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Abstract

In some numerical and practical situations, the nozzle inlet boundary quantities pin, Tin, 0, and win (the pressure,
temperature, density, and axial velocity at the nozzle inlet) are utilized to define the jet flow instead of the stagnation
quantities ps, Ts, and ps (the stagnation pressure, temperature, and density). In this short note, for given stagnation
quantities ps, Ts, and ps, the inlet boundary conditions pin, T'in, 0in, and wix are algebraically represented based on a local
sonic assumption together with the isentropic expansion and adiabatic flow assumptions by employing three different
gas models: the ideal gas model, the Abel-Noble gas model, and the Soave-Redlich-Kwong (SRK) real gas model. It is found
that when the ideal gas model is employed, the deviation of inlet boundary condition defined by pin, Tin, 0in, and win from
the real ones (taking the data from the SRK real gas model as reference) due to the real gas effect is much smaller than
the deviation of the stagnation quantity ps. As to the Abel-Noble gas model, though its ps plot performs well and is quite
accurate compared with the referenced SRK real gas model, its deviation of the inlet boundary conditions pin, Tin, 0in, and
win due to the real gas effect is much larger than its deviation of the stagnation quantity ps. The Abel-Noble gas model is
not so ideal to be employed in the hydrogen jet simulation when the nozzle inlet boundary conditions pin, Tin, ©in, and win.
are utilized. By these discussion it is made clear that how much the deviation is when for a hydrogen jet calculation the
ideal gas or Abel-Noble gas model is utilized to determine the nozzle inlet boundary conditions pin, T'in, 0in, and win.
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1. Introduction
Hydrogen has some unique characteristics that make it

an ideal energy carrier? like high conversation efficiency
with electricity, cleanness and good environmental
compatibility. The transition to a hydrogen economy may
have already begun in the recent decade?. At present,
there are a large number of companies and national
projects in Europe, Japan, Canada, the United States,
Korea, and China working on technologies pertaining to
hydrogen production, storage, and utilization. Meanwhile,
due to its extremely low ignition energy and a wide range

of flammability limits, hydrogen has a reputation for
spontaneous ignition, making its utilization more
dangerous than that of other fuels. In addition, hydrogen’s
high diffusion property and high burning velocity intensify
the challenge of its safe usage.

One of the technologies for hydrogen storage is the
above ground pressurized hydrogen storage system.
Usually, it is of very high pressures for both volumetric
and gravimetric efficiencies. In this case, the hazards
associated with accidental leakage must be considered.
The hydrogen jet from such leaks needs to be critically
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evaluated and discussed to make sure that its resultant
hydrogen cloud is safely and critically controlled to
prevent the potential hazard and quantify the risk. In the
last decade, a large number of numerical works have been
conducted to investigate hydrogen jets assuming that
unintended releases of hydrogen occur with various gas
models.

Among these works, the Beattie-Bridgeman real gas
equation of state (EOS) was employed by Mohamed et al?’
in the adiabatic release of hydrogen from a high-pressure
chamber. The Abel-Nobel EOS was referred in work by
Schefer et al.? which discussed the characterization of
high-pressure, underexpanded hydrogen-jet flames. This
real gas model was also discussed in works by Tchouvelev
et al?. Both the Beattie-Bridgeman and Abel-Nobel EOS
were employed by Khaksarfard et al.?? to high-pressure
hydrogen jets with a stagnation pressure ps up to 70 MPa.
The reservoir is included in the numerical mesh so the
stagnation pressure ps, temperature 7Ts, and density os
could be used to define the hydrogen jet. High-pressure
hydrogen gas flows were simulated by Kim et al® with
both the ideal gas and the Redlich-Kwong (RK) gas EOSs.
A noticeable difference was reported when the pressure
was high. Xiao et al? presented models based on an
isentropic expansion model with a real gas EOS called
modern EOS which used the Helmholtz energy as the
fundamental property to predict the hydrogen
concentration and velocity field in the vicinity of a
postulated small leak. Predictions were made for the blow-
down of hydrogen reservoirs with the initial pressure of
10, 30 and 100 MPa. The real gas assumption was also
introduced into the numerical calculation by Bonelli et
al!® when they simulated hydrogen jets from a tank with
a stagnation pressure ps equal to 75 MPa into still nitrogen
at a pressure equal to 5 MPa. Both van der Waals and RK
EOSs were implemented. The nozzle inlet boundary
conditions pin, Tin, 0in, and inlet velocity wi, were utilized to
define the jet flows. It was found that the results are
strongly affected by the EOS. In work by Li et al'¥ they
utilized Soave-Redlich-Kwong (SRK) real gas EOS for the
near-field region and the ideal gas EOS for far-field gas
properties to simulate a pressurized hydrogen jet with a
stagnation pressure ps of 20 MPa and achieved a good
agreement with experimental data.

