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a b s t r a c t

A thermodynamic analysis of refueling of a gaseous hydrogen fuel tank is described. This

study may lend itself to the applications of refueling a hydrogen storage tank onboard

a hydrogen fuel-cell vehicle. The gaseous hydrogen is treated as an ideal or a non-ideal gas.

The refueling process is analyzed based on adiabatic, isothermal, or diathermal condition

of the tank. A constant feed-rate is assumed in the analysis. The thermodynamic state of

the feed stream also remains constant during refueling. Ideal-gas assumption results in

simple closed-form expressions for tank temperature, pressure, and other parameters. The

non-ideal behavior of high-pressure gaseous hydrogen is addressed using the newly

developed equation of state for normal hydrogen, which is based on the reduced Helmholtz

free energy formulation. Sample calculations are presented using initial tank and feed

stream conditions commensurate to practical vehicular applications. Comparing to the

non-ideal analysis, the ideal-gas assumption always results in under-prediction of the tank

temperature and pressure irrespective of the filling condition. For a given target tank

pressure, the refueling time is the shortest under adiabatic condition and is the longest

under isothermal condition with the tank being maintained at the initial tank temperature.

The adiabatic and isothermal conditions can be viewed, respectively, as the lower and

upper bounds of the refueling time for a given final target tank pressure.

Published by Elsevier Ltd on behalf of International Association for Hydrogen Energy.

1. Introduction

Current hydrogen fuel-cell vehicles use high-pressure

hydrogen storage tanks to store gaseous hydrogen onboard.

Comparable refueling times between a gasoline powered

vehicle and a hydrogen fuel-cell car are expected in a future

hydrogen economy for consumer acceptance. The fuel tanks

of today’s gasoline vehicles take less than 5 min to fill at the

pump, depending on the size of the tank. The current U.S.

Department of Energy (DOE) technical target set for refilling

time of an onboard hydrogen tank is 3 min for 5 kg of

hydrogen [1]. Detailed analysis of the refueling process is

needed to identify the parameters that govern the determi-

nation of the refueling time.

Previous studies focus on very specialized hydrogen refu-

eling systems [2–6]. The work by Reynolds and Kays [7]

provides detailed formulations describing the refilling

processes with heat transfer for an ideal gas. A more general

treatment is considered here with the exception that

a constant refueling rate and a simplified heat transfer model

to describe the heat transfer between the storage vessel and

the surroundings are used. The inclusion of a variable refu-

eling rate can be easily accommodated numerically in the

analysis at the expense of analytical closed-form solutions.
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This paper describes a thermodynamic analysis of the

refilling process of a gaseous hydrogen tank. Hydrogen is

treated as either an ideal or a non-ideal gas. The analysis using

ideal-gas assumption is included here for completeness and

comparison to real gas behavior. For vehicular applications,

high-pressure hydrogen gas is used and warrants non-ideal

gas treatment; fill tank pressure up to 70 MPa has been

proposed [1]. The recently published equation of state (EOS)

for normal hydrogen, which is based on the reduced Helm-

holtz free energy approach, is applied in the non-ideal anal-

ysis. This approach facilitates the evaluation of

thermodynamic variables. Three thermodynamic processes

are discussed under adiabatic, isothermal, and diathermal

(non-isothermal with heat interaction) conditions.

2. Analysis

Fig. 1 shows a simplified schematic of an idealized refueling

process. The inlet or feed conditions do not vary with time and

remain constant during refueling. The gas flow rate to the

tank is assumed to be constant. The system under consider-

ation is the hydrogen gas in the fuel tank. The following

treatise follows closely to that given in Modell and Reid [8].

From the First law of thermodynamics for a simple open

system,

dU ¼ dQ � dW þ he dne (1)

where U is the total internal energy of the system, dQ is the

heat added to the system from the surroundings, dW is the

work done by the system, he is the molar enthalpy at the inlet

and is assumed to be constant, and dne is the molar input to

the system.

With dW¼ 0, Eq. (1) can be written as

dU ¼ dQ þ he dne (2)

Taking the time derivative of Eq. (2) and for a single stream

entering the system,

dU
dt
¼ dQ

dt
þ he

dne

dt
(3)

Eq. (3) can be expressed in terms of molar internal energy, u,

of the system and the total number of moles in the system, N.

dðNuÞ
dt

¼ N
du
dt
þ u

dN
dt
¼ dQ

dt
þ he

dne

dt
(4)

A mole balance of the system results in

dN
dt
¼ dne

dt
(5)

If a constant molar flow rate into the tank, K, is assumed,

then

dN
dt
¼ dne

dt
¼ K (6)

Integrating Eq. (6),

N ¼ Ni þ Kt (7)

where Ni is the initial total number of moles in the tank at time

t¼ 0 (before refilling).

