CHAPTER 5

MODEL VERIFICATION

To investigate the suitable equation of state for estimating the

thermodynamic properties of carbon dioxide several models were investigated.
H alytical data from the Peng-
ic EOS were conducted for

atlcal model is developed

Comparison between calculetlork\__

verifying their suitability
After verifying the

and encoded as a prograi xpansion of supercritical

system, comparison of

simulation results and analytical solitior € er researches was also

Kwong EOS *:l

1

i
The relevant p:hjameters from the simulation “are listed in Table 5.1

e e e g S 03

the 1nlet pressure is varied between 70 — 97 bar

AR RN
gCase 3.1 - the mlet pressure 1s varied between 03 bar

e Case 4.1 —4.4: the inlet pressure is varied between 105 —256 bar

Mean while Zc from the Peng-Robinson EOS is 0.307
Zc from the Soave Redlich-Kwong EOS is 0.333
Zc of the carbon dioxide is 0.274
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Table 5.1 Parameters for analytical solution and simulation in this study

Case | Inlet temp. Equation of State Compressibility, Zc
1.1 Zc of the Peng-Robinson
1.2 PengRocinsen Zc of carbon dioxide
.......... FIZEK Loceroomomccrocnsavammmnsnn e e an e s maas s ss s s e SRS e s a e
1.3 Zc of the Soave Redlich-Kwong
Soave Redlich-Kwong
1.4 Zc of carbon dioxide
21 Zc of the Peng-Robinson

Peng-Robi
2.2 & \‘&Tr// Zc of carbon dioxide
.......... BIE ol \

. #% of the Soave Redlich-Kwong
am -Kyong|
f .

2.4 - | Z¢ of carbon dioxide
3.1 of the Peng-Robinson
3.2 : e ¥ Z¢ of carbon dioxide

__________ 353 K |....d A et | AN N U
3.3 ' ' tHQ Soave Redlich-Kwong
3.4 rbon dioxide
4.1 vl | 76 of the Peng-Robinson
4.2 Robt: “|'Zc of carbon dioxide

---------- 373K > ERR—
4.3 C e Zc of the-Soave Redlich-Kwong
4.4 [F————————t7coFsarbon dioxide

ﬁ e 7
ﬂummmwmm
wwa\aﬂmmmmaﬂ
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Figure 5.1 The relationbetwes \\\.&i. ensity of carbon dioxide
calculated from Peng-Robins, 1atio \ :

Equation of State and the | n- \ \ \
(1993) at temperature 313 % '-m'f:‘ \
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Figure 5.2 The relation between the pressure and the density of carbon dioxide
calculated from Peng-Robinson Equation of State and Soave-Redlich-Kwong
Equation of State and the experimental results of Wilmington, DE’s work
(1993) at temperature 333 K
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Figure 5.3 The relati séu'the pre " are : ensity of carbon dioxide
calculated from Peng- | ‘
Equation of State and the experimients \ : Wilmington, DE’s work

(1993) at temperature

08 373 K
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Figure 5.4 The relation between the pressure and the density of carbon dioxide
calculated from Peng-Robinson Equation of State and Soave-Redlich-Kwong
Equation of State and the experimental results of Wilmington, DE’s work

(1993) at temperature 373 K
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Relative difference between the calculated results and the experimental

results reported by Wilmiington (1993) were calculated by using the following

equation.

Relative difference = [ Z ( Pexp~ Peat )/ Z Pexp ] * 100 (5.1)

According to the comparison in figure 5.1 — 5.4, it could be considered
as follows,
From Figure 5.1, it can be cle

arl { sgen that Peng-Robinson EOS with Zc¢
of 0.274 exhibits the largest di feren &" relative to the experimental

the.pthmave Redlich-Kwong EOS

CO2 with the narrowest

results of Wilmington (
with Zc of 0.274 co
difference of 5.27%r
EOS with Zc of its o
of its own (0.333)
difference of 16.8% an.

can while, Peng-Robinson
h-Kwong EOS with Zc

results with moderate

—-
relative to the reference data_;_:f,@r;‘Irr T, it
temperature, the s haller difference could be 'f. the Soave Redlich-

Kwong EOS in corpefate with the cri hility factor of CO, itself.

310 320 330 340 350 360 370 380

Temperature (K)
Figure 5.5 Temperature dependence of relative difference of CO, density

predicted by Soave Redlich-Kwong EOS with Zc of CO,
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With the increasing temperature, the density of CO, would gradually
increase because it becomes the supercritical fluid. Under such conditions,
pressure will play more important role in controlling the density and other
thermodynamic properties of CO,.