Meanwhile, the ideal gas EOS is still widely utilized in
many works about hydrogen jets/release. Makarov et
al!? presented results of numerical simulations of
hydrogen highly under-expanded jets from a storage
vessel at pressure 40 MPa through a circular nozzle and
two plane nozzles with aspect ratios 5.0 and 12.8 which
used the ideal gas model. It was reported that the
simulations were in good agreement with experimental
data. Under-expanded hydrogen jets with nozzle pressure
ratios (NPR) of 8.5, 10, 30 and 70 were simulated in a large
eddy simulation (LES) work and compared with methane
jets by Hamzehloo et al.’®'¥. A Reynolds-averaged Navier-
Stokes (RANS) simulation was performed by Tsuboi et
al’ on hydrogen jet with a pressure of 82 MPa and d=0.2
mm.

In our previous works!®!? we have numerically

investigated the three-dimensional (3D) hydrogen jet with
a storage pressure of 82 MPa and a tiny jet orifice
diameter of 0.2 mm by the full compressible Navier-Stokes
equations together with the ideal gas assumption. An
adaptive mesh refinement (AMR) technology was
assembled to reduce the number of grid cells. Firstly, the
starting transient evolution and Mach disk stabilization
were discussed in details. Later, both the instantaneous
and mean hydrogen concentration distributions in the free
hydrogen jet were discussed. On one hand, it is known
that the ideal gas model would lead to a large deviation on
the stagnation density ps. For the case with a ps of 82 MPa,
the deviation percentage is as large as 55%. If this
deviation is introduced into the computational simulation,
then the results are supposed to end up with too much
distortion and be unacceptable. On the other hand, though
the ideal gas equation was employed, the calculated
hydrogen profile under such high stagnation pressure
characterized by the time-averaged hydrogen
concentration Cu, turned out to roughly agree with the
experimental results. These two aspects above suggest
that for the jet simulation employing the ideal gas
equation its deviation from the accurate solution would be
overestimated if the evaluation is operated from the
perspective of the stagnation density’s deviation which is
very large. During the usage of the ideal gas model, why is
the deviation of simulation results not as large as the
deviation of stagnation density ps suggests? Why can the
ideal gas still roughly work at such a high pressure as 82
MPa?

In these simulations'® !” it is not the stagnation
quantities ps, 7s and ps but the nozzle inlet boundary
conditions pin, Tin, 0in, and win (the pressure, temperature,
density, and axial velocity at the nozzle inlet) that directly
defines the jet flow. Here the subscript “in” represents the
nozzle inlet. These pi, Tin, 0, and win were calculated
from the stagnation quantities ps, Ts, and ps based on a
local sonic assumption together with the isentropic
expansion relation and the enthalpy relation. Therefore, to
answer the above questions, it is essential to understand
how the real gas effect reflects on the nozzle inlet
boundary conditions pin, T'in, 0in, and wi.

In this paper, the inlet boundary conditions pin, Tin, Qin,
and wi, are algebraically represented based on three gas
models: the ideal gas model, the Abel-Noble gas model, and
the SRK real gas model. The physical relations are given
based on a local sonic assumption together with the
isentropic expansion relation and the enthalpy relation. By
doing this the deviation of inlet boundary conditions can
be evaluated.

Hence this paper is generally organized as follows:
firstly a brief introduction is given about the investigations
of hydrogen jets of various stagnation quantities ps, Ts, and
os. In the second section, the calculation modeling and
frameworks will be represented including the brief
physical problem and physical relations of inlet boundary
conditions pin, Tin, 0in, and win at the jet nozzle. Finally,
based on these frameworks the real gas effect reflects on
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the inlet boundary conditions pin, Tin, in, and win will be
discussed for given stagnation pressures ps in the range of
0.1 MPa to 140 MPa and a fixed temperature 7Ts of 300 K.
Lastly, the conclusion will be drawn based on the
discussion.

