*x plate) "Heat per m2"
Bo=(213,9/(2*w_plate*h plate*x plate))/ (G 2*h fq)
"Boiling number"

Pr f=Prandtl (R$;P=P cold+0,01;x=0) "Prandtl number"

g=9,81 "Gravitational constant"
x[1]=0,1

dx=0,1

N=10

DUPLICATE i=2;N

x mali-1]=(mu_ f/mu _g)"~(1/8)* ((1-x[i-1])/x[i-1])"(7/8)* (rho g/rho £f)"0,5
"Lockhart Martinelli factor"

phi f[i-1]=(1+C/x mal[i-1]1+1/(x mali-

117°2)) "Two-phase frictional multiplier"
F[i-1]1=0,05* (phi f[i-1])+0,95 "Correlation factor"
S[i-11=7,2694* (phi_ f[i-

11)70,0094*Bo"0,2814 "Nucleate boiling suppresion
factor"

h nbc[i-1]=55*P r"~0,12*(-0,4343*1n(P _r))"(-0,55)*M*(-0,5)*g"0,67 "Nucleate

boiling heat transfer coefficient"
h_lo[i—l]:0,023*(k_f/(l,Z*d_e))*((G_Z*(l—x[i—

1]1)*(1,2*d e))/mu_£f)~0,8*((Pr_f)~0,4) "Dittus-Boelter correlation"
alpha ref[i-1]=S[i-1]1*h nbc[i-1]+F[i-1]*h lo[i-

1] "Heat transfer coefficient"

X[1]=x[1-1]+dx

alpha cold=1/9*SUM(alpha ref[i];i=1;9) "Average heat transfer
coefficient"

"Warm side"
P warm=P_sat (R$;T=T evap flake)
k _warm o=Conductivity (R$;P=P warm+0,01;x=0)

mu_warm o=KinematicViscosity (RS$;P=P_warm+0,01;x=0)
rho warm o=density (R$;P=P _warm+0,01;x=0)

rho warm i=density(R$;P=P _warm+0,01;x=1)

Cp_1=Cp (RS$;P=P warm+0,01;x=0)

DUPLICATE i=2;N

alpha warm[i-1]=(k warm o”(2/3)*Cp 17(1/3))/mu warm o”(7/15)* ((x[1i-1]1/(1-

x[i-1]))* (rho warm o/rho warm i)”"0,5+1) "Condensation correlation CO2"
x[i]=x[i-1]+dx
END
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alpha warm=1/9*SUM(alpha warm[i];i=1;9) "Average heat transfer
coefficient"

U cond evap=1/((1/alpha cold)+(delta wall condevap/k ss)+(1l/alpha warm))
"U-value condenser/evaporator"

END "Procedure"

PROCEDURE

heattransfercond (m dot co2;m dot water;T water in;T cond;T w_cond avg;w_pla
te cond;x plate cond:U_cond)

"1Overall heat transfer coefficient for condenser/gas cooler . Forced flow
on both sides"

SARRAY ON
WS="'Water"'
R$S="'R744"

delta wall cond=1 [mm]*convert (mm;m)
k ss=Conductivity(Stainless AISI302; T=17)
d e=7 [mm]*convert (mm;m) "Equivalent diamter plate HX"

"Cold side"

P cold=101,325 [kPal

k _cold=Conductivity (W$;T=T water in;P=P cold)
mu_cold=Viscosity (W$;T=T water in;P=P cold)

mu _wall water=viscosity(W$;T=(T cond+T w_cond avg)/2;P=P cold+0,01)
A=(d _e)*w plate cond*0,5*x plate cond

G=m_dot water/A

Pr cold=Prandtl (W$;T=T water in;P=P cold)

Re cold=(G*d _e)/mu_cold

"Martin correlation for one-phase flow water"

beta cold=45 "Chevron angle plate HX"

f0 martin cold = 64/Re_cold "parameter for friction factor
calculation"

fl martin cold= 597/Re cold+3, 85 "parameter for friction factor
calculation"

f martin cold=(1 /

(cos (beta cold)/sqrt(0,18*tan (beta cold)+0,36*sin (beta cold)+(f0 martin col

d/cos (beta cold))) + ((l-cos(beta cold))/(sqgrt(3,8*fl martin cold)))) )" 2
"friction factor"

Nusselt cold=0,122* (Pr _cold”(1/3))* ((mu_cold/mu wall water)”(1/6))*(f marti

n cold*( (Re cold”2)*sin(2*beta cold)))”0,374 "Nusselt number"

alpha cold= (Nusselt cold*k cold)/d e "heat transfer coefficient water"

"Warm side"

P warm=P_sat (R$;T=T cond)

k warm o=Conductivity (R$;P=P warm+0,01;x=0)
mu_warm o=KinematicViscosity (RS$;P=P_warm+0,01;x=0)
rho_warm_o=density(R$;P=P_warm+0,0l;x=0)

rho warm i=density (R$;P=P warm+0,01;x=1)

Cp_1=Cp (R$;P=P warm+0,01;x=0)

N=10
x[1]=0,1
dx=0,1

DUPLICATE i=2;N

alpha warm[i-1]=(k warm o”(2/3)*Cp 17(1/3))/mu_warm o”(7/15)* ((x[i-1]1/(1-
x[i—l]))*(rhoiwarmio/rhoiwarmii)AO,5+1)

X[1]=x[1-1]+dx
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END

alpha warm=1/9*SUM(alpha warm[i];i=1;9)
U cond=1/((1/alpha cold)+(delta wall cond/k_ss)+(1l/alpha warm))
END "Procedure"

PROCEDURE

heattransfersh (m _dot co2;m dot water sh;T water in;T cond;T[7];T out suh 1;
T ref avg;T w_avg;w_plate sh;x plate sh:U sh)

"!Overall heat transfer coefficient for condenser/gas cooler . Forced flow
on both sides"

SARRAY ON
WS='Water'
R$='R744"

delta wall cond=1 [mm]*convert (mm;m)
k ss=Conductivity(Stainless AISI302; T=17)
d e=7 [mm]*convert (mm;m)

"Cold side"

P cold=101,325 [kPa]

k _cold=Conductivity (W$;T=T water in;P=P cold)
mu_cold=Viscosity (W$;T=T water in;P=P cold)

mu wall water=viscosity (W$;T=(T ref avg+T w avg)/2;P=P cold+0,01)
A=(d e)*w plate sh*0,5*x plate_ sh

G=m_dot water sh/A

Pr cold=Prandtl (W$;T=T water in;P=P cold)

Re cold=(G*d _e)/mu_cold

"Martin correlation for one-phase water"

beta cold=45 "Chevron angle"

f0 martin cold = 64/Re_cold "parameter for friction factor
calculation"

fl martin cold= 597/Re_cold+3, 85 "parameter for friction factor
calculation"

f martin cold=(1 /

(cos (beta cold)/sqrt(0,18*tan (beta cold)+0,36*sin (beta cold)+(f0 martin col

d/cos (beta cold))) + ((l-cos(beta cold))/(sqgrt(3,8*fl martin cold)))) )" 2
"friction factor"

Nusselt cold=0,122* (Pr _cold”(1/3))* ((mu_cold/mu wall water)”(1/6))*(f marti

n _cold*( (Re_cold”2)*sin(2*beta cold)))”0,374 "Nusselt number"

alpha cold = (Nusselt cold*k cold)/d e "heat transfer coefficient water"

"Warm side"

P warm=P_sat (R$;T=T cond)

k warm o=Conductivity (R$;P=P warm+0,01;x=1)

k warm i=Conductivity (R$;P=P warm+0,01;T=T[7])

k avg=(k warm o+k warm 1i)/2

mu_warm o=Viscosity (R$;P=P warm+0,01;x=1)

mu_warm i=Viscosity (R$;P=P warm+0,01;T=T[7])
mu_avg=(mu_warm o+mu_ warm i) /2

mu wall ref=viscosity(R$;T=(T _ref avg+T w avg)/2;P=P warm+0,01)

G _warm=(m_dot co2) /A

T sh out=Temperature (R$;P=P warm;x=1)

Pr warm=Prandtl (R$;T=(T[7]+T_sh out)/2;P=P warm)
Re warm= (G warm*d e)/mu_avg

"Martin correlation for one-phase co2 flow"
beta warm=45 "Chevron angle"
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fO0 martin = (1,8*1logl0O(Re_warm)-1,5)"(-2) "parameter for friction factor
calculation"

fl martin= 39/ (Re_warm”0,289) "parameter for friction factor
calculation"

f martin=(1 /

(cos (beta _warm) /sqrt (0,18*tan (beta warm)+0,36*sin (beta warm)+ (f0 martin/cos

