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Dicken and Reynolds et al. | Kountzet al. Charton et Perretetal. | Farzanehet This Work
Merida [10] [6] [7] al.[8] [11] al. [12]
Modeling Finite Analvtical Finite Finite Finite Finite Finite
Method Volume v Difference Difference Difference Difference Volume
Uniform gas
No es es es es es No
temperature ¥ ¥ y y ¥
Fi Fi i Variabl
Mass Flow . xed ixed pipe Fixed ariable .
Variable Const Orifice length and o (cascade Variable
Rate . Orifice Calc .
Calc size calc filling)
Lumped
z No es es es No es No
§ Capacitance ¥ ¥ y ¥
3
Internal . . . .
Er, te E.] Discretize R R Discretize
) convective Dittus- Dittus-
3 wall to Assumed Assumed wall to
Z heat Boelter Boelter NA
calculate value value . . calculate
transfer equation equation
. local hconv local hconv
coefficient
Reynolds
Nun\:ber for Assumed Average
No N/a N/a mass flux in N/a No
Nu# value cylinder
calculation Y
No Forced Forced No
T Internal . . . .
) . correlations Const. Const. Convection | Convection N/a correlations
o Convection . .
3 used correlation | correlation used
o
3 External . . . .
4 . Const. Adiabatic Const. Adiabatic Const. N/a Const.
] Convection
Conduction Yes No No No Yes No Yes
m
=
9 Ideal gas
) Equation of Redlich- \deal as STRAPP Soave Redlich- \deal gas and
=} State Kwong & NG Kwong & Redlich-
@2 Kwong
2
o
. Natural
o Hydrogen General Natural Helium, Hydrogen Natural Gas
2 yarog Gas Deterium yaroe Gas !
Hydrogen
'~ Fast Filling
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Haque et al. Charton et al. Gas Technology Duncan et al. Shipley [9] Dicken and
[13] 8] Institute [14] [15] A Merida [10]
T f T T 4 T
ypeo Cylindrical | Spherical Steel | Types 1, 3, and 4 ype 3 ype. ype 3
Pressure Steel Tank Tank evlinders Dynetek Brunswick® Dynetek
Vessel y Cylinder Cylinder Cylinder
Water/Ste | Helium/Deteri Natural Natural
G H H
as am um Gas/Hydrogen ydrogen Gas ydrogen
C
Blowdown | Uncontrolled . ) asc-ade Controlled
through expansion Expansion fill/Single Constant
Fill method ) § P ) Cascade fill through a Control
fixed through fixed pressure
orifice e needle valve Volume ram
PP Storage P
Size of ~3200 L
Pressure 4L 190-220L 39L and 205L ~24 L 74 L
and 89 L
Vessel
100-1 .- 1 4 1-1
Fill Time 00 - 1500 ~ 4 sec. 30 sec. — 600 Osec/400sec/5 ~40 sec . 0
sec sec. 00sec minutes
Thermocouples 0.04 in. dia %” inch NPT Exposed tip
Bare wire 0.5mm dia. - grounded fitting 0.5mm dia,
Type thermoco Type K type and size probe Type K Type T
uples Thermocouple were Type T Thermocoupl | thermocoupl
not stated thermocouple e es
120in
3200L 5 gas 1gas ~60
vessel and temperatures, 5
Number 1 . temperature, 3 2 thermocoupl
64 cylinder surface
. outer wall es
o in 89L temperatures
3 vessel
S
3 Distribute
g d
o throughou
o 1, 1, . .
© Location t the Inlet, % length, % 12” em and 24” inlet, 15 inch Distributed
3 of gas vessel. length, % length, | . . from end
= . into the non-fill through half
tempera Some unknown and non-fill end. located along
ture end along the of
thermoco All located along ; the .
sensors . centerline . the cylinder
uples the centerline centerline
spot
welded to
the wall
Spatial
variation
in yes N/A yes yes N/A yes
tempera
ture
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Size . Gas Gasoline Diesel
(OD x Length) BT RV Capacity Equivilant Equivilant
In mm Lbs Kg Cu. In | Liters SCF Gallons | Liters | Gallons | Liters
9.2 234
X X 37 16.6 1429 23.4 244 2.0 7.5 1.8 6.5
35 89
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Dimension description Value (m)
L Length of the cylinder 0.893
li Outer radius of the cylinder 0.179
Io Outer radius of the cylinder 0.198
OLiner Liner thickness (assumed to be uniform throughout) 0.004
Olam Laminate thickness (assumed to be uniform throughout) 0.015
inlet Inside diameter of the gas inlet tube 0.005
Kiube Wall thickness of the gas inlet tube 0.002
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/**************************************************************/
/* */
/* User-Defined Function: Redlich-Kwong Equation of State */
/* for Real Gas Modeling */
/* */
/* Author: N.NoorAliPour */
/* Date: Nov 2011 */
/* Version: 3.02 */
/* Derivation form Frank Kelecy code */
/* */
/* Parameters set for CHA4. */
/* */