2. Calculation modeling and frameworks
2.1 Physical problem model

The physical problem in this work is the pressurized
hydrogen injected into an open space as shown in Figure
1. The stagnation temperature 75 is kept at 300 K while its
stagnation pressure ps is discussed in the range of 0.1 MPa
to 140 MPa.
2.2 Physical relations of inlet

conditions at the nozzle

No nozzle shape is specified. At the nozzle position, the
inlet boundary condition can be given by a local sonic
assumption together with isentropic expansion laws and
an assumption of an adiabatic flow. Sometimes in the
below discussion, the injection speed may be set to be
subsonic for comparison. Then the physical relations

ds=0 1)

boundary

and

sy 1
hs + 2 Ws hin + P) Wiy, (2)
can be obtained. Here s indicates the specific entropy
defined as
_Co 9\ oo OV

ds—TdT+<aT>vdv TdT <6T>pdp 3
w is the velocity component in the axial direction. ws is
zero while win is equal to a certain c¢in (dependent on the

gas model) due to the local sonic assumption. % indicates
the specific enthalpy which can be given by

/’\’al] . Wl [m-s1]
=
s Ts, ps Pn T, Wn 2087

High pressure = l1391
gas storage Y L 696

. | ¢ 0
Inletrd - 1'

Nozzle inlet
boundary conditions
(a) Pin, Tina Pin> Cin (b)

Figure 1 (a) Schematic of a notional nozzle in an
underexpanded jet. Here subscript “s” indicates the
storage properties, “n” represents the notional
nozzle and subscript “in” indicates the nozzle inlet
boundary properties. 6 is the notional nozzle
diameter or effective nozzle diameter and d is the
physical nozzle diameter. (b) a numerical hydrogen
jet result adapted from Tang et al!? which is
defined by the nozzle inlet boundary quantities pin,
Tin, oin, and cin instead of ps, Ts, and ps. Near-field
velocity magnitude is shown for this hydrogen jet
with ps of 82 MPa.

dh = Tds+vdp = cydT+ dp ()

_ (00
v T<8T>p

and here v is the specific volume given by density o as

b= ®)

The specific internal energy e can be expressed as

T(%)L; p]dv 6)

Above ¢, and ¢, indicate the specific heat capacities of
gases at constant pressure and that at constant volume,
respectively, defined as

e =<§—;> )

de = Tds — pdv = c.dT+

and
(B E) B,

Besides, the general expression of sound speed ¢ is
required which is

. op ) <ap )
Z = _— e P
‘ (39 .\ ), 4
where 7 is the specific heats ratio defined as
_ O
7= Cv (10)
With the above relations together with the gas
equations of state (EOS) specified below, the inlet
boundary conditions pin, T, ©n, and wi can be

algebraically calculated and discussed for evaluating the
deviation of inlet boundary conditions due to the real gas
effect and for the subsequent numerical simulation which
would assemble the real gas model.

2.3 Nozzle inlet boundary conditions pin, Tin, 0in,
and win

2.3.1 Ideal gas model

For the calorically perfect gas, its p-v-T relation satisfies
the ideal gas EOS as

R
p:pRT:pWT (11)

Here R is the gas constant for a specified gas, R is the
universal gas constant as 8.3143 J'mol "K' and W is the
molecular weight of the hydrogen gas.

For the ideal gas ¢, and ¢, only depend on temperature.
We use the superscript 0 to identify the physical variables

of the ideal gas. ¢/ (T') and ¢ (T") can be given by
) (T)=R (a1 +a:T+a:T*+aT*+asT*") (12)
c(T)=R (a1 +a:T+a:T*+asT*+asT*)—R (13)
where ai,...,ar are constants in the standard seven-

coefficient polynomials of McBride et al!®. & can be
expressed as
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0_ .0 _7RT: vy D
h _CﬁT_7,1 1o (14)

In the ideal gas the sound speed defined in Equation (9)
can be deduced as
¢=yRT (15

Then from Equations (2), (14), and (15) we can get the
relation

T 1
=1 (16)
T 1+721M2

where M indicates Mach number.
The isentropic expansion relation about the specific
entropy s can be deduced into

b (oY _(T )\
=(a)=(%) )
for the calorically perfect gas.