(beta warm))) + ((l-cos(beta warm))/(sqrt(3,8*fl martin)))) )"2
"friction factor"
Nusselt w=0,122* (Pr_warm” (1/3))* ((mu_avg/mu wall ref)”(1/6))* (f martin*(
(Re_warm”"2) *sin (2*beta warm)))"0,374 "Nusselt number"
alpha warm= (Nusselt w*k avg)/d e "heat transfer coefficient water"

U sh=1/((1/alpha cold)+(delta wall cond/k _ss)+(1l/alpha warm))
END "Procedure"

PROCEDURE

heattransferSGHX (m_dot co2;P[9];T[9];P[10];T[10];P[15];T[15];P[16];T[16];T
avg warm sghx;T avg cold sghx;w plate sghx;x plate sghx:U sghx)

"!Overall heat transfer coefficient for condenser evaporator. Forced flow
on both sides"

R$="'R744"
delta wall condevap=1 [mm]*convert (mm;m)
k_al=Conductivity (Aluminum; T=17)

d e=0,007 [m] "Equvivalent diameter"

"Cold side"

k _cl=Conductivity (R$;T=T[15];P=P[15]+0,01)

k _c2=Conductivity(R$;T=T[16];P=P[16]+0,01)

k ¢ avg=(k_cl+k c2)/2

mu_cold i=Viscosity (R$;T=T[15];P=P[15]+0,01)

mu_cold o=Viscosity (R$;T=T[16];P=P[16]+0,01)

mu_cold avg=Viscosity (R$;T=(T[15]+T[16])/2;P=((P[15]+0,01)+(P[16]+0,01))/2)
mu wall cold=viscosity(R$;T=(T avg warm sghx+T avg cold sghx)/2;P=P[15]+0,0

1)
=(d _e)*w plate sghx*0,5*x plate sghx
G=m_dot co2/A
Pr cold=Prandtl (R$;T=(T[15]+T[16])/2;P=(P[15]+P[16])/2)
Re cold=(G*d e)/mu_cold avg

"Martin correlation for one-phase flow water"
beta cold=45

fO0 martin cold = (1,8*1loglO(Re cold)-1,5)" (-

2) "parameter for friction factor calculation"

fl martin cold= 39/ (Re_cold”0,289) "parameter for friction factor
calculation"

f martin cold=(1 /
(cos (beta cold)/sqgrt(0,18*tan (beta cold)+0,36*sin(beta cold)+(f0 martin col

d/cos (beta cold))) + ((l-cos(beta cold))/(sqgrt(3,8*fl martin cold)))) )" 2
"friction factor"

Nusselt cold=0,122* (Pr cold”(1/3))* ((mu_cold avg/mu wall cold)”"(1/6) (f ma

rtin cold*( (Re cold”2)*sin(2*beta cold))) 0,374 "Nusselt number"

alpha cold = (Nusselt cold*k c avg)/d e "heat transfer coefficient water"

"Warm side"

k hl=Conductivity(R$;T=T[9];P=P[9]+0,1)

k h2=Conductivity (RS$;T=T[10];P=P[10]+0,1)

k h avg=(k _hl+k h2)/2 "Average thermal conductivity"
mu_warm i=Viscosity (R$;T=T[9];P=P[9]+0,01)

mu_warm o=Viscosity (R$;T=T[10];P=P[10]+0,01)
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mu_warm avg=Viscosity (R$;T=(T[9]1+T[10])/2;P=((P[9]+0,01)+(P[10]+0,01))/2)
"Average dynamic viscosity"

mu wall ref=viscosity (R$;T=(T_avg warm sghx+T avg cold sghx)/2;P=P[9]+0,01)
rho_avg=density (R$;T=T[9];P=P[9]+0,1) "Average density"

Pr hot=Prandtl (R$;T=(T[9]+T[10])/2;P=(P[9]+0,1+P[10])/2)

Re hot=(G*d e)/mu_warm avg

"Martin correlation for one-phase co2 liquid flow"

beta warm=45 "Chevron angle"

fO0 martin = (1,8%*logl0O(Re_hot)-1,5)"(-2) "parameter for friction factor
calculation"

fl martin= 39/ (Re_hot”"0,289) "parameter for friction factor
calculation"

f martin=(1 /
(cos (beta warm) /sqgrt (0,18*tan (beta warm)+0,36*sin(beta warm)+ (f0 martin/cos
(beta warm))) + ((l-cos(beta warm))/(sqrt(3,8*fl martin)))) )"2

"friction factor"
Nusselt w=0,122* (Pr_hot”(1/3))* ((mu_warm avg/mu wall ref)”(1/6))*(f martin*
( (Re_hot"2)*sin(2*beta warm)))"0,374 "Nusselt number"
alpha warm= (Nusselt w*k h avg)/d e "heat transfer coefficient water"
U sghx=1/((1/alpha cold)+(delta wall condevap/k al)+(l/alpha warm))

END "Procedure"

PROCEDURE

heattransferic (m dot co2;m dot water ic;T water in;P[3];T[3];P[4];T[4];T re
f avg ic;T w_avg ic;w _plate ic;x plate ic:U ic)

"!0Overall heat transfer coefficient for condenser/gas cooler . Forced flow
on both sides"

SARRAY ON
WS='Water'
RS='R744"

delta wall ic=1 [mm]*convert (mm;m)
k ss=Conductivity (Stainless AISI302; T=17)
d e=7 [mm]*convert (mm;m)

"Cold side"

P cold=101,325 [kPal

k cold=Conductivity (W$;T=T water in;P=P cold)
mu_cold=Viscosity (W$;T=T water in;P=P cold)

mu wall water=viscosity (W$;T=(T ref avg ic+T w avg ic)/2;P=P_cold+0,01)
A=(d e)*w plate ic*0,5*x plate ic

G=m_dot water ic/A

Pr cold=Prandtl (W$;T=T water in;P=P cold)

Re cold=(G*d e)/mu_cold

"Martin correlation for one-phase flow water"

beta cold=45

f0 martin cold = 64/Re _cold{ (1,8*1logl0(Re_cold)-1,5)"(-2)}"parameter for

friction factor calculation"

fl martin cold=

597/Re_cold+3,85{39/ (Re cold"0,289)} "parameter for friction factor

calculation"

f martin cold=(1 /

(cos (beta _cold) /sqrt (0,18*tan (beta cold)+0,36*sin (beta cold)+(f0 _martin col

d/cos (beta cold))) + ((l-cos(beta cold))/(sqgrt(3,8*fl martin cold)))) )" 2
"friction factor"

Nusselt cold=0,122* (Pr cold”(1/3))* ((mu_cold/mu wall water)”(1/6))*(f marti

n _cold*( (Re_cold”2)*sin(2*beta cold)))”0,374 "Nusselt number"
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alpha cold = (Nusselt cold*k cold)/d e "heat transfer coefficient water"

"Warm side"

k warm i=Conductivity (R$;P=P[3];
k warm o=Conductivity (R$;P=P[4];
k avg=(k warm i+k warm o) /2
mu_warm_i=Viscosity(R$;P=P[3];T=T[3])

mu_warm o=Viscosity (R$;P=P[4];T=T[4])

mu_avg=(mu_warm_i+mu warm o) /2

mu wall ref=viscosity(R$;T=(T _ref avg ic+T w_avg ic)/2;P=P_cold+0,01)
G _warm=m_dot co2/A

Pr warm=Prandtl (R$;T=(T[3]+T[4])/2;P=P[3])

Re warm=(G warm*d e)/mu_avg

[31)

T=T
T=T[4])

"Martin correlation for one-phase co2 flow"
beta warm=45

fO martin = (1,8%*logl0(Re warm)-1,5)" (-2) "parameter for friction factor
calculation"
fl martin= 39/ (Re_warm”0,289) "parameter for friction factor
calculation"

f martin=(1 /
(cos (beta_warm) /sqrt (0,18*tan (beta warm)+0,36*sin (beta warm)+ (f0_martin/cos
(beta _warm))) + ((l—cos(beta_warm))/(sqrt(3,8*fl_martin)))) ) "2

"friction factor"
Nusselt w=0,122* (Pr_warm” (1/3))* ((mu_avg/mu wall ref)”~(1/6))* (f martin*(
(Re_warm”2) *sin (2*beta warm)))"0,374 "Nusselt number"
alpha warm= (Nusselt w*k avg)/d e "heat transfer coefficient water"
U ic=1/((1/alpha cold)+(delta wall ic/k ss)+(1l/alpha warm))