/**************************************************************/

#include "udf.h"
#include "stdio.h"
#include "ctype.h"
#include "stdarg.h"

/* methane */
/* ALL VARIABLES ARE IN SI UNITS! */

#define RGASU UNI VERSAL_ GAS_ CONSTANT
#define PI 3.141592654

#define MWT 16.043
#define PCRIT 4.640685e6
#define TCRIT 190.7
#define ZCRIT 0.290
#define VCRIT 6.15e-3
#define NRK 0.51

/* IDEAL GAS SPECIFIC HEAT CURVE FIT */

#define CC1 1982.87
#define CC2 -2.0622
#define CC3 12.727e-3
#define CC4 -11.782e-6
#define CC5 3.609e-9

/* REFERENCE STATE */

#define P_REF 101325
#define T REF 288.15

/* OPTIONAL REFERENCE (OFFSET) VALUES FOR ENTHALPY AND ENTROPY
*/

\00



#define H REF 0.0
#define S REF 0.0

static int (*usersMessage) (char *,...);,
static void (*usersError) (char *,...);

/* Static variables associated with Redlich-Kwong Model */

static double rgas, a0, b0, c0, bb, cp_int ref;

DEFINE_ON_DEMAND (I_do_nothing)

{

/* this is a dummy function to allow us */

/* to use the compiled UDFs utility */
}
2 */
/* FUNCTION: RKEOS error */
2 —— */
void RKEOS error(int err, char *f, char *msg)
{

if (err)

usersError ("RKEOS error (%d) from function:
¢s\n%s\n",err,f,msqg) ;

}
2y */
/* FUNCTION: RKEOS Setup */
4y */
void RKEOS Setup (Domain *domain, char *filename,

void (*messagefunc) (char *format, ...),

void (*errorfunc) (char *format, ...))

rgas = RGASU/MWT;

a0 = 0.42747*rgas*rgas*TCRIT*TCRIT/PCRIT;

bo 0.08664*rgas*TCRIT/PCRIT,

c0 = rgas*TCRIT/(PCRIT+a0/(VCRIT*(VCRIT+b0)))+b0—VCRIT;
bb = b0-c0;

cp_int ref = CCl*log(T_REF)+T REF*(CC2+

T REF*(0.5*CC3+T REF*(0.333333*CC4+0.25*CC5*T REF)));

usersMessage = messagefunc;

usersError = errorfunc;,

usersMessage ("\nLoading Redlich-Kwong Library: $%s\n",
filename) ,;

}

Ve



/* FUNCTION: RKEOS pressure
/* Returns density given T and density

double RKEOS pressure (double temp, double density)
{

double v = 1./density,

double afun = alO*pow (TCRIT/temp, NRK) ;

return rgas*temp/ (v-bb)-afun/ (v* (v+b0))

}

/¥
/* FUNCTION: RKEOS_spVOl

/* Returns specific volume given T and P
2 ——

double RKEOS spvol (double temp, double press)
{

double al,a2,a3;

double vv,vvl,vv2,vv3;

double qq,q9q3,sqq,rr,tt,dd,

double afun = al0*pow (TCRIT/temp, NRK) ;

al = cO-rgas*temp/press,
a2 = - (bb*b0+rgas*temp*b0/press-afun/press)
a3 = -afun*bb/press;