By Equations (16) and (17) the relations of p and p for the
calorically perfect gas can be simplified as

1;‘;‘ =<1 +%M2):1 (18)
and
Om (1 +QMZ>%71 (19)
0Os 2
Take y from Equation (9) as
- g

and let M to be 1.0, then the inlet physical parameters pin,
Tin, 0in, and win (M =1.0) can be computed from the given ps
and Ts.

2.3.2 Abel-Noble gas model
One of the simple equations of real gas models is the
Abel-Noble EOS which is

_ _ORT
P=1 "0

— ZoRT @1)

where Z=1/(1-bp)=pv/RT is the compressibility factor
and b is the co-volume constant. It is 7.691 X 1072 m*kg !
for hydrogen. When b is set to zero it becomes the EOS for
an ideal gas.

Based on the Abel-Noble EOS, the isentropic flow
relations which are expressed in Equations (16) and (18),
(19) for ideal gas above comes to derivatives as?

7
Os 77 Oin 7 7’—1 5|71

and

7—‘in
E P 3)
I+ 2(1_b10m)2

For simplification and accuracy, here y is valued using

the NIST data at the corresponding ps and 7. By solving
Equation (22) through the Newton-Rapson method with M
=1, we can get the density at the nozzle inlet oin.
Accordingly at the nozzle inlet T can be calculated with
Equation (23).

Meanwhile, the sound speed ¢ under Abel-Noble gas
EQOS evolves into

N S o
Cin = 1— bpi" 7R7‘1n (24)

2.3.3 SRK real gas model
For the widely used cubic EOS

RT a
v—=>b vi+mbv+nb?

b= (25)
where @ is a function of 77 and m and » depend on
different cubic EOS models. The systematic equations of
these thermodynamic quantities including the specific
internal energy e(7 v), specific enthalpy (7 p), specific
entropy s(7' p), speed of sound ¢ together with specific heat
capacities ¢, and ¢, are not at one’s fingertips. Here the
preliminary frameworks of thermodynamic properties for
a real gas are systematically prepared for the below
discussion and usage of the following works which
contains the real gas effect.

The cubic EOS mainly includes Van der Waal model'?,
RK model?”, SRK model?"’, Peng-Robinson (PR) model??,
and Patel-Teja (PT) model?®. For these EOSs the
calculations in the previous section become more
complicated and Equations (22)—(24) cannot work
anymore. We need the fundamental definition equations of
these thermodynamic quantities, as listed in Equations (3),
(4) and (6) — (10), to get the properties of a real gas.

From these fundamental definition equations, it has the
specific internal energy for a real gas as

¢(T.0)= e“(T)+f{T<g—j%>v—p}dv (26)
the specific enthalpy as
W (Tp)=h"(T)+ [ v—T<g;>p dp @)
and the specific entropy as
s(tp)=s o) [|7(25) Elap ey
Here
¢ (T)=c!(T)T=R <a1T+ al” el ad” o] +a6>

—RT (29)

h“(T):c,}’(T)T:R<alT+“22T2 : ““STS : “44T4 : “"5Ts+a<;>
(

30)

and
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2 3 4
SO(T,P):R<a11nT+a2T+a?’T yail” | asT +a7>

2 3 4
_pin

Rin- 31)
are the specific internal energy, enthalpy and entropy of

the corresponding ideal gas, respectively.
The SRK EOS can be expressed as

_ RT a
pivfb v2+mbv+nb*? (32)
where
m=1, n=0, (33)
2
a=a(T)= 042748815 l+f(wa)<1— T) (34)
p T(‘)‘
_ ~ v T(‘V
b = 0.08664R Do (35)
and
f(we)=0.48+1.574w. —0.176w? (36)

Here w. is the acentric factor whilst p.- and 7% are the gas’s
critical pressure and temperature, respectively. ¢(7, v) for
areal gas can be given based on the SRK EOS as

where
aaa(TT) :70,42748%7}2'f(wa)|[1+f(a),,)] ﬁ*f(w«)%}
(33)

Similarly, the specific enthalpy % for a real gas can be
obtained by the ideal #°(7) together with its departure
function as

_ pv 1 . 0a(T) v
h(T,0)=h°(T )+RT<RT 1>+b[a(7‘) T aT ]1 PR
(39)
and the specific entropy s as
_ <0 pw=0) 10a(T) v
s=s"(T,p)+RIn RT +b aT lnv+b (40)

With these specific internal energy, enthalpy, and
entropy calculated, then ¢, in the SRK model can be given
as