Substituting Eqs. (6) and (7) into Eq. (4),

ðNi þ KtÞdu
dt
þ uK ¼ _Q þ heK (8)

with dQ=dt ¼ _Q is the heat transfer rate to the system from the

surroundings. If an equation of state, the input stream and

initial tank conditions, and the thermodynamic process

describing the refilling procedure are known, Eq. (8) can be

used to predict the final conditions (T, P, and N ) of the tank at

any given time, where T and P are the tank temperature and

pressure, respectively.

2.1. Adiabatic process (ideal)

If the refilling is rapid, then the process may be considered

adiabatic. Eq. (8) becomes

ðNi þ KtÞdu
dt
þ uK ¼ heK (9)

Integrating Eq. (9),

u ¼ he �
he � ui

1þ ðKt=NiÞ
(10)

or

u� he

ui � he
¼ 1

1þ bt (11)

where ui is the initial molar internal energy of the system andbthKt=Ni is a dimensionless time. If the gas is treated as ideal,

Eq. (11) can be written as

u� ðue þ PeveÞ
ui � ðue þ PeveÞ

¼ 1

1þ bt
or

u� ðue þ RTeÞ
ui � ðue þ RTeÞ

¼ 1

1þ bt (12)
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Fig. 1 – Schematic of a tank undergoing refilling.
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where ue, Pe, ve and R (¼8.314 J/mole K) are the molar internal

energy, pressure, molar volume of the entering stream, and

the universal gas constant respectively.

Since the molar internal energy of an ideal gas can be

expressed as

u ¼ u0 þ cvðT� T0Þ; ue ¼ u0 þ cvðTe � T0Þ; and

ui ¼ u0 þ cvðTi � T0Þ

where u0 is the molar internal energy at some reference

temperature T0 and cv is the molar specific heat at constant

volume and assuming cv does not change significantly with

temperature over the temperature range of interest, Eq. (12)

can be simplified to

ðT� gTeÞ
ðTi � gTeÞ

¼ 1

1þ bt (13)

where g ¼ cp=cv ¼ ðcv þ RÞ=cv and cp is the molar specific heat at

constant pressure. The temperature of the tank at any time

during refilling can be prescribed by the simple functional form

given in Eq. (13), as shown in Fig. 2. From Eq. (13), the temper-

ature of the tank T at any time t can be calculated during

refilling for any given Te, Ti, K, and Ni. Note that at t / N, T /

gTe and is independent of the initial conditions of the tank.

The pressure in the tank at any time t during refilling can

be derived from Eq. (7) using Eq. (13) and the ideal-gas law.

From Eq. (7),

PV
RT
¼ Ni þ Kt (14)

where V is the volume of the tank. Substituting Eq. (13) into Eq.

(14) and simplifying,

P
Pi
¼ 1þ

�
gTe

Ti

�bt (15)

Eq. (15) can be used to calculate the time it takes to refill the

tank, tf, to a given final pressure Pf for any given Te, Ti, K, and Pi.

Alternatively, Eq. (15) can be used to calculate the molar flow

rate K required to fill the tank for given Te, Ti, Pi, Pf and tf.

2.2. Isothermal process (ideal)

Isothermal condition, which requires thermal management of

the storage vessel, is not practical in actual refueling appli-

cations due to the added complexity and weight of the storage

system. However, the isothermal process is included here for

the completeness of the analysis. If the refueling process

could be controlled using some form of thermal management

method to maintain a constant tank temperature and

following the same procedure as the adiabatic case above,

then Eq. (8) becomes

ðNi þ KtÞcv
dT
dt
¼ _Q þ cvKðTe � TÞ þ KRTe (16)

The left-hand side of Eq. (16) is equal to zero for an

isothermal process. Eq. (16) reduces to

_Q ¼ �½cvKðTe � TÞ þ KRTe� (17)

From Eq. (17), _Q is shown to be constant for a given T. If the

temperature of the tank is maintained at Te during refilling for

a given K, then the amount of heat needed to be removed per

unit time will simply be

_Q ¼ �KRTe (18)

A negative _Q implies heat is removed from the system to the

surrounding. Alternatively, Eq. (17) can be used to calculate

the tank conditions for any given K, Te, and _Q. In this case, Eq.