/* Solve cubic equation for specific volume */

qqg = (al*al-3.*a2)/9.;
rr = (2*al*al*al-9.*al*a2+27.*a3)/54.;,

gq3 = qg*gg*qq;
dd = gg3-rr*rr;

/* If dd < 0, then we have one real root */

/* If dd >= 0, then we have three roots -> choose largest

root */

if (dd < 0.) {
tt = sqgrt(-dd)+pow (fabs (rr),0.333333),
vv = (tt+gq/tt)-al/3.;

} else |
tt = acos(rr/sqrt(qq3)),
sqq = sqrt(qq);
vvl = -2.*sqgq*cos(tt/3.)-al/3.;

-2.*sgqg*cos ((tt+2.*PI)/3.)-al/3.;
-2.*sgqg*cos ((tt+4.*PI)/3.)-al/3.;
= (vvl > vv2) ? vvl : vv2;

= (vv > vv3) ? vv . vv3;

vv2
vv3
vv
vv

return vv,

VoV
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4 S ——
/* FUNCTION: RKEOS density
/* Returns density given T and P
4y R
double RKEOS density (double temp, double press, double yi[])
{

return 1./RKEOS spvol (temp, press); /* (Kg/m3) */
}
4 ——
/* FUNCTION: RKEOS dvdp
/* Returns dv/dp given T and rho
2y

double RKEOS_dvdp(double temp, double density)
{

double al,a2,alp,a2p,a3p,v,press;,

double afun = alO*pow (TCRIT/temp,NRK) ;

press = RKEOS pressure (temp, density);
v = 1./density;,

al cO0-rgas*temp/press;
az2 - (bb*b0+rgas*temp*b0/press-afun/press) ;
alp = rgas*temp/ (press*press);

azp alp*b0-afun/ (press*press) ;

a3p = afun*bb/ (press*press);

return - (a3p+v*(a2p+v*alp))/(a2+v*(2.*al+3.*v));
}
4y
/* FUNCTION: RKEOS dvdt
/* Returns dv/dT given T and rho
/K

double RKEOS dvdt(double temp, double density)

{
double al,a2,dadt,alt,a2t,a3t,v,press;,

double afun = a0O*pow (TCRIT/temp,NRK) ;

press = RKEOS pressure (temp, density);,
v = 1./density;

dadt = -NRK*afun/temp,
al = cO-rgas*temp/press,

a2 = - (bb*b0+rgas*temp*b0/press-afun/press)
alt = -rgas/press;

a2t = alt*b0+dadt/press,

a3t = -dadt*bb/press;

return - (a3t+v*(a2t+v*alt))/(a2+v* (2. *al+3.*v))

VoY
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4y */
/* FUNCTION: RKEOS Cp ideal gas */
/* Returns ideal gas specific heat given T */
4y */
double RKEOS Cp ideal gas(double temp)
{

return (CCl+temp* (CC2+temp* (CC3+temp* (CC4+temp*CC5))))
}
2 T —— */
/* FUNCTION: RKEOS H ideal gas */
/* Returns ideal gas specific enthalpy given T */
4y */
double RKEOS H ideal gas(double temp)
{

return temp* (CCl+temp* (0.5*CC2+temp* (0.333333*CC3+

temp* (0.25*CC4+temp*0.2*CC5)))),

}
2y */
/* FUNCTION: RKEOS specific _heat */
/* Returns specific heat given T and rho */
4y */
double RKEOS specific _heat (double temp, double density, double
yil])
{

double delta Cp,press,v,dvdt,dadt,
double afun = aO*pow (TCRIT/temp,NRK) ;

press = RKEOS pressure (temp, density);

v = 1./density;,

dvdt = RKEOS dvdt (temp, density);

dadt = -NRK*afun/temp,

delta Cp = press*dvdt-rgas-dadt* (1.+NRK) /b0*log( (v+b0) /v)
+ afun* (1.+NRK) *dvdt/ (v* (v+b0) ),

return RKEOS Cp ideal gas(temp)+delta Cp; /* (J/Kg-K) */

}

/* ____________________________________________________________ */
/* FUNCTION: RKEOS enthalpy */
/* Returns specific enthalpy given T and rho */
2 */

double RKEOS enthalpy(double temp, double density, double yi[])