(e _ 1 v 0% (T)
cv7<—aT>pfc1ﬁ‘(T) blnv+b 37> T 41)
where
32a(T)7 RTN’
o7 = 0218747 f(wa)[1+f(wa)] TT (42)

and ¢, can be calculated from ¢, based on Equations (5)—(8)
together with the Maxwell relations as

1.5
15000 232333838 19 dif]
: +* ) 4 145
14000 - % ::::::;.‘" .
L ‘000.00000....00 4A, diff
L 000.,.. 1 1.4
= r -
L 13000 | SRK ¢,
= H ® NISTc, L3
v -+ SRKc, >
= 12000 f NIST ¢, ]
S r - SRKy 113
& * NISTy ]
11000 - 1 125
::l 4454 dift
10000 e e 1,
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p [MPa]
Figure2 Specific heat capacities ¢, and ¢, and the specific

heat ratio y given by the SRK gas model, compared
with the NIST data in the range of ps~ [0.1, 100] MPa
with a fixed temperature Ts of 300 K. The deviation
of ¢ is within 1% while it’s 4.8% for ¢, and 4% for 7.

(o (o) LG,
v <a )(m) ( )

=c)(T)
oa (T) 1
R 4T
7 v—b vi+bv —lln v 32al(T)
RT __ a(T) (psp) D vTD aT?
(w—0) (v2+bv) "
43)

Substituting Equations (41) and (43) into Equation (10)
gives

r(Tv)=
8a (T) T
T\ R T
v—=>b v:+bv
RT a(T) 1, v 0%(T)
[(vfb)z_(v“rbv)Z(Zv—i_b)HC”(T)_Flnv+b oT?
(44)

The speed of sound in Equation (9) gives

y(T,v)RTv* y(T,v)v*a(T)
(v—10)* (v2+0bv)?

2 —

(20+0) (45)

Above are the thermodynamical frameworks based on
the SRK EOS. A validation is presented by comparing the
SRK data against the NIST data in the range of ps~ [0.1,
100] MPa with a fixed temperature 75 of 300 K, as shown in
Figure 2. The deviation of ¢, is within 1% while it’'s 4.8% for
¢» and 4% for y . The agreement is quite good.

Under such frameworks, the isentropic relation in
Equation (1) and the enthalpy relation in Equation (2)
together with the local sonic assumption give the
equations
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Lp,T,v)=R <a11r1T+ aT+ a:;27‘2 + a43T3 + ai]“* +a7>
+RIn (”;ebT)m +; aaa(TT)lnvj)—b —se(pe, To,0) =0 (46)
and
A, T,v)=R <a1T+ “22TZ + ““,)T3 + “44T4 + “55TS +aﬁ>
+pv—RT
5 “(T)_Taaa(TT) I 7?(201%02
AT
—hs (ps, Ts,vs)=0 A7)

These equations form a nonlinear system of equations F
as

SRK (p, T,v) A, Tv)
F: Sin (p,ir,v)_Ss (ﬂs,Ts,Us) = fé(pyj;v)
hin (p, T, v ) +Ew (j), T, v )z_hs (ps,Ts,Us) f:)) (‘D’ T’ U)
=0 (48)
where the unknown quantities vector is
X = (pin, Tin,0in) " 49)

Here the first function is given by the SRK equation in
Equations (32)—(36) as

RT  a(T)
v—b vi+bv

A, Tov)= —p (50)

By this nonlinear system of equations the nozzle
boundary conditions pin, Tin, 0in, and win at the nozzle inlet
can be obtained from arbitrary given stagnation pressure
ps and temperature 75 (then vs). Such a nonlinear system of
equations can be solved by the Newton-Rapson method as

of1(p, Tyv)  of1(p, Tyv)  f(p, T v)
ap aT v
F’:EZ afZ(pyTvv) afz(vayv) afZ(pyTtv) (51)
= ox b aT v
af?;(vaxy) afd(prvv) af(%(va’U)
ap oT ov
and
p n+1 p n fl(p,T,v) n
T| =|T|-F)"NLBTo) (52)
v v f:(p, T,v)

Then within less than five iterations the inlet boundary
conditions pin, T'in, 0in, and win can be obtained.