(17) becomes

T ¼
_Q

Kcv
þ gTe (19)

Eq. (7) can be used to calculate N at t. Knowing T and N with

a given V, then the tank pressure P at t can be calculated using

the ideal-gas law.

If _Q ¼ 0, then Eq. (19) becomes

T ¼ gTe (20)

As a check for consistency, Eq. (13) also reduces to Eq. (20)

because a steady state (dT/dt¼ 0) is reached as t / N. The

adiabatic tank temperature may be considered an upper

bound temperature for the tank, and for practical purposes, _Q

is always negative because it is expected that heat will be

extracted from the tank, rather than added to the tank, during

an isothermal refilling process. Fig. 3 shows the isothermal

tank temperature as a function of the absolute value of _Q for

two different filling rates, K1 and K2, with K1< K2. More heat

removal from the tank is needed for higher filling rate to

maintain a given isothermal tank temperature.

The pressure in the tank at any given time during refilling

can be derived from Eq. (7) using the ideal-gas law.

P
Pi
¼ T

Ti

�
1þ bt� (21)
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i

0 5 10 15 20 25 30

(
T

 
-
 
γ

γ
T

e
)
 
/
 
(
T

i
 
-
 

T
e
)

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 2 – Dimensionless tank temperature as a function of

dimensionless time for an adiabatic refilling process of an

ideal gas.
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If the tank temperature is maintained isothermally at Ti

during refilling, then

P
Pi
¼
�
1þ bt� (22)

2.3. Diathermal process (ideal)

If there is heat transfer between the system and the

surroundings, and the system is not isothermal (a special case

of diathermal process), then the _Q term in Eq. (8) can be

conveniently expressed in terms of an overall heat transfer

coefficient, UHT, the heat transfer area of the tank, At, and the

temperature difference between the surrounding tempera-

ture, TN, and the tank temperature, T. The use of a constant

overall heat transfer coefficient simplifies the detailed anal-

ysis of heat transfer from the tank interior to the interior tank

surface, through the composite tank wall, and from the

exterior tank surface to the surroundings.

ðNi þ KtÞdu
dt
þ uK ¼ UHTAtðTN � TÞ þ ðue þ PeveÞK (23)

Following the same procedure as the adiabatic case above,

Eq. (23) becomes

ðNi þ KtÞdT
dt
¼ K

�
UHTAt

Kcv
ðTN � TÞ þ ðTe � TÞ þ R

cv
Te

�
(24)

Integrating Eq. (24) with the initial condition at t¼ 0, T¼ Ti

obtains

�
ð1þ StÞT� gTe � StTN

ð1þ StÞTi � gTe � StTN

�
¼
�

1

1þ bt
�ð1þStÞ

(25)

where SthUHTAt=Kcv, which can be considered as a form of the

dimensionless heat transfer Stanton number [9]. Eq. (25),

which represents the temporal tank temperature during

a diathermal refilling process, can be simply plotted in terms

of two dimensionless parameters at different St, as shown in

Fig. 4.

At t/N;

�
ð1þ StÞT� gTe � StTN

ð1þ StÞTi � gTe � StTN

�
/0 or T/

gTe þ StTN

ð1þ StÞ

As a check for consistency, T¼ gTe for St¼ 0 (adiabatic

condition), and Eq. (20) is recovered. For St / N, T / TN, that

is for infinitely fast heat transfer, the tank temperature would

attain thermal equilibrium with the surroundings.

The pressure in the tank at any time during refilling can be

derived from Eq. (7) using Eq. (25) and the ideal-gas law.

P
Pi
¼
�

1

1þ bt
�St

þgTe þ StTN

ð1þ StÞTi

��
1þ bt�� � 1

1þ bt
�St�

(26)

Note that Eq. (26) reduces to Eq. (15) when St¼ 0 (adiabatic

condition).

2.4. Adiabatic process (non-ideal)

Since very high-pressure hydrogen (35–70 MPa) is used for

refilling, ideal-gas assumption may not be valid. In order to

make Eq. (11), which is valid for both ideal and non-ideal

conditions, useful and amenable to the analysis of storage

tank refilling, u, ui, and he need to be expressed in terms of

practical thermodynamic variables, such as T, P, and r using

an equation of state. This procedure has already been

demonstrated using an ideal-gas law in Case 2.1 above.