END "Procedure"

"!Calling procedures to get arrays"

CALL
flakeicedrum (T _evap flake;m co2 fl real;T water in;m w;x pipe;Q water:Ul[1l]
;Ul avg)

R$="R744" "Refrigerant string"
W$="water' "Water string"

"!Ambient temperature"
SifNot Parametric table

T amb=20 [C] "Ambient temperature 5-20 degC"
SEndif

DELTAT cond=5 [K] "DeltaT in condenser"

T cond=T amb+DELTAT cond "Condenser temperature"

Flake ice machine and lower part of the system. Solution by control
volume

{Controll volume: Flake ice maker}

m_ice=50000 [kg] "Production capacity"
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rho _ice=density(Ice;T=0;P=101,325) "Density ice"
V_ice=m ice/rho ice
V_dot ice=V ice/ (3600%*24)

m w=V_dot ice*rho ice "Water consumption"
T water in= 5 [C] "Temperature of inlet water"
DELTAT sc w=7 [C] "Subcooling of ice"
c_P_w _lg=specheat (W$;T=T water in;x=0) "Specific heat liquid water"
h fusion w=enthalpy fusion (W$) "Enthalpy of fusion"
c_P_w_s=specheat (W$;T=-1;x=0) "Specific heat vapour water"

"!Heat transfered from water to CO2"
Q water = m w*(c P w 1g*(T water in) + h fusion w + ¢ P w s* (DELTAT sc w))
"Heat removed from water"

"1C02 flake ice machine"

T evap flake=-30 [C] "Evaporation temperature Flake
ice drum"

P evap flake=P sat (R$;T=T evap flake) "Evaporation pressure"

m co2 fl real=2 [kg/s] "Actual flow rate flake ice
drum"

h fl co2 in=enthalpy(R$;P=P_evap flake;x=0)
"Inlet enthalpy"
h fl co2 out=h fl co2 in+Q water/m co2 fl real
"Outlet enthalpy"
x fl co2 out=quality (R$;P=P evap flake;h=h fl co2 out) "Gas quality flake
ice outlet™

"!Pressure drop Flake ice maker"
d flake=2,5 [m] "Diameter flake ice drum"
h flake=2,6 [m] "Height flake ice drum"
mu_ fl=Viscosity (R$;T=T evap flake;h=h fl co2 in)

"Dynamic viscosity flake ice drum inlet"
rho fl=Density(R$;T=T evap flake;h=h fl co2 in)

"Density flake ice drum inlet"

d pipe=5 [mm]*convert (mm;m) "Refrigerant pipe diameter"

X pipe=300 "Number of refrigerant pipes"
A o flake=x pipe* ((d pipe”2*pi)/4) "Core flow area"
G_fl=(m_c02_fl_real)/A_o_flake "Mass flux through the core”

sigma fl cold=SurfaceTension (RS$;T=T evap flake)
"Surface tension"

rho fl f=Density (R$;T=T evap flake;x=0) "Density liquid"
rho fl g=Density (R$;T=T evap flake;x=1) "Density gas"
x m fl=(x fl co2 out+0)/2 "Average gas quality"

rho fl m=(x m fl/rho fl g+(l1-x m fl)/rho fl1 f)" (-

1) "Mean density"

We_fl_m:(G_flAZ*d_e)/(rho_fl_m*sigma_fl_cold)
"Weber number"

Bd fl m=((rho fl f-

rho fl g)*g*d e”2)/sigma fl cold "Bond number"

rho fl ast=(rho f/rho fl g) "Density ratio liquid/gas"
beta fl ast=45/70 "ratio beta/beta max"

C fl=2,125*beta fl ast”9,993+0,955 "Correlation factor"

f £f1=C*15,698*We fl m"(-0,475)*Bd fl1 m"0,255*rho fl ast”(-0,571)
"Frictional pressure drop factor"

DELTAP flake fr=2*f fl*(h plate*G f172)/(d e*rho fl m)

"Pressure drop. Friction"
DELTAP flake g=rho fl m*g*h plate "Pressure drop. Gravitational"
DELTAP flake acc=G fl*(x fl co2 out-0)*(l/rho fl g-1/rho fl f) "Pressure
drop. Acceleration/Deceleration"
DELTAP flake p=0,75* ((G_p)"2/rho_fl m) "Manifold pressure drop"
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DELTAP flake=(DELTAP flake p+DELTAP flake acc+DELTAP flake g+DELTAP flake f
r) *convert (Pa;kPa) "Total pressure drop"

P a=P evap flake-33,5{DELTAP flake}

{Controll volume: Pipe flake ice drum to Liquid drum}
"!Pipe Information"

e ab=0,000015[m] {Roughness, Drawn Tubing}
D ab=4,2[cm] *convert (cm;m) {Pipe Diameter}

RR _ab=e ab/D ab {Relative Roughness}

L ab=1 [m] {Length of pipe}

"!Pressure drop"

call

PipeFlow (R$;T evap flake;P a+0,01;m co2 fl real;D ab;L ab;RR ab:{h T ab};
{h H ab} ;DELTAP ab; {Nusselt T ab}; f ab; Re ab)

=P_a-DELTAP_ ab

1
l=temperature (R$;P=P b 1;h=h fl co2 out)

P b
T b
{Controll volume: Liquid drum}

"Assuming no pressure drop in liquid tank"

m _dot cond=x fl coZ out*m co2 fl real "Gas mass flow condenser"
P lig drum=P b 1

T lig drum=T sat (R$;P=P_liqg drum)

h b=enthalpy (R$;P=P_liq drum+0,01;x=1)

{Controll volume: Pipe Liquid drum to cond/evap}
"!Pipe Information"

e bc=0,000015[m] {Roughness, Drawn Tubing}
D bc=4,2[cm] *convert (cm;m) {Pipe Diameter}

RR bc=e bc/D bc {Relative Roughness}

L bc=1 [m] {Length of pipe}

"!Pressure drop"

call

PipeFlow (R$;T lig drum;P lig drum+0,01;m dot cond;D bc;L bc;RR bc:{h T bc};
{h_H bc} ;DELTAP bc; {Nusselt T bc}; f bc; Re bc)

P ¢c=P lig drum-DELTAP bc
T c=temperature (R$;P=P c;h=h fl co2 out)

{Controll volume: Evaporator/Condenser}
DELTAT evap_ cond=5 [K]

T evap = T c-DELTAT evap cond

h c=h b

"lPressure drop evap/cond warm side"

mu_cd=Viscosity(R$;T=T c;P=P c+0,01) "Dynamic viscosity"
rho cd i=Density (R$;P=P_c+0,01;x=1)

rho _cd o=Density (R$;P=P_c+0,01;x=0)

rho cd=(rho cd o+rho cd 1i)/2 "Average density"

D P cd=22 [mm]*convert (mm;m) "Port inlet"

G p cd=(m dot cond)/ ((pi/4)*D p cd"2) "Mass velocity through the port"
G _cd=(m_dot cond)/A o evap cond "Massvelocity through the core"
DELTAP cd g = rho cd*g*h plate "gravity driven acceleration”
DELTAP cd acc = (G_cd”2)*1*( (1/rho _cd i) - (1/rho _cd o)) "acceleration
pressure, quality change is 1"

DELTAP cd p = 0,75* (G _p_cd”2)/rho_cd "inlet/outlet pressure loss"
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DELTAP cd fr = (1,9*G _cd"2)/(2*rho_cd) "kinetic model from Longo 2010"

DELTAP cd = (DELTAP cd fr+DELTAP cd p - DELTAP cd acc - DELTAP cd g) /1000
P d=P c-DELTAP cd

h d=h c-Q water/m dot cond "Outlet enthalpy"

T d=temperature (R$;P=P _d;h=h d) "Outlet temperature"

{Controll volume: Pipe evaporator/condenser to liquid drum}
"IPipe Information"

e de=0,000015[m] {Roughness, Drawn Tubing}
D de=2,2[cm] *convert (cm;m) {Pipe Diameter}

RR de=e de/D de {Relative Roughness}

L de=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T d;P d+0,01;m dot cond;D de;L de;RR de:{h T de}; {h H de}
;DELTAP de; {Nusselt T de}; f de; Re de)

P e=P d-DELTAP de
T e=temperature (R$;P=P _e;h=h d)

{Controll volume: Pipe liquid drum to pump}
"!Pipe Information"

e ef=0,000015[m] {Roughness, Drawn Tubing}
D ef=4,2[cm] *convert (cm;m) {Pipe Diameter}