3. Comparison and discussion
Three gas models above, which are the ideal gas model,

the Abel-Noble gas model, and the SRK real gas model, are
represented together with the calculation frameworks to
solve the nozzle inlet boundary conditions pin, Tin, 0in and
win at the jet nozzle from arbitrary given stagnation
pressure ps and temperature 7. In this process the

120
[ . Ideal gas EOS
100 | = Abel-Noble gas EOS
[ -« SRK gas EOS
80
T i
g L
ep 00 [
= L
4 L
40 r
20 |
0 v 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1
0.00 25.00 50.00 75.00 100.00 125.00
ps [MPa]
Figure 3 Relations of stagnation density ps and stagnation

pressure ps based on the ideal, Abel-Noble, and SRK
gas EOSs in the range of ps~ [0.1, 140] MPa with a
fixed temperature 7s of 300 K.
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The previously reported time-averaged axial H2
concentration of 82 MPa hydrogen jet by 3D
computational simulation with the ideal gas
assumption!”. AMR results are compared with
experimental results adapted from Takeno et al2%
Here 6 indicates the effective ejection diameter and
z is the axial distance.

Figure 4

stagnation density pos is obtained first based on the
corresponding EOS which is demonstrated in Figure 3 for
given stagnation pressures ps in the range of 0.1 —140 MPa
and a fixed temperature 7 of 300 K. It can be found that
when ps is not high, these three EOSs provide very similar
0s, which suggests that the real gas effect is very small. In
fact, at the pressures up to about 17.2 MPa, the gas can be
treated to a good approximation as ideal. When ps gets
higher, the ideal EOS cannot work very well and its
deviation gets more significant. As mentioned above,
when ps is 82 MPa this deviation percentage is as large as
55%, as represented in Table 1.

However, although the ideal gas equation was employed
in the previous simulations'®'?, the calculated averaged
hydrogen concentration G, with a ps of 82 MPa turned out
to roughly agree with the experimental results, as shown
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Table 1 Nozzle exit conditions of hydrogen jet with a stagnation pressure of 82 MPa according to the ideal gas
model, Abel-Noble gas model, and SRK gas model. Besides, two more SRK cases which assemble the
nozzle sound speeds cin of the ideal gas model or the Abel-Noble gas model are also represented.

Ideal gas witl?lfi:leifjli o Abel-Noble real gas Ai];}_{ N?;ngjz\;tim SRK real gas

ps [MPa] 82.0 82.0 82.0 82.0 82.0

Ts [K] 300.0 300.0 300.0 300.0 300.0

os [kgm 3] 66.273 42.656 43.898 42.656 42.656

pin [MPa] 43252 53465 3142 42.15 36.633

Tin [K] 249494 265975 228427 248567 238.762

oin [kgm ™3] 42.033 35178 26.543 31.334 29.19

Min 1.0 <10 1.0 <10 1.0

win [mrs™1] 1202.34 1202.34 1454.46 1454.46 1572.86

2000 120
—+Ideal gas EOS o Ideal gas
1800 [ —*Abel-Noble gas EOS 100 | —SRK with ideal nozzle wyy
- SRK gasEOS ~+- Abel-Noble EOS
1600 - —— SRK with Abel-Noble nozzle
- SRK gas EOS "

]

-

1, 1400 |

E ‘
& 1200
1000 - 20
300 L I T R W | IR TR TR T TR S (N SR S S 1 IS R T N I N1 0 NN S N T TN TN S T T S S T T T _—_—— L
0.00 2500 5000 75.00 100.00 125.00 0.00 25.00  50.00  75.00 100.00 125.00
ps [MPa] ps [MPa]
(a) (b)
280 80
—— Ideal gas
70 .
270 =« SRK with ideal nozzle wy;,
260 : 60 T Abel-Noble EOS
—_ —— SRK with Abel-Noble nozzle
250 T 30 | o SRK gasEOS
< . | a
= 240 m 40
- _
& - =
230 [ —+Ideal gas 830
b Q
 #=SRK with ideal nozzle wy,
220 20
| —+~Abel-Noble EOS
210 | —SRK with Abel-Noble nozzle w;, 10
- +-SRK gas EOS
200 N T A P B PR R [] L L L L L
0.00 2500 50,00 75.00 100.00 125.00 0.00 2500 5000 75.00 100.00 125.00
ps [MPa] ps [MPa]
(c) (d)

Figure 5 Inlet nozzle boundary conditions pi, 7'in, 0in, and win based on the ideal gas model, the Abel-Noble gas model, and the

SRK real gas model. Besides, two more SRK cases which assemble the nozzle sound speeds cin of the ideal gas model or
the Abel-Noble gas model are also represented.
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in Figure 4. These aspects above suggest that for the jet
simulation which employs the ideal gas equation its
deviation from the accurate solution would be
overestimated if the evaluation is operated from the
perspective of the stagnation density’s deviation which is
very large. Why is the deviation of simulation with the
ideal gas model not as large as the deviation of stagnation
density ps suggests? Why can the ideal gas still roughly
work at such a high pressure?