For a non-ideal gas, the fundamental equation of state of

normal hydrogen developed recently by Leachman et al. [10] is

used here, instead of the traditional pressure-explicit or

volume-explicit equations of state. The fundamental EOS is

expressed in terms of the dimensionless reduced Helmholtz

γ T
e

T
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T1

Slope = -1/(K1 
c

v
) Slope = -1/(K2 

c
v
)

K1< K2 Q1 < Q2

Q1 Q2

. .

.
..

Fig. 3 – Heat removal rates for an isothermal refilling

process of an ideal gas at two different filling rates.
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Fig. 4 – Dimensionless tank temperature as a function of

dimensionless filling time at various St for diathermal and

ideal condition.
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free energy, a, which is the Helmholtz free energy, A,

normalized by RT and consists of an ideal gas contribution, ao

and a residual contribution, ar. The reduced Helmholtz free

energy, a, can be written as

aðs; dÞ ¼ A
RT
¼ aoðs; dÞ þ arðs; dÞ (27)

where s ¼ Tc=T and d ¼ r=rc are the reciprocal reduced

temperature and reduced molar density and Tc and rc are the

critical temperature and critical molar density, respectively.

The ideal gas and residual contributions to the reduced

Helmholtz free energy are

aoðs; dÞ ¼ ln dþ 1:5 ln sþ a1 þ a2sþ
X7

k¼3

ak ln½1� expðbksÞ� (28)

arðs; dÞ ¼
X7

i¼1

Nid
di sti þ

X9

i¼8

Nid
di sti expð�dpi Þ

þ
X14

i¼10

Nid
di sti exp

h
4iðd� DiÞ2þbiðs� giÞ

2
i

(29)

The parameters and coefficients used in Eqs. (28) and (29)

are provided in Tables 1 and 2. The molar internal energy,

enthalpy, and pressure can be derived from Eqs. (28) and (29).

Detailed derivations and the expressions for other thermo-

dynamic variables are given in Leachman et al. [10,11].

uðs; dÞ ¼ RTc

��
vao

vs

�
d

þ
�

var

vs

�
d

�
(30)

hðs; dÞ ¼ RT

�
s

��
vao

vs

�
d

þ
�

var

vs

�
d

�
þ d

�
var

vd

�
s

þ1

	
(31)

Pðs; dÞ ¼ rRT

�
1þ

�
var

vd

�
s

�
(32)

The partial derivatives of ao and ar with respect to s and d are

provided in the Appendix for completeness.

Substituting Eqs. (30) into Eq. (10),

RTc

��
vao

vs

�
d

þ
�

var

vs

�
d

�
¼ he �

he � ui

1þ ðKt=NiÞ
(33)

Since he, ui, K, and Ni are known or can be calculated (as

described below) and the left-hand side of Eq. (33) is some

function of s and d, there are two unknowns (s and d) for any

given t. However, d can be obtained from r,

d ¼ r

rc

¼ Ni þ Kt
Vrc

(34)

Eq. (33) then reduces to one unknown, s, which can now be

solved numerically for s or T at any given t. Knowing d and s,

the final P at any t can be obtained using Eq. (32).

The initial molar internal energy, ui, can be directly calcu-

lated using the initial conditions of the system, Ti, Ni, and ri

and Eqs. (28)–(30) evaluated at si and di with

si ¼
Tc

Ti
ri ¼

Ni

V
di ¼

ri

rc

The inlet molar enthalpy, he, can be calculated using the inlet

conditions, Te and Pe (normally given) and Eq. (31), which

requires de (normally not given). Eq. (32) can be used to obtain de.