RR _ef=e ef/D ef {Relative Roughness}

L ef=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T e;P e+0,01;m co2 fl real;D ef;L ef;RR ef:{h T ef};
{h H ef} ;DELTAP ef; {Nusselt T ef}; f ef; Re ef)

P f=P e-DELTAP ef
T f=temperature (R$;P=P f;h=h d)

{Controll volume: CO2-pump}

N co2 pump=930[1/min]*convert (1/min;1/s) "RPM pump"
D co2 pump=0,15 [m] "Diameter pump"
D hub co2=0,08[m] "Diamter pump hub"

Call CentrifugalPumpl CL( R$; 0; T f; P £+0,01;m co2 fl real; N co2 pump;
D co2 pump; D hub co2: P g; T g; W _co2 pump; eta co2 pump)

{Controll volume: Pipe pump ot flake ice drum}
"!Pipe Information"

e g=0,000015[m] {Roughness, Drawn Tubing}
D g=2,2[cm] *convert (cm;m) {Pipe Diameter}

RR g=e g/D g {Relative Roughness}

L g=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T g;P g+0,01;m co2 fl real;D g;L g;RR g:{h T g}; {h H g}
;DELTAP g; {Nusselt T g}; f g; Re g)

P g fl=P g-DELTAP g
T g fl=temperature (R$;P=P_g fl;x=0)

State points in heat pump. Solution by control volume
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m dot co2=(Q water)/(h[14]-h[13]) "Mass flow CO2 in Refrigeration
system"

{State 1 to state 2}
{Controll volume: Compressor}
"!State points 1: Compressor inlet"

h{l]=h[16] "Enthalpy"
x[1]=quality (R$;h=h[1];P=P[1]) "Gas quality"
T[1l]=temperature (R$;P=P[1];h=h[1]) "Temperature"
s[l]l=entropy(R$;h=h[1];P=P[1]) "Entropy"

eta I15=-0,00000461*PR 1276+0,00027131*PR_12~5-
0,00628605*PR_12~4+0,07370258*PR_12"3-0,46054399*PR_12~2+1,40653347*PR_12-

0,87811477 "Compressor isentropic
efficiency"

lambda=0,0011*PR 1272-0,0487*PR 12+0, 9979 "Compressor volumetric
efficiency"

HL=0,1 [-] "Relative heat loss i compressor,
% of input power"

rho[l]=density(RS$;T=T[1];P=P[1]) "Density"

V_ s 1=((0,33*m _dot co2)/(rho[l]*lambda))*3600([s/h]
"Suction volume of low stage compressor per compressor"
V_ s 1 tot=((m _dot co2)/(rho[l]*lambda))*3600[s/h]
"Suction volume of low stage compressor"
"IState points 2: Compressor outlet"
P[2]=sqrt(P[l]*P[6])

h[2]=h[1]+DELTAW 12* (1-HL) "Energy balance on real
compressor-assumed adiabatic"

s[2]=entropy (R$;h=h[2];P=P[2]) "Entropy"

T[2]=temperature (R$;h=h[2];P=P[2]) "Discharge gas temperature"

T 2 sat=T sat (R$;P=P[2]) "Saturation temperature"

h 2 IS=enthalpy(R$;P=P[2];s=s[1]) "Isentropic enthalpy"

w _IS=(h 2 IS-h[1]) "Energy balance on isentropic
compressor"

DELTAW 12=w IS/eta IS "Real compressor entalphy
difference"

T discharge=T[2] "Discharge gas temperatur"
x[2]=quality (R$;h=h[2];T=T[2]) "Gas quality"

Q loss=((h[2]+DELTAW 12)-(h[2]+DELTAW 12* (1-HL)))*m dot co2 "Heat loss in
compression"

W _comp_ 1=0,33*m _dot co2* (DELTAW 12) "Compressor work, per compressor"
PR 12=P[2]/P[1] "Pressure ratio"

nul[2]=volume (RS$; T=T[2];P=P[2]) "Specific volume at low stage

compressor inlet"

{State 2 to state 3}
{Control Volume : Connecting Pipe}

"!Pipe Information"

e 23=0,000015[m] {Roughness, Drawn Tubing}
D 23=4,2[cm] *convert (cm;m) {Pipe Diameter}

RR 23=e 23/D 23 {Relative Roughness}

L 23=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T[2];P[2]+40,01;m dot co2;D 23;L 23;RR 23:{h T 23};
{h H 23} ;DELTAP 23; {Nusselt T 23}; f 23; Re 23)



{State 3 to state 4}
{Control Volume Intercooler}

"!State 3 Intercooler inlet"

h[3]=h[2]

T[3]=temperature (R$;h=h[3];P=P[3])
x[3]=quality (R$;h=h[3];T=T[3])
s[3]=entropy (R$;h=h[3];T=T[3])
mul[3]=viscosity (R$;P=P[3];h=h[3])
rho[3]=density (R$;P=P[3];h=h[3])
"!Pressure drop and size of intercooler"

CALL

heattransferic (m dot co2;m dot water ic;T water in;P[3]

f avg ic;T w_avg ic;w plate ic;x plate ic:U ic)

m _dot water ic=2 [kg/s]

T out ic=T water in+Q ic/(m dot water ic*C p w)

"Water outlet temperature"
T w avg ic=(T water in+T out ic)/2

temperature"
Q ic=(m _dot co2/2)*(h[3]-h[4])
T ref avg ic=(T[3]+T[4])/2

dt 1 ic=T[4]
dt 2 ic=T[3]
DELTAT ic_ lmtd=
Intercooler"

-T water in
-T out ic
((dt_1 dc)-

UA ic=Q ic/DELTAT ic_ lmtd

U ic 1=549,3 [W/m"2*K]

A ic=(UA ic*1000)/U ic 1

w _plate ic=90 [mm]*convert (mm;m)
h plate ic=269 [mm]*convert (mm;m)

(dt_2 ic))/ln((dt_1 ic)/(dt 2 ic))

x plate ic=ROUND(A ic/(2*w_plate ic*h plate ic))

"Number of HX plates"

"Pressure drop"

mu_ic=(mu[3]+mul4])/2
rho ic=(rho[3]+rho[4])/2
G p ic=(m dot co2)/((pi/4)*D p~2)

A o ic=0,5*x plate ic*w plate ic*d e

G ic=(m_dot co2)/A o ic
Re ic=((G_ic*D e)/mu_ic)
f ic=0,8*Re_ic"(-0,25)

DELTAP g ic =
DELTAP p ic =
DELTAP fr ic =
2*f ic*(h plate ic*G ic”2)/(d _e*rho _ic)
DELTAP ic =

rho ic*g*h plate ic
0,75*(G_p _ic”2)/rho_ic

P[4]=P[3]-DELTAP ic

"IState 4: Intercooler outlet"
T[4]=T water in+5

h[4]=enthalpy (R$;P=P[4];T=T[4])
s[4]=entropy (R$;P=P[4];h=h[4])
mul[4]=viscosity (R$;P=P[4];h=h[4])
rho[4]=density (R$;P=P[4];h=h[4])

;T[31;P[4];T[4];T _re

"Water mass flow"
"Average water
"Heat transferred in IC"
"Average CO2 temperature"

"LMTD in
"Conductance"
"Guessed U-value"
"Area IC"
"Alfa Laval AC120EQ"
"Alfa Laval AC120EQ"
"Average dynamic viscosity"
"Average density"
"Mass velocity through the port"
"Flow area"
"Mass velocity through the core"

"Reynolds number"
"Friction factor"

"gravity driven acceleration"

"inlet/outlet pressure loss"

"Frictional pressure drop"

(DELTAP fr ic+DELTAP p ic - DELTAP g _ic)/1000
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{State 4 to state 5}
{Control Volume Connecting Pipe}

"IPipe Information"

e 45=0,000015[m]

D 45=4,2[cm] *convert (cm;m)
RR 45=e 45/D 45

L 45=1 [m]

"!Pressure drop"

call PipeFlow (R$;T[4];P[4]+40,01;m dot co2;
f 45;

{h H 45} ;DELTAP 45; {Nusselt T 45};

{State 5 to state 6}

{Controll volume: Compressor 2}
"IState points 5: Compressor inlet"
h{5]=h[4]

x[5]=quality (R$;h=h[5];P=P[5])
T[5]=temperature (R$;P=P[5];h=h[5])
s[5]=entropy (R$;h=h[5];P=P[5])

"IState points 6: Compressor outlet"