{
double delta h ,press, v;

double afun = a0O*pow (TCRIT/temp,NRK) ;

\-f



press = RKEOS pressure (temp, density);
v = 1./density;,
delta h = press*v-rgas*temp-afun* (1+NRK)/bO*log((v+b0)/v);

return H REF+RKEOS H ideal gas (temp)+delta h; /* (J/Kg) */

}

/e */
/* FUNCTION: RKEOS entropy */
/* Returns entropy given T and rho */
2 */

double RKEOS entropy (double temp, double density, double yi[])
{

double delta s,v,v0,dadt,cp integral;

double afun = alO*pow (TCRIT/temp,NRK) ;

cp_integral = CCl*log (temp)+temp* (CC2+temp* (0.5*CC3+
temp* (0.333333*CC4+0.25*CC5*temp) ) )
- cp_int ref;

v = 1./density;

v0 = rgas*temp/P_REF;

dadt = -NRK*afun/temp,

delta_s = rgas*log((v-bb)/v0)+dadt/b0*log ((v+b0)/v);

return S REF+cp_integral+delta s; /* (J/Kg-K) */

}
2y */
/* FUNCTION: RKEOS mw */
/* Returns molecular weight */
2y */
double RKEOS mw(double yi[])
{

return MWT; /* (Kg/Kmol) */
}
4y */
/* FUNCTION: RKEOS speed of sound */
/* Returns s.o.s given T and rho */
/* ____________________________________________________________ */
double RKEOS speed of sound(double temp, double density, double
yil[])
{

double cp = RKEOS specific heat(temp, density, yi);
double dvdt = RKEOS dvdt (temp, density);

double dvdp = RKEOS dvdp (temp, density)

double v = 1./density,

double delta c = -temp*dvdt*dvdt/dvdp,;

return sqrt(cp/((delta _c-cp)*dvdp))*v; /* m/s */
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double RKEOS rho t(double temp, double density, double yi[])

{

/*
/*

return -density*density*RKEOS dvdt (temp, density);

FUNCTION: RKEOS rho p

double RKEOS rho p(double temp, double density, double yi[])

{

return -density*density*RKEOS dvdp (temp, density);,

double RKEOS enthalpy t(double temp, double density, double

yi
{

/*
/*

[1)

return RKEOS specific heat (temp, density, yi);

FUNCTION: RKEOS enthalpy p

double RKEOS enthalpy p(double temp, double density, double

yi
{

[1)

double v = 1./density,
double dvdt = RKEOS dvdt (temp, density);

return v-temp*dvdt,

*/
*/
*/

*/
*/
*/

*/
*/
*/

*/
*/

double RKEOS viscosity (double temp, double density, double yi[])

{

double mu, tr,tc,pcatm,
tr = temp/TCRIT;

tc = TCRIT,
pcatm = PCRIT/101325.;

V5



mu = 6.3e-7*sqgrt (MWT) *pow (pcatm,0.6666) /pow(tc,0.16666) *
(pow(tr,1.5)/(tr+0.8));

return mu,

double RKEOS thermal conductivity (double temp, double density,
double yi[])

{
double cp, mu;
cp = RKEOS Cp ideal gas (temp),
mu = RKEOS viscosity(temp, density, yi);
return (cp+l.25*rgas) *mu;,
}

/* Export Real Gas Functions to Solver */

UDF_EXPORT RGAS Functions RealGasFunctionList =

{
RKEOS Setup, /* initialize */
RKEOS density, /* density */
RKEOS enthalpy, /* enthalpy */
RKEOS _entropy, /* entropy */
RKEOS specific_heat, /* specific_heat */
RKEOS mw, /* molecular weight */
RKEOS speed of sound, /* speed_of sound */
RKEOS viscosity, /* viscosity */
RKEOS thermal conductivity, /* thermal conductivity */
RKEOS rho_t, /* drho/dT |const p */
RKEOS rho _p, /* drho/dp |const T */
RKEOS enthalpy t, /* dh/dT |const p */
RKEOS enthalpy p /* dh/dp |const T */