Peðse; deÞ ¼ reRTe

�
1þ

�
var

vd

�
s

�
se ;de

(35)

Eq. (35) is a nonlinear algebraic equation, which can be

numerically solved for de. In this analysis, the Newton–Raph-

son method is used [12]. With de now known, he can be

obtained directly using

he ¼ RTe

�
se

��
vao

vs

�
d

þ
�

var

vs

�
d

�
se ;de

þde

��
var

vd

�
s

�
se ;de

þ1

	
(36)

2.5. Isothermal process (non-ideal)

In this case, Eq. (8) becomes

ðNi þ KtÞdu
dt
¼ _Q þ ðhe � uÞK (37)

Then,

ðNi þ KtÞRTc
d
dt

��
vao

vs

�
d

þ
�

var

vs

�
d

�
¼ _Q þ ðhe � uÞK (38)

For an isothermal condition ðds=dt ¼ 0Þ, it can be shown

from Eq. (A-5) in Appendix that d=dt½ðvao=vsÞd� ¼ 0. Solving for
_Q, Eq. (38) becomes

Table 1 – Parameters and coefficients of the normal
hydrogen used in ao.

k ak bk

1 �1.4579856475 –

2 1.888076782 –

3 1.616 �16.0205159149

4 �0.4117 �22.6580178006

5 �0.792 �60.0090511389

6 0.758 �74.9434303817

7 1.217 �206.9392065168

Table 2 – Parameters and coefficients of the normal
hydrogen used in ar.

i Ni ti di pi fi bi gi Di

1 �6.93643 0.6844 1 0 – – – –

2 0.01 1 4 0 – – – –

3 2.1101 0.989 1 0 – – – –

4 4.52059 0.489 1 0 – – – –

5 0.732564 0.803 2 0 – – – –

6 �1.34086 1.1444 2 0 – – – –

7 0.130985 1.409 3 0 – – – –

8 �0.777414 1.754 1 1 – – – –

9 0.351944 1.311 3 1 – – – –

10 �0.0211716 4.187 2 – �1.685 �0.171 0.7164 1.506

11 0.0226312 5.646 1 – �0.489 �0.2245 1.3444 0.156

12 0.032187 0.791 3 – �0.103 �0.1304 1.4517 1.736

13 �0.0231752 7.249 1 – �2.506 �0.2785 0.7204 0.67

14 0.0557346 2.986 1 – �1.607 �0.3967 1.5445 1.662
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_Q ¼ ðNi þ KtÞRTc
d
dt

��
var

vs

�
d

�
� ðhe � uÞK (39)

In Case 2.2, the heat removal rate, _Q, is constant for an ideal

gas during an isothermal refilling process; however, Eq. (39)

shows that for a non-ideal gas, the heat removal rate is not

constant. This is due to the fact that the molar internal energy

of a non-ideal gas is a function not only of temperature but

also of density, and density is not constant during a refilling

process because material is being added to the system. For an

ideal gas, the molar internal energy is only a function of

temperature. It can be easily shown that for an ideal gas

(ar¼ 0), Eq. (39) reduces to Eq. (17). Eq. (39) is used to calculate
_Q needed to maintain a given isothermal condition in the tank

during refilling. The pressure at any given time during refilling

can be obtained using Eqs. (32) and (34).

2.6. Diathermal process (non-ideal)

Following the same procedure as outlined in Case 2.3, Eq. (8)

becomes

du
dt
¼ 1

Ni þ Kt
½UHTAðTN � TÞ þ ðhe � uÞK� (40)

Substituting Eq. (30) into Eq. (40),

d
dt

��
vao

vs

�
d

þ
�

var

vs

�
d

�
¼ 1

RTcðNi þ KtÞ

�
UHTA

�
TN �

Tc

s

�
þ heK

�RTc

��
vao

vs

�
d

þ
�

var

vs

�
d

�
K

	
(41)

Eq. (41) can be non-dimensionalized using bt and sNhTc=TN.

d

dbt
��

vao

vs

�
d

þ
�

var

vs

�
d

�
¼ 1

ð1þ btÞ UHTA
KR

�
1
sN

� 1
s

�
þ he

RTcð1þ btÞ
� 1

ð1þ btÞ
��

vao

vs

�
d

þ
�

var

vs

�
d

�
(42)

For comparison to Case 2.3, Eq. (42) can be re-written in

terms of St by making use of the following expression for cv

[10,11].

cv

R
¼ �s2

��
v2ao

vs2

�
d

þ
�

v2ar

vs2

�
d

�
(43)

d

dbt
��

vao

vs

�
d

þ
�

var

vs

�
d

�
¼ St

ð1þ btÞ
�

1
s
� 1

sN

�
s2

��
v2ao

vs2

�
d

þ
�

v2ar

vs2

�
d

�

þ he

RTcð1þ btÞ � 1

ð1þ btÞ
��

vao

vs

�
d

þ
�

var

vs

�
d

�
(44)

Note that it can be easily shown that Eq. (44) is identical to

Eq. (24) for an ideal gas (ar¼ 0). With d ¼ Ni þ Kt=Vrc, Eq. (44)

has the form of ds=dbt ¼ fðs;btÞ and can be solved for s (or T )

numerically for any given he, sN, and St. With sðbtÞ known, PðbtÞ
can be calculated using Eq. (32). A 4th-order Runge-Kutta

scheme [12] is used here for the analysis.