{Roughness, Drawn Tubing}
{Pipe Diameter}

{Relative Roughness}
{Length of pipe}

D 45;L_45;RR_45:{h T 45};
Re 45)

eta IS 56=-0,00000461*PR 56"6+0,00027131*PR 56”5~
0,00628605*PR_56"4+0,07370258*PR_56"3-0,46054399*PR_56"2+1,40653347*PR_56-

0,87811477 "Compressor efficiency"

lambda 56=0,0011*PR 1272-0,0487*PR_12+0,9979

P[6]=P sat (R$;T=T cond)+0,01
h[6]=h[5]+DELTAW 56* (1-HL)
compressor-assumed adiabatic"
s[6]=entropy (R$;h=h[6];P=P[6])
T[6]=temperature (R$;h=h[6];P=P[6])
h 6 IS=enthalpy(R$;P=P[6];s=s[5])
w 6 IS=(h 6 IS-h[5])
compressor"

DELTAW 56=w_6 IS/eta IS 56
difference"

T discharge comp 2=T[6]
x[6]=quality (R$;h=h[6];T=T[6])
Q loss 56=((h[6]+DELTAW 56)- (h
in compression"

W _comp 2=0,5*m dot co2* (DELTAW 56)
PR 56=P[6]/P[5]
rho[5]=density (R$;T=T[5];P=P[5])

[6]+DELTAW 56* (1-HL)))*m dot co2 "Heat

"Energy balance on real

"Discharge gas temperature"
"Isentropic enthalpy"
"Energy balance on isentropic

"Real compressor entalphy

"Discharge gas temperatur"
"Gas quality"
loss

"Compressor work"
"Pressure ratio"
"Density"

V s 2=((0,5*m _dot co2)/(rho[5]*lambda 56))*3600[s/h]

"Suction volume of high stage compressor,

per compressor"

V s 2 tot=((m dot co2)/(rho[5]*lambda 56))*3600[s/h]

"Suction volume of high stage
compressor"
nul[5]=volume (R$; T=T[5];P=P[5])
compressor inlet"

"!Pipe Information"

e 67=0,000015[m]

D 67=3,2[cm] *convert (cm;m)
RR _67=e 67/D_67

L 67=1 [m]
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"!Pressure drop"
call PipeFlow (R$;T[6];P[6];m dot co2;D 67;L 67;RR 67:{h T 67}; {h H 67}
;DELTAP 67; {Nusselt T 67}; £ 67; Re 67)

{State 7 to state 8}
{Controll volume: Condenser}
"!State 7 : Condenser Inlet"
h{7]=h[6]

T[7]=temperature (RS$;h
x[7]=quality (R$;h=h[4
s[7]=entropy (RS$;h=h[7
rho[7]=Density (RS$; T=T
mul[7]=Viscosity (RS$; T=
h sat sh=enthalpy(RS$;P
mu_sat_sh =Viscosity (R$;
rho sat sh=density (R$;P

+
1

(

T

I — 3~

Q cond=m_dot co2* (h_sat sh-h[8]) "Condensation heat"
Q sh=(m dot co2)*(h[7]-h _sat sh) "Superheat"

"!Pressure drop and size of Superheat heat exchangers"

"Size superheat HX 1"

CALL

heattransfersh (m dot co2;m dot water sh;T water in;T cond;T[7];T out suh 1;
T ref avg;T w_avg;w_plate sh;x plate sh:U sh)

m _dot water sh= 10 [kg/s]

T out sh 1=T water in+Q sh/(m dot water sh*C p w)
T w _avg=(T _water in+T out sh 1)/2

T out suh 1=Temperature (R$;P=P[7];x=1)

T ref avg=(T[7]+4+T out suh 1)/2

dt o sh=T out suh 1-T water in
dt i sh=T[7]-T out sh 1

DELTAT_sh=((dt_o_sh) (dt i sh))/In((dt_o sh)/(dt_i sh)) "LMTD in condenser"
U sh 1=384 [W/m"2*K] "Guessed U-value"

UA sh 1=Q sh/DELTAT_ sh "Conductance"

A sh=(UA sh 1*1000)/U sh 1 "HX area"

w_plate sh=150 [mm]*convert (mm;m) "Alfa Laval AXP112"

h plate sh= 519 [mm]*convert (mm;m) "Alfa Laval AXP112"

x _plate sh=ROUND(A sh/(2*h plate sh*w _plate sh))
"Number of plates HX"

"Pressure drop"

mu_sh=(mu_sat sh+mu[7])/2 "Average dynamic viscosity"
rho_sh=(rho_sat sh+rho[7])/2 "Average density"

G p sh=(m dot co2)/((pi/4)*D p"2) "Mass velocity through the port"
A o sh=0,5*x plate sh*w plate sh*d e "Flow area"

G _sh=(m_dot co2)/A o _sh "Mass velocity through the core"
Re_sh:((G_sh*D_e)/mu_sh) "Reynolds number"

f sh=0,8*Re_ sh”"(-0,25) "Friction factor"

DELTAP sh g = rho sh*g*h plate sh "gravity driven acceleration”
DELTAP sh p= 0,75*(G_p sh”2)/rho_sh "inlet/outlet pressure loss"
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DELTAP sh fr = 2*f sh*(h plate sh*G sh”2)/(d e*rho sh) "Frictional pressure

drop"

DELTAP sh = (DELTAP sh fr+DELTAP sh p + DELTAP sh g)/1000

"!Pressure drop and size of condenser\gas cooler"

C p w=Cp('water';P=P amb;T=T water in)

P amb=101,325 [kPa]
m_dot water=10 [kg/s]

T out cond=T water in+Q cond/(m dot water*C p w)

T w cond avg=(T water in+T out cond)/2

"Size"
CALL

heattransfercond (m dot co2;m dot water;T water in;T cond;T w_cond avg;w_pla

te cond;x plate cond:U_cond)

dt o=T[8]-T water in

dt i=T out suh 1-T out cond
DELTAT cond lmtd=((dt o)-
(dt_i))/1n((dt_o)/(dt_i))

U cond 1=1277 [W/m"2*K]

UA cond=Q cond/DELTAT cond lmtd

A cond=(UA cond*1000) /U _cond 1
w_plate cond=150 [mm]*convert (mm;m)
h plate cond=519 [mm]*convert (mm;m)

"LMTD in condenser"

"Guessed U-value"
"Conductance"

"HX area"

"Alfa Laval AXP112"
"Alfa Laval AXP112"

x _plate cond=ROUND(A cond/(2*h plate cond*w plate cond)) "Number of HX

plates"
"Pressure drop"
mu_cond=(mu_sat sh+mu([8]) /2

rho_cond=(rho_sat sh+rho([8])/2

G p cond=(m _dot co2)/((pi/4)*D p~2)

A o cond=0,5*x plate cond*w _plate cond*d e

"Flow area"
G_cond=(m_dot co2)/A o cond
Re cond=((G _cond*D e)/mu_cond)
f cond=0,8*Re_cond” (-0,25)

DELTAP cond g = rho cond*g*h plate cond

DELTAP cond _acc = (G _cond”"2)*1*(
pressure, quality change is 1"

(1/rho_sat _sh) -

"Average dynamic viscosity"
"Average density"

"Mass velocity through the port"
"Mass velocity through the core"
"Reynolds number"

"Friction factor"

"gravity driven acceleration"
(1/rho[8])) "acceleration

DELTAP cond p = 0,75*(G_p cond”2)/rho cond "inlet/outlet pressure loss"

DELTAP cond fr = (1,9*G cond”2)/(2*rho cond) "kinetic model from Longo
2010"
DELTAP cond = (DELTAP cond fr+DELTAP cond p - DELTAP cond acc -

DELTAP cond g) /1000

P[8]=P[7]- (DELTAP_ cond+DELTAP_ sh)

"!State 8: Condenser Outlet"
x[8]1=0
T[8]=T cond
h[8 ]=enthalpy(R$;T=T[8] x[8])
s[8]=entropy (R$; T=T[8]; [8])
rho[8]:Density(R$;T:T[8] P[8]+0,01)
ul8] Viscosity(R$;T=T[8] P=P[8]1+0,01)
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{State 8 to state 9}
{Control Volume : Connecting Pipe}

"IPipe Information"

e 89=0,000015[m] {Roughness, stainless steel}
D 89=3,2[cm] *convert (cm;m) {Pipe Diameter}

RR 89=e 89/D 89 {Relative Roughness}

L 89=2 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T[8];P[8];m dot co2;D 89;L 89;RR 89:{h T 89}; {h H 89}
;DELTAP 89; {Nusselt T 89}; f 89; Re 89)