To answer the above questions, it is essential to
understand how the real gas effect reflects on the inlet
boundary conditions pin, Tin, 0in, and win.

Figure 5 illustrates the inlet boundary conditions pin, T,
o, and win based on the ideal gas model, the Abel-Noble
gas model, and the SRK real gas model. Since above we
have validated the thermodynamical data from SRK EOS,
as illustrated in Figure 2, we here set the results of SRK
real gas model illustrated by the black lines in Figure 5 as
the reference to discuss the ideal gas model and the Abel-
Noble gas model's behaviors. In the ideal gas model the ¢ix
(win=cin) is constant and it is increasingly smaller than the
referenced cin as pin gets larger. On the contrary, pin, Tin,
and pi are increasingly larger than these referenced ones.
For the ps of 82 MPa whose results are listed in Table 1,
the cin based on the ideal gas model is lower than the
result of SRK model by 23.56%, pi is higher by 18.07%, Tin
is higher by 45%, and pi is higher by 44.0%. Since the
ideal gas model’s ¢in is smaller than the referenced SRK cin,
the inlet boundary conditions pin, Tin, 0in, and wix based on
the ideal gas model can be corresponded to a subsonic
state in the SRK gas model calculation framework.

By modifying the wi, in Equation (48) by c¢i» based on the
ideal gas model, we can get another SRK inlet boundary
conditions pin, T, 0in, and win with which the pi, Ti, Oin,
and win based on the ideal gas model can be compared.
These new SRK inlet boundary conditions with the ideal
nozzle cin are plotted in Figure 5 in blue lines. Take them
as references and a new group of deviations can be
obtained. This time two wi are the same while for the
ideal gas model pin is lower by 19.1%, T, is lower by 6.2%,
and pin is higher by 19.5% (comparison between the green
and blue lines in Figure 5). This group of deviation
percentages demonstrates how big the real gas effect on
the inlet boundary conditions is in this high-pressure
hydrogen jet. It can be seen that these deviations or their
integration deviation are much smaller than 55% which is
the stagnation density’s deviation when ps is 82 MPa. It
suggests that when the ideal gas model is employed, the
deviation of inlet boundary conditions pin, Tin, 0in, and cin
due to the real gas effect is smaller than the deviation of
stagnation quantities. This explains why the ideal gas can
still roughly work at such a high pressure and why the
deviation of simulation results is not as large as the
deviation of stagnation density pos suggests since in these
simulations!®'? it is not the stagnation quantities ps, 7s and
os but the nozzle boundary conditions pin, Tin, ©in, and cin
that directly define the jet boundary condition at the
nozzle exit.

In spite of that the deviation of inlet boundary

conditions pin, Tin, 0in, and win due to the real gas effect is
smaller than the deviation of stagnation quantities when
the ideal gas model is employed, it is still significant as
discussed above. Therefore, although the ideal gas can still
roughly work, it is always recommended that it should be
replaced with some real gas model.