3. Case studies

To illustrate the various cases discussed above, a set of

initial conditions in the tank and in the feed stream is

selected, which is listed in Table 3. Some of the values in

the table are representative of the conditions in the current

proposed onboard applications. The tank volume, V, is

assumed to be 0.0724 m3 (72.4 L) which is commensurate to

the current carbon fiber-reinforced composite compressed

hydrogen gas tank (Type HGV-4) volume [13]. Based on the

U.S. DOE 2010 technical target for onboard hydrogen

storage refilling time of 3 min for 5 kg of compressed

hydrogen [1], a constant molar feed-rate of 14 mole/s is used

in the analysis. The initial temperature and pressure in the

tank are arbitrarily chosen to be 295 K and 0.2� 106 Pa

respectively although other values can be assigned. In

practice, the initial tank pressure is much higher than

0.2� 106 Pa at refueling.

Fig. 5 shows the dimensionless tank temperature as

a function of the dimensionless time during refilling under

adiabatic condition for ideal and non-ideal cases. In order

to check consistency and ensure that the computation is

Table 3 – Parameters used for the case studies.

Ti 295 K

Pi 0.2� 106 Pa

V 0.0724 m3

Te 300 K

Pe 35� 106 Pa

K 14 mole/s

TN 295 K
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Fig. 5 – Dimensionless tank temperature as a function of

dimensionless time for an adiabatic refilling process of

hydrogen treated as an ideal or a non-ideal gas.
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free of programming errors, the calculated results using

the ideal-gas law formulation, Eq. (15) with g¼ 1.4, and

those based on the fundamental EOS expressed in the form

of the reduced Helmholtz free energy with the residual

contribution, ar, set to zero are both plotted in Fig. 6 and

are shown to be essentially identical. Fig. 6, which contains

the same information as given in Fig. 5 but plotted differ-

ently, clearly shows that the tank temperature increases

initially and then levels off as time progresses during

refilling. For the case of the ideal gas, the asymptotic value

of the tank temperature T as t / N is gTi (¼gTe) in this

case, as indicated in Eq. (13). The tank temperature at any

given time is predicted to be higher if the gas is treated as

non-ideal instead of ideal.

The dimensionless tank pressure as a function of the

dimensionless time under adiabatic refilling condition is

Adiabatic
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Fig. 6 – Temporal variation of dimensionless tank

temperature for an adiabatic refilling process of hydrogen

treated as an ideal or a non-ideal gas.
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Fig. 7 – Temporal variation of dimensionless tank pressure

for an adiabatic refilling process of hydrogen treated as an

ideal or a non-ideal gas.

Isothermal at 295 K
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Fig. 8 – Temporal variation of dimensionless tank pressure

for an isothermal refilling process of hydrogen treated as

an ideal or a non-ideal gas.
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Fig. 9 – Dimensionless tank temperature as a function of

dimensionless time for a diathermal refilling process of

hydrogen treated as an ideal or a non-ideal gas.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 6 7 1 2 – 6 7 2 16718



Author's personal copy

shown in Fig. 7. Comparing to the non-ideal analysis, the

ideal-gas calculations indicate lower tank pressures at any

given time and longer filling time at any given target final tank

pressure.

Fig. 8 shows the dimensionless tank pressure as a function

of the dimensionless time under isothermal (same as initial

tank temperature) condition. The ideal-gas approach again

predicts lower tank pressure and longer filling time.

Figs. 9 and 10 show the dimensionless tank temperature as

a function of the dimensionless time, expressed in two different

ways, under diathermal refilling conditions with four different

values for the heat transfer Stanton number. Since the results

obtained using Eq. (25) with g¼ 1.4 are essentially identical to

thosecalculatedusing the fundamentalEOS with ar¼ 0, theyare

not plotted in the two data-populated figures for sake of clarity.

At St¼ 0, the results are identical to those obtained at adiabatic

condition, irrespective