{State 9 to state 10 // State 15 to state 16}
{Controll volume: SGHX}
"!State 9 : SGHX Inlet Hot Side"

h[{9]=h[8]
[9]=temperature (R$;h=h[9];P=P[9])
x[9]=quality (R$;h=h[9];T=T[9])
[9]=entropy (R$;h=h[9];T=T[9])

"!State 15: SGHX Inlet Cold Side"

h[15]=h[14]
[15]=quality (R$;P=P[15];h=h[15])
T[15]=temperature (R$; P= P[15],h=h[15])
[15]=entropy (R$;P=P[15];h=h[15])

Call HeatExchanger2 CL(R$;0; m dot co2; h([9]; P[9]; R$; 0; m dot co2;
h{15]; P[15]; 30 [C]; 0,005; 0,005: h[10]; P[10]; hl[le]; P[1l6]; Q dot SGHX;
eff SGHX) "30 degrees C difference between hot in and cold out"

DELTAP sghx hot=P[9]-P[10]
DELTAP sghx cold=P[15]-P[16]

"!Size SGHX"

dt _out=T[10]-T[15]

dt in=T[9]-T[16]

DELTAT sghx=((dt out) -

(dt_in))/1In((dt_out)/(dt_in)) "LMTD in condenser"

T avg warm sghx=(T[10]+T[9])/2
T avg cold sghx=(T[16]+T[15])/2

CALL
heattransferSGHX (m_dot co2;P[9];T[9];P[10];T[10];P[15];T[15];P[16];T[16];T_
avg warm_sghx;T avg cold sghx;w plate sghx;x plate sghx:U sghx)

UA sghx=Q dot SGHX/DELTAT sghx "Conductance"

U sghx 2=449,7 [W/m"2*K] "Guessed U-value"

A sghx=(UA sghx*1000) /U _sghx 2 "Area HX"

w_plate sghx=70 [mm]*convert (mm;m) "Alfa Laval AXP52"

h plate sghx=154 [mm]*convert (mm;m) "Alfa Laval AXP52"

x_plate sghx=ROUND (A sghx/ (2*w _plate sghx*h plate sghx)) "number of HX
plates"”

"IState 10 : SGHX Outlet Hot Side"
T[10]=temperature (R$;h=h[10];P=P[10])
x[10]=quality (RS$;h=h[10];T=T[10])
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s[1l0]=entropy (R$;h=h[10];T=T[10])

"!State 16 : SGHX Outlet Hot Side"
T[1l6]=temperature (R$;P=P[16];h=h[16])
x[16]=quality (R$;h=h[16];T=T[16])
s[l6]l=entropy (R$;h=h[16];T=T[16])

{"Simple SGHX"
h[6]=h[5] - DELTAh SGHE
P[6]=P[5]

DELTAT SGHE SH=10 [C]

P[12]=P[11]

T[12] = T[11l] + DELTAT SGHE SH "Temperature in point 12"
DELTAh SGHE = (h[12]-h[11])

DELTAh SGHE2 = h[5]-h[6] "Entalphy difference in SGHE"
DELTAT SGHE SC=T[5]-T[6] "Degree of subcooling"

Q SGHE = m _dot co2* (h[5]-h[6]) "Heating capacity of SGHE"}

{State 10 to state 11}
{Control Volume : Connecting Pipe}

"!Pipe Information"

e 1011=0,000015[m] {Roughness, stainless steel}
D 1011=2,2[cm] *convert (cm;m) {Pipe Diameter}
RR_lOll=e_lOll/D_lOll {Relative Roughness}

L 1011=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow (R$;T[10];P[10];m dot co2;D 1011;L 1011;RR 1011:{h T 1011};
{h H 1011} ;DELTAP 1011; {Nusselt T 1011}; £ 1011; Re 1011)

P[11]=P[10]-DELTAP 1011

{State 11 to state 12}

{Controll volume: Expansion valve}
"IState 11 : Expansion Valve Inlet"
h{1l1]=h[10]

T[ll]=temperature(RS$;P=P[11];h=h[11])
s[ll]l=entropy(RS$;T=T[11];h=h[11])
x[11]l=quality (R$;h=h[11];T=T[11])

"IState 12 : Expansion Valve Outlet"
h[lZ] =h[11]

=P_sat (R$;T=T_ evap)
=temperature (RS; P=P[ 12],h=
=entropy (R$; T=T[12];h=h[12
=quality (R$;h=h[12];T=T[12

)

h[l2])
]
1)

{State 12 to state 13}
{Control Volume : Connecting Pipe}

"Negliable pressure drop"
P[13]=P[12]
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{State 13 to state 14}
{Controll volume:

"IState 13 Condenser Inlet
h{13]=h[12]

T[13]=temperature (R$;h=h[13]
x[13]=quality (R$;h=h[13];s=s
s[1l3]=entropy (R$;h=h[13];T=T

mu[l3]=Viscosity (RS$;T=T[13]
rho[13]=Density (RS$;T=T[13];P

Condenser/evaporator}

"

;P=P[131+0,01)

=p[13]+0,01)

"!Pressure drop and size of condenser\evaporator"

"Size"
CALL

heattransfercondevap (m dot co2;m co2 fl real;T evap;T evap flake;x[13];w pl
ate;h plate;x plate;b plate:U cond evap;G 2)

UA cond evap=Q water/DELTAT

U c evap=2764 [W/m"2*K]

A cond _evap=(UA cond evap*10
h plate=519
dimensions"
w_plate=92

dimensions"

evap_cond

00) /U_c_evap

[mm] *convert (mm;m)

[mm] *convert (mm;m)

"Alfa Laval AC1l12 plate

"Alfa Laval AC1l12 plate

X _plate=ROUND(A cond evap/(2*h plate*w plate))
"Number of plates in plate heat exchanger per side"

"Pressure drop on cold side"
D p=0,052 [m]

D e=0,007 [m]

b plate=0,0035 [m]
mu_i=(mu[l13]+mu[l4])/2

rho i=(rho[13]+rho[14])/2

g c=1

ST units"

n p=1
g=9,81 [m/s"2]

G _p=(m_dot co2)/((pi/4)*D p~*

2)

A o evap_cond=0,5*x plate*w plate*D e

sigma cold=SurfaceTension (RS
rho f=Density (R$;T=T evap;x=
rho g=Density (R$;T=T evap;x=
x m=(x[13]+x[14])/2

rho m=(x _m/rho g+ (l-x m)/rho

_Hr

;T=T evap)
0)
1)

(-1)

We m=(G 2"2*d e)/(rho m*sigma cold)

Bd m=((rho f-rho g)*g*d e"2)
rho _ast=(rho f/rho g)

beta ast=45/70
C=2,125*beta_ast”9,993+0,955

f tp=C*15,698*We_m" (-0,475) *Bd_m~0,255*rho_ast” (-0,571)

factor"

/sigma cold

"Port diameter"
"Equvivalent diameter"
"Channel spacing"
"Average dynamic viscosity"
"Average density"
"Proportionality factor,

"Number of passes per plate"
"Gravitational constant"

1 when

"Mass velocity through the port"

"Flow area"

"Surface tension"
"Density. Liquid"
"Density. Gas"
"Average gas quality"
"Mean density"

"Weber number"

"Bond number"
"Density ratio. ligquid/gas"
"ratio beta/beta max"
"Correlation factor"

DELTAP evap fr=2*f tp*(h plate*G 272)/(d e*rho m)

DELTAP evap g=rho m*g*h plat

e

DELTAP evap acc=G 2* (x[14]-x[13])*(1/rho _g-1/rho_f)

DELTAP evap p=0,75* ((G p) "2/

rho _m)

"Two-phase friction

DELTAP evap cond=(DELTAP evap p+DELTAP evap acc+DELTAP evap g+DELTAP evap f

r) *convert (Pa; kPa)
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P[14]=P[13]-DELTAP evap cond

"!State 14: Evaporator Outlet"
x[14]=1
[14]=temperature (RS$; P=P[1
h[l4]=enthalpy (R$;T=T[14];
[14]=entropy (RS$; T=T[14];x
ull4]=Viscosity (RS$;T=T[14
rho[l4]=Density (RS$;T=T[14];

4] ;x=x
x=x[14
=x[14]
1;P=P[
;P=P[1

Q cooling=m dot co2* (h[14]-h[13]) "Cooling capacity"

{State 14 to state 15}
{Control Volume : Connecting Pipe}

"!Pipe Information"
e 1415=0,000015[m] {Roughness, stainless steel}
D 1415=2,2[cm] *convert (cm;m) {Pipe Diameter}
RR 1415=e 1415/D 1415
{Relative Roughness}
L 1415=1 [m] {Length of pipe}