As to the Abel-Noble gas model, its os plot performs well
and is very similar to the SRK result, as shown in Figure 3.
However, the deviations of pin, Tin, 0in, and win from the
referenced SRK ones are very significant. They are much
larger than the deviation of stagnation quantities, as
shown in Figure 5. It is demonstrated that in the
perspective of the nozzle inlet boundary conditions pin, Tin,
oim, and win, the Abel-Noble gas model framework
expressed in Equations (21) —(24) does not behave well.
For the ps of 82 MPa, c¢in of the Abel-Noble gas model is
lower than the result of the SRK model by 7.53%, pu is
lower by 14.23%, T is lower by 4.33% and o is lower by
9.07%. Similarly as above, since Abel-Noble gas model's ¢ix
is smaller than the referenced SRK ci, the inlet boundary
conditions pin, Tin, 0in, and win based on the Abel-Noble gas
model can be corresponded to a subsonic state in the SRK
gas model calculation framework. By modifying the ¢ in
Equation (48) in to ¢in based on the Abel-Noble gas model,
we can get another SRK inlet boundary conditions pin, T'in,
©in, and win with which the pin, T, 0n, and win based on the
Abel-Noble gas model can be compared. These new SRK
inlet boundary conditions with the Abel-Noble gas model's
nozzle cin are plotted in Figure 5 in pink lines. Taking
them as the reference, a new deviation group can be
obtained. Now cin is the same while pin of the Abel-Noble
gas model is lower by 25.46%, T, is lower by 8.1%, and pin
is lower by 15.29% (comparison between the red and pink
lines in Figure 5). This group of deviation percentages
demonstrates how big the real gas effect on the inlet
boundary conditions is in the high-pressure hydrogen jet
based on the Abel-Noble gas model. These values based on
the Abel-Noble gas model framework are really not
positive. All pin, T, and pin tend to be smaller than the
SRK ones. In this aspect, the Abel-Noble gas model
framework expressed in Equations (21)—(24) is not so ideal
to be employed in the hydrogen jet simulation.
Interestingly, the above conclusion is only appropriate
when the nozzle inlet boundary conditions pin, Tin, 01, and
win are employed. If the ps, Ts and ps instead of the pin, Tin,
o, and win are utilized to determine the hydrogen jet
when the tank is included in the calculation, the Abel-
Noble gas model would perform pretty well, as reported
by Khaksarfard et al.9.

4. Conclusions
In this paper the nozzle inlet boundary conditions pin,

Tin, 0in, and win are algebraically represented based on a
local sonic assumption together with isentropic expansion
laws and an assumption of an adiabatic flow at the jet
nozzle by employing three different gas models: the ideal
gas model, the Abel-Noble gas model, and the SRK real gas
model. It is somehow surprising that the correlation
between the deviation of stagnation quantity os and the
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deviation of pin, T'in, 0in, and win is so low. Large deviation of
stagnation quantity os and moderate deviation pin, Tin, Oin,
and win exists in the ideal gas model framework while for
the Abel-Noble gas there exists a small deviation of
stagnation quantity os and moderate deviation of pi, Tin,
©in, and win. Brief conclusions could be drawn as below:

(1) When the ideal gas model is employed, the deviation
of inlet boundary conditions pin, Tin, 0in, and win due
to the real gas effect is smaller than the deviation of
stagnation quantities. For a hydrogen jet with a ps of
82 MPa and Ts of 300 K, the ps has a deviation as
much as 55%. However, compared with the nozzle
inlet boundary conditions based on the SRK real gas
model with the ideal nozzle c¢i, win are the same,
while with the ideal gas model pin is lower by 19.1%,
T is lower by 6.2%, and e is higher by 19.5%
(comparison between the green and blue lines in
Figure 5). This group of deviation is much smaller.
This explains why the ideal gas can still roughly
work at such a high pressure as 82 MPa and why the
deviation of simulation results is not as large as the
deviation of stagnation density ps suggests when the
nozzle inlet boundary conditions pin, Tin, 0in, and win
instead of the stagnation quantities ps, 7s and ps are
utilized to define the jet flow in the simulations
which do not take the storage tank part into
consideration.

Even so, the deviation is still significant and it is
always recommended that the ideal gas model
should be replaced with some real gas model for
high-pressure hydrogen jets. The SRK real gas
model framework could be a good choice though it
will remarkably increase the computational cost.

As to the Abel-Noble gas model, though its os plot
performs well and is very similar to the SRK result,
its deviation of inlet boundary conditions pin, Tin, Oin,
and wi, due to the real gas effect is much larger than
the deviation of stagnation quantities. For a
hydrogen jet with a ps of 82 MPa and 75 of 300 K, the
os has a small deviation of 2.9%. However, compared
with the nozzle inlet boundary conditions based on
the SRK real gas model with the Abel-Noble nozzle
cin, Win are the same, while pin of the Abel-Noble gas
model is lower by 25.46%, Ti is lower by 8.1%, and
o is lower by 15.29% (comparison between the red
and pink lines in Figure 5). All pin, T, and pin tend to
be smaller than the SRK ones. The Abel-Noble gas
model framework expressed in Equations (21)—(24) is
not so ideal to be employed in the hydrogen jet
simulation when the nozzle inlet boundary

—
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—
@

conditions pin, T'in, 01, and win are utilized.
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