};

VoV
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/**************************************************************/

/* */
/*User-Defined Function for Unsteady Flow Inlet of NGV Cylinder */
/* */
/* Fluent 6.3 */
/* */
/* Author: N.NoorAliPour */
/* Date: may 2011 */
/* */

/* This function prescribes an Experimental data from Shipley cascade tes */
R ARk ok ok ko ok ok ok ok ok ok ok ko ok ok ko kA kA Ak kA Ak kA A A AA AR A/

#include "udf.h"

/**************************************************************/

DEFINE PROFILE (T, thread, i)

{
double t;

facq_t £,
t = CURRENT TIME;

if (t <= 9)
{

begin f loop(f, thread)
{

F _PROFILE(f, thread,i)=-0.0145%pow(t,4) +
0.2939*pow(t,3) - 1.7709*pow(t,2) + 1.5953*t + 298.48;

}
end f loop(f, thread)

}

else

{
begin f loop(f, thread)
{
F PROFILE(f, thread, i)= -0.0092*t*t + 0.753*t + 282.77;

}
end f loop(f, thread)

}
}

/**************************************************************/

DEFINE PROFILE (M, thread3, i3)
{

VoA



double t3;
face t £3;
t3= CURRENT TIME;

if (t3 <= 1.6)
{
// Message ("Targeted mass-flow rate set by Ploy No.l
\n"),.

begin f loop(f3, thread3)
{
F_PROFILE (f3, thread3, i3)=(0.0839*pow(t3,4) -
0.2668*pow (t3,3) + 0.1937*pow(t3,2) + 0.0999*pow (t3,1) +
0.009)/(.005*.005/4*3.1415) ;
}
end f loop(f3, thread3)

}

else if ((t3>1.6) && (t3<=34))

{
// Message ("Targeted mass-flow rate set by Ploy No.2 \n");

begin f loop(f3, thread3)
{
F _PROFILE(f3, thread3, i3)= (-5e-6*pow(t3,3) + le-
d*pow (t3,2) - 0.0012*pow(t3,1) + 0.1181)/(.005*.005/4*3.1415)
}
end f loop(f3, thread3)
}
else if ((t3 > 34) && (t3<=38))
{
// Message ("Targeted mass-flow rate set by Ploy No.3 \n");,
begin f loop(f3, thread3)
{

F _PROFILE(f3, thread3, i3)=(0.0004*pow(t3,5) -
0.0683*pow(t3,4) + 5.1312*pow(t3,3) - 192.48*pow(t3,2) +
3605*pow (t3,1) - 26973)/(.005*.005/4*3.1415) ;

}
end f loop(f3, thread3)
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33%2%33%%83%%%83228832%%8832%839%832%883228832%882%832%8832%8832%883%%8%8%%%%

% Radial Transient one dimension heat conduction implicit %

% solver for heat convection boundary condition at both side %

% Author: N.NoorAliPour 3
33%%332%%83223%3223%32%%323238822383228832%%3238322383228%32%%323%%3238%82%%%%
clc

clear all

33%%%32%%%223%8%2%2%%%2%%%32%%%%% INPUT DATA 332%%%%23%%%23%8%2%3%83%%%3%%%%%

tfinal=40, %% Final time (s)

N=100;, %% Number of meshes

ro=.198; %% Outer redius (m)

ri=.179; %% inner redius (m)

Liner= 0.004,; %% Liner thickness (m) (It must be smaller than Ro-Ri)
dt=0.1, %% time step (s)

L=1, %% Cylinder lengh (m)

kl1=167, %% Liner conductive heat transfer coefficient (W/mK)
cl=2730; $% Liner Specific heat (J/kgK)

rohl=900;, $% Liner density (kg/m”3)

k2=1, %% Laminate conductive heat transfer coefficient (W/mK)
c2=1494; $% Laminate Specific heat (J/kgkK)

roh2=938;, $% Laminate density (kg/m”3)

hi= Must be set $%$% Inner convective heat transfer coefficient (W/m*2.K)
ho=10, %% Outer covective heat transfer coefficient (W/m*2.K)
Tin= Must be set %% Initial temperature (K)