"!Pressure drop"

call

PipeFlow (R$;T[14];P[15]+100;m dot co2;D 1415;L 1415;RR 1415:{h T 1415};
{h H 1415} ;DELTAP_1415; {Nusselt T 1415}; £ 1415; Re 1415)

P[15]=P[14]-DELTAP_ 1415

{State 15 to state 16}
{Control Volume : SGHX}

"Calculated above"

{State 16 to state 1}
{Control Volume : Connecting Pipe}

"!Pipe Information"

e 161=0,000015[m] {Roughness, stainless steel}
D 161=4,2[cm] *convert (cm;m) {Pipe Diameter}

RR 161=e 161/D 161 {Relative Roughness}

L 161=1 [m] {Length of pipe}

"!Pressure drop"
call PipeFlow(R$;T[l6];P[l6]+0,0l;m_dot_coZ;D_l6l;L_l6l;RR_l6l:{h_T_l6l};
{h H 161} ;DELTAP 161; {Nusselt T 161}; f 161; Re 161)

P[1]=P[16]-DELTAP 161

" !COP"

W _tot=3*W comp 1+2*W comp 2 "Total compressor work"
COP_e=Q cooling/W_tot "COP cooling"

COP_gc=(Q cond+Q sh+Q ic)/W_tot "COP heating"
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Snow Production Equipment at Ambient Temperatures above 0°C
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ABSTRACT

Vacuum and flake ice systems with a production capacity of 50 tons/day was modelled in EES, to investigate
the thermodynamic performance at different ambient temperatures. The flake ice model shows that SCS
consumes less energy than TCS. The U-value and ice growth rate for the FID are highly dependent on the ice
thickness, and the ice thickness dictates the heat transfer from water to CO,. The vacuum model shows that
TVS is more efficient than a SVS regardless of the ambient temperature. A vacuum/CO2-cascade system is
more energy intensive. The most efficient vacuum system consumes just 20,8% of the energy required by the
least efficient flake ice system. COMSOL calculations reveal that increasing the number of refrigerant pipes
in the FID above 200, do not affect the temperature distribution on the freezing surface too much. The
thickness can be optimized regarding the structural strength, rather than the heat transfer.

1. INTRODUCTION

In the perspective of increasing global temperatures, it is important to produce snow at temperatures above
0°C to be able to maintain the snow activity close to the cities. Today, temperature independent snow
machines(TIS) produce plate ice, flake ice and ice slurry in temperatures above 0°C. There are four
manufacturers of TIS, IDE Technologies, TechnoAlpin(TA), SnowTech and SnowMagic Inc. The developed
models are based on vacuum and flake ice technology, which uses water and CO; as refrigerant, respectively.

1.1. Vacuum ice maker

Water is one of the oldest refrigerants being used for refrigeration applications above 0°C (Kilicarslan and
Miiller, 2005). It is easily accessible, it is cheap and has excellent thermodynamic and chemical properties. It
has ODP and GWP-values equal to zero, it is non-toxic, non-flammable and non-explosive. The low
operating pressure of 611,7 Pa in the vacuum process results in a very large specific volume of the water
vapour. Therefore, the compressor needs to handle large amounts of gas, which influence the construction of
the compressor. The operating principal for the vacuum ice maker is to bring water to triple-point conditions
(Orshoven et al., 1993). At triple-point conditions, the water starts to boil and some of it evaporates. The
triple-point temperature is 0,01°C. Energy in the shape of heat is released, causing the temperature in the
remaining water to decrease. Eventually it will freeze, and create an ice slurry. The latent heat of fusion and
vaporization is 333 kJ/kg and 2500 kJ/kg, respectively, which means that the mass of ice produced is 7,5
times the mass of water vapour (Orshoven et al., 1993).

1.2. Flake ice maker with CO; refrigeration system

CO; was a commonly used working fluid in installations in late 1800’s, but due the introduction of CFCs in
the 1930s, CO- as a working fluid was almost forgotten until the end of the last century. CO; is one of the
few natural working fluids, which is neither flammable nor toxic. It is widely available, inexpensive and
have GWP and OPD-values equal to zero. Flake ice is harvested as dry subcooled ice flakes, typically up to 3
mm thick. The water is fed into a tank above the FID, from which it is evenly sprinkled onto the inner
subcooled wall of the FID through a series of distribution tubes, resulting in an ice layer (Cao et al., 2015).
The flake ice makers require a refrigeration system, unlike the vacuum system, where the refrigerant
temperature is around -30°C.

1.3. Cascade. Vacuum ice maker with CO; refrigeration system

A cascade system based on the two latter system. The vacuum system condenses at a constant temperature,
while the CO; refrigeration system adjusts the condensing temperature according to the ambient temperature.
This system reduces the total number of compressors.



2. METHOD

The three simulation models are made in Engineering Equation Solver (EES). The main objective for the
simulations is to investigate the thermodynamic performance at different ambient temperatures of the
systems. The simulations include component and pipe design with pressure drop.

The area of the water-cooled counter current plate heat exchangers, is calculated based on the known Q,
ATuwro and U-values. The number of plates are based on the size of commercially available plate heat
exchangers from Alfa Laval.

1 1
U= = D
Rwarm + Rwall + Rcold 1 + 5 + 1

Xwarm kwall Xcold

A=—2 )

UATLMTD

The following correlation is used to calculate the heat transfer coefficient, af, for single phase flow in the
heat exchangers. (Garcia-Cascales et al., 2007)

©)

1
ard 1 3
Nu = 2 €= 0,122 Pr3-—L°. (£ . Re? - sin(2))*%"*

f Hwanl

The total pressure drop in the heat exchangers is the sum of several smaller pressure drops. To two latter
contributions are positive for evaporation, and negative for condensation(Shah and Sekuli¢, 2007)

APyoe = APprig + APy & APy, + AP, ()

A built-in function in EES is used to calculate the pipe pressure drops

2.1.Vacuum ice maker
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Figure 1 Vacuum ice maker. Two stage

The Knudsen equation (5) calculates the mass flux of vapour, from which the required evaporating surface
area can be calculated. A 1 mBar difference between the gas and liquid is assumed (Eames et al., 1997).
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The heat transfer coefficient for condensation of water is presented in equation (6) (Incropera et al., 2013)
1
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2.2.Flake ice maker with CO; refrigeration system
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Figure 2 Flake ice maker with CO; refrigeration system. Two stage

The FID is a sandwich construction of steel-aluminium-steel, which is 2,6m high and 2,5m in inner diameter.
COzruns through 5mm straight pipes in the aluminium part of the structure.

To evaluate the overall heat transfer coefficient for the FID, the CO; evaporation heat transfer coefficient is
calculated (Choi et al., 2007)

Xevap,co2 = Sany + Faf Q)
The heat transfer coefficient of the water in the FID is calculated by (Incropera et al., 2013)
k. /u, *h 5 1 8
aW=O,037-TW< = —B) Pr3 ©
VW

To evaluate when the ice layer thickness on the FID reaches 3mm, the dynamic model ice growth process is
modelled by applying heat and mass conservation. The boundary conditions are temperature continuity, eq.
(9), and energy conservation, eq. (10).

T, =T, ©)
Qice — Qw = PiceViceNice — PwVwhw =0 (10)

Mass conservation, and the conduction and convection equations converts eq. (10) into (11), from which the
ice thickness, x, and ice growth rate can be calculated.

Tico — T
1 wg re% dt = p, L dx + a,,(T,, — Tice)dt (11)
+ al + sst +
aevap,coz kwall kwall Tice

The CO; condensation heat transfer coefficient in the condenser and condenser/evaporator is calculated by
the correlation below, developed by Park and Hrnjak (2009).
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3. RESULTS
The calculated size of heat exchangers is presented Table 1.

Table 1 Area of heat exchangers

z < T zt QO g c B E
— — =h — L} < 1 — "h] (]

Heat exchanger 2 3z 3& =1 z ‘55 35 ats —-

@ =5 =3 = 2 = xS S 3,

w el

Condenser/evap AC112 92 519 165 2139 - 2764,0 5,0 15,5
Intercooler AC120EQ 90 269 39 16,0 2 549,3 15,5 1,9
Superheat HX AXP112 150 519 62 90,4 10 384,0 245 9,6

Condenser AXP112 150 519 285 1859 15 1277,0 3,3 44 4
SGHX AXP52 70 154 46 15,7 - 449,7 34,9 1,0
Condenser AlfaCond 1658 500 4 2132 10 32430 112 5.9

Vacuum

Figure 3 presents the energy consumption per m® produced snow of the systems modelled during the
production period from September 1. to November 1.
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Figure 3 Energy consumption of the different solutions during the production period.