It should also be noted that an increase in pressure results in the
increasing density. In figure 5.1, with the temperature of 313 K in the vicinity
of critical pressure of CO,, the increase pressure could result in the drastically

increasing density of CO,. But w1 igher temperature say 353 or 373 K,
as shown in Figure 5.3 and 5{5

pressure could give rise to 1 1@1‘%@02 density.

vallable data, the increase in

5.2 Verification of
the investigated E

and P‘;jlado (1996) have been
employed for comparison with the simulation result obtained in this work.

AUEINENINEING

To 1llustrate the reference system considered by Reverghon and Pallado

1990 QBB S 34 5B Bbnin

was accelerated from the pre-expansion conditions up to the supersonic free-jet

investigated results @)orted"by

in the post-expansion chamber. The initial velocity of the supercritical solution
in the pre-expansion chamber was assumed to be negligible. At the exit, sonic

conditions were reached and flow was choked.
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The numerical model 4" cheeked in tt alculation of free-jet of

supercritical carbon " digXid

tant temperature. Ten

simulations were perforine cam flow conditions shown

in Table 5.2
Table 5.2 Calculation - 1l in Reverchon and Pallado’s
work. - —

V..

J
Cases ¢ Pressure (bar) o Temperature (K)
@ WEIN
1 lql I L 3133
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Initial conditions:

Temperature =298 K

e Pressure =1 bar

X-direction velocity = 0.0 m/s

Y-direction velocity = 0.0 m/s

e Nozzle diameter = 40d-6 m

Boundary Condition

At the nozzle
Nozzle
temperature
At the de
imposg
adiabati

Table 5.3 Simulatic

simulations.
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Integration step size( AtY)

Ratio of specific heat of CO,

Reference viscosity of CO, at Trf

Specific 328 BB &Ic’cl i} ﬂ NI
'?%éh&iiﬁrﬁs"[ﬂﬁ 1] ‘iﬂd L RERL

1.0d-14sec.

14*%1000/44.01

1.463d-4 kg/(m-s)
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Table 5.4 Simulation conditions used in the implicit finite difference

simulations.

Simulation conditions

Number of grid points in the y,z directions

Ratio of specific heat

Prandtl number 7
Bed pressure of fluid " /77 1

1.463d-4 kg/(m-s)

¢

ﬂUEJ’JﬂEW]ﬁWEJ’]ﬂ‘i
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From Reverchon and Pallado (1996)’s work. It could be clearly seen that
temperature of fluid drastically decreases after it is ejected out of the nozzle. After
the fluid flows along a certain distance out of the nozzle tip, temperature of the
fluid becomes slightly recovered and there remains constant at the certain level.

This could be considered that the fluid reaches its thermal equilibrium due to heat

transfer with the surrounding H increase in the inlet temperature of
fluid results in a gradual decrens& » the flowing fluid.
An increase in the_wsurg of é,also affected the temperature

. .""Ee—-m temperature of the fluid

profile along in calcul

became steeper especi
Relative differ
reported by Revercho

equation.

Relative differgficel™ | gg e im1¥100  (5.2)

ive difference (%0)
Cases
Implicit

1 15.60728

2 10.06599
o 3%3 """"""""""""""" o 5.03538 )

RARLED | e

5 7.57030 24.74887

6 260 373 455736 | 17.85016 |
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According to the comparison in figure 5.7 — 5.12, it could be considered as
follows,

The simulation results obtained from a program code which is developed
from a set of basic equations of fluid flow incorporated with Soave Redlich-
Kwong EOS exhibited a consistent trend compared with reference. The conditions

considered are the same as Reverchcin\ allado’s work. It could be clearly seen

that in the vicinity of nozzle tip both be &Q er ejection, temperature of fluid
decreases sharply. These phenomena goulé plied as the Joule-Thompson

effect. After decreasing-!!m"(

te rises fa@n due to the heat transfer
' nit.

) thq t}} se of Reverchon and Pallado’s work.

between the flowing fl

These results agree

ence w igh»'s‘"@n overshooting of temperature at
-Jr F o %

On the other hand, imp-lgag__,:appn,‘ ' Vryivas also employed for simulation.
e LAY ’ Vil Ll SN

Basically, the simulation results show an agreem%v% those of Reverchon and
Sy S —
Pallado’s work or tl&&p of explicit simulation

could be not exhibit th; clear effect of the inlet tempd‘r—}ture as could be seen from
explicit simulation. This’ceuld be impliedias results of deficiency of the program
code developeﬂnui&g(wagllm,iml&lj&] atﬁd should provide the
same on better J‘H:sults compared with that of the explicit method. Many effects
have beq %n&&hﬂvﬂ%e%%% ﬂ@%@tﬂaaoﬁeen succeeded

yet. Thelgéfore, it is inevitably necessary to use the explicit simulation for

, this implicit simulation

investigating effect of other parameters on rapid expansion of supercritical carbon

dioxide phenomena of which simulation results will be discuss later in chapter 6.
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