Tamb=300, %% outside gas temperature (K)

Tgas= Must be set %% inside gas temperature (K)
233%3%2332%33%23%2%33%232%%3%228%3%2338%3%28%3%2238%3%23%%3%23%%%%2%%%%%¢%
R=ro-ri,

dr=R/N;

A(1:N,1:N)=0;
T(1:N,1)=Tin,
B(1:N,1)=0;,
t=1,
for (tt=0:dt:tfinal)
i=1,
A(1:N,1:N)=0;
B(1:N,1)=0,
while (i~=N+1)
if (i==1);,
Aw=2*pi* (ri+(i-1) *dr) *L;
Ae=2*pi* (ri+i*dr) *L;
AAw=pi* (ri+(i-1) *dr) *2;
AAe=pi* (ri+i*dr)*2;
if ((i*dr)< Liner)
k=k1,
c=cl;,
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roh=rohl,
else
k=k2;
c=c2;
roh=roh2;,
end
ae=k* (Ae) /dr;
if ((i-1)*dr < Liner)
k=k1,
c=cl,
roh=rohl,
else
k=k2,
c=c2;
roh=roh2;
end
aw=hi* (Aw) ,;
if ((i-1)*dr < Liner && (i*dr)> Liner)
k=(k1+k2) /2,
c=(cl+c2)/2;
roh=(rohl+roh2)/2;
end
ap0=roh*c+* (AAe-AAw) *L/dt;
A(i,i)=ap0+ae+aw,
A(i,i+1)=-ae,
B(i,1)=aw*Tgas+ap0*T (i, 1),
i=i+1;
elseif (i>1 && i<N)
for (j=2:N-1)
Aw=2%*pi* (ri+ (i-1) *dr) *L;
Ae=2*pi* (ri+i*dr) *L;
AAw=pi* (ri+ (i-1) *dr) *2;
AAe=pi* (ri+i*dr)*2;
if ((i*dr)< Liner)
k=k1,
c=cl,
roh=rohl;,
else
k=k2;,
c=c2;
roh=roh2;
end
ae=k* (Ae) /dr;,
if ((i-1)*dr < Liner)
k=k1,
c=cl,
roh=rohl;,
else
k=k2;
c=c2;
roh=roh2;,
end
aw=k* (Aw) /dr;
if ((i-1)*dr < Liner && (i*dr)> Liner)
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k=(k1+k2)/2;
c=(cl+c2)/2;
roh=(rohl+roh2)/2;
end
ap0=roh*c* (AAe-AAw) *L/dt;
A(i,i)=ap0O+ae+aw,
A(i,i+1)=-ae,
A(i,i-1)=-aw;
B(i,1)=ap0*T (i, 1),
i=i+1;
end
elseif (i==N)
Aw=2*pi* (ri+ (i-1) *dr) *L,
Ae=2*pi* (ri+i*dr) *L;
AAw=pi* (ri+(i-1) *dr) *2;
AAe=pi* (ri+i*dr)*2;
if ((i*dr)< Liner)
k=k1,
c=cl,
roh=rohl;,
else
k=k2,
c=c2;
roh=roh2;
end
ae=ho* (Ae) ;
if ((i-1)*dr < Liner)
=k1,
c=cl,
roh=rohl;
else
k=k2,
c=c2;
roh=roh2;
end
aw=k* (Aw) /dr;
if ((i-1)*dr < Liner && (i*dr)> Liner)
k=(k1+k2) /2,
c=(cl+c2)/2;
roh=(rohl+roh2) /2,
end
apO=roh*c* (AAe-AAw) *L/dt;
A(i,i)=ap0O+ae+taw,
A(i,i-1)=-aw;
B(i,1)=ae*Tamb+ap0*T (i, 1)
i=i+1;
end
end
'=inv (A) *B;
TT(t,:)=T,;
t=t+1;,
Q(t-1)=hi*(Tgas-T (1))
end
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