3.1.Vacuum ice maker

Figure 4 shows a comparison of the COP between the vacuum systems. The compressor outlet temperatures
and pressure ratio is shown in Figure 5. Both are presented as a function of ambient temperature. The
compressor is limited to a pressure ratio of 3.
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Figure 4 Comparison of COP. Vacuum systems. Figure 5 T_out and PR vs ambient temperature.



3.2. Flake ice maker with CO; refrigeration system

Figure 6 compare the work required for the SCS and TCS in the flake ice machine as a function of the
ambient temperature, while Figure 7 shows the compressor outlet temperature and pressure ratio as a
function of ambient temperature.
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Figure 6 Comparison of work for SCS and TCS. Figure 7 Comparison of outlet temperature and
Tco2=-30°C pressure ratio. Tco,=-30°C

In Figure 8, the overall heat transfer coefficient as a function of production time is shown. The ice growth
rate as function of time is presented in Figure 9. The figures compare CS, SST and Al as construction
material for the FID.
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The temperature distributions for varying width of the model calculated in COMSOL is presented in Figure
10. The temperature distributions are time dependent, but are stabilized within 60 seconds.

width(1)=13 mm Time=60 s Surface: Temperature (i) width(2)=26 mm Time=805  Surface: Temperature (K} width(3)=39 mm Time=60's Surface: Temperature (K)
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Figure 10 Temperature distribution between the refrigerant pipes with different width. Width: 13mm, 600
pipes. Width: 26mm, 300 pipes. Width: 39mm, 200 pipes. Width: 52mm, 150 pipes. Width: 65mm, 120
pipes. Width: 78mm, 100 pipes. Tr=-30°C

4. DISCUSSION

Due to the high enthalpy of vaporization in the vacuum system, the refrigerant mass flow is very low
compared to the CO, unit in the cascade system. This is the main reason why the vacuum systems have
higher COP and consumes less energy than the cascade system. To reduce the energy consumption of the
cascade system, it is possible to run the vacuum part at higher Tcascade.cond. The average energy consumption is
12,8 kWh/m? for the cascade. The efficiency of the TVS is slightly better than the SVS, using 5,64 kWh/m?®
compared to 5,8 kwh/m?, and the cooling COP is higher throughout the temperature range. The high outlet
temperature of the SVS is a result of the high pressure ratio. In ambient temperatures above 11°C the
required pressure ratio is too high for the compressor to handle. Thus, to be able to operate at higher Tams
several compressor stages are necessary. The special compressor, both in size and construction, will lead to
very large, complex and expensive systems.

Assuming an average price of 0,8kr/kWh, including electricity, grid rent and taxes, the costs are 4,51 NOK,
4,64 NOK and 10,24 NOK per 1 m®of snow for the SVS, TVS and cascade respectively, meaning the TVS is
the most reasonable vacuum system to operate.

The calculated energy consumption is much less than the existing machine from IDE Technologies. A
comparison is difficult, since the configuration of the existing machine is not available to the public.

The calculated evaporation area required in the vacuum system, is unreliable due to f,.. In a perfect vacuum,
fec has a value of 1, while in ambient pressure the coefficient may just be a fraction of unity. A value of 0,2
is assumed, leading to a diameter of the vacuum vessel of 1,91m.



During the production period, the SCS consumes less energy than the TCS most of the time. Therefore, the
SCS is the desired system configuration when operating sub-critically and the ambient temperatures is rather
low. The average energy consumption is 24,47 kWh/m? and 27,1 kWh/m? for the SCS and TCS, respectively.
However, at an ambient temperature of 18,7°C the compressor outlet temperature reach above the maximum
temperature of 150°C and limits the operation of the SCS. Problems related to the compressor lubrication oil
is limiting the system. Thus, if heat recovery or operation in high ambient temperatures is desirable, a system
with two compressor stages is inevitable. The SCS and TCS operates with the same efficiency at Tam,=14°C.

In principle, Al-constructions have higher overall heat transfer coefficient than CS-constructions, due to
higher thermal conductivity. However, the results show that the average U-value for the FID is larger for CS-
constructions most of the time. The thermal resistance of ice is high due to low heat conduction through the
ice layer. The ice growth rate is initially high for aluminium construction, leading to a rapid increase of the
ice thickness. Due to a thicker ice layer on the Al-construction, the U-value is smaller than for CS. Therefore,
it is the thickness of the ice layer rather than the properties of chosen material that decides the heat transfer.
The ice layer of Al-constructions reaches 3mm after 32s, while CS and SST-constructions need 34s and 45s,
respectively. Al-constructions reach 3mm first, due to the high initial growth rate, even though the ice
growth rate is slightly lower the for CS-constructions.

Regarding the operating costs, the SCS is more reasonable than the TCS. The costs from September 1. to
November 1. is 19,6 NOK/m? for the SCS, while it is 21,7 NOK/m? for the TCS. This means that the TCS
are 10,7% more expensive to run.

It is desirable with low temperature variation at the freezing surface of the FID to avoid an uneven ice layer.
The temperature distribution changes only with 0,8°C for a pipe width up to 39mm. This means that
constructions with 200 refrigerant pipes or more, have more or less the same temperature distribution.
Changing the thickness of the model will only result in a small reduction of the surface temperature, and
production capacity will not suffer too much.

Based on the calculations, both the SCS and TCS is more energy efficient than the SF100 from TA. The
energy consumption is 3,4% and 1,8% lower for the SCS and TCS, respectively.

Comparing the average energy consumption of vacuum and flake ice systems, show that the most efficient
vacuum system consumes just 20,8% of the energy required by the least efficient flake ice system. In terms
of operation costs, the snow from the flake ice system is 4,8 times more expensive than from the vacuum
systems.

5. CONCLUSIONS

The flake ice model shows that SCS consumes less energy than a TCS in ambient temperatures below 14°C.
The U-value and ice growth rate for the FID are highly dependent on the ice thickness. Ice has high thermal
resistance, and dictates the heat transfer from water to CO, rather than the metals or refrigerants. The vacuum
model shows that a TVS is more efficient than a SVS regardless of the ambient temperature. A cascade
system with CO- is more energy intensive than the two previous systems.

The most efficient vacuum system consumes just 20,8% of the energy required by the least efficient flake ice
system. In terms of operation costs, the snow from the flake ice system is 4,8 times more expensive than
from the vacuum systems. However, the investment costs are much higher for the vacuum system. Therefore,
the life-cycle cost is important to evaluate when choosing the right system.

Both the SCS and TCS is more energy efficient than the TA SF100. A comparison between the vacuum
models and existing machines is difficult, due to little known information about the existing machine.

The COMSOL calculations reveal that increasing the number of refrigerant pipes in the FID above 200, do
not affect the temperature distribution on the freezing surface too much. In addition, the thickness can be
optimized regarding the structural strength, rather than the heat transfer.



NOMENCLATURE

Latin letters and abbrevations Subscripts
A Area [m?] Al aluminium
B Constant, water heat transfer [-] Cs carbon steel
CFC Chlorofluorocarbon [-] e equivalent
COP Coefficient of performance [-] f fluid
Cp Specific heat capacity [kd/kg-K] fg liquid-gas phase transition
d Diameter [m] g gas
F Correction factor evaporating CO; [-] ar gravity
fec Evaporation coefficient [-] i initial
FID Flake ice drum [-] I liquid
G Mass flux [kg/m?-s] LMTD  log mean temp difference
GWP Global warming potential [-] nb nucleate boiling
h Height [m] SST stainless steel
k Thermal conductivity [W/m:-K] W water
L Latent heat of fusion [kJ/kg-K] out outlet
M Molecular weigth [kg/kmol]
Nu Nusselt number [-]
ODP Ozone depletion potential [-]
P Pressure [Pa]
Pr Prandtl number [-1
PR Pressure ratio [-1
Q Heat transfer [kW]
q Heat flux [kW]
R Thermal resistance [K/W]
S Nucleate boiling suppression factor [-]
SCS Single-stage flake ice [-]
SVS Single-stage vacuum system [-]
T Temperature [C]
TCS Two-stage flake ice [-]
TVS Two-stage vacuum system [-1
] Overall heat transfer coefficient [W/m?-K]
X Ice thickness [m]
z Gas quality [-1
Greek letters
a Heat transfer coefficient [W/m?-K]
B Chevron angle [deq]
8 Wall thickness [m]
u Dynamic viscosity [ka/m-s]
p Density [kg/m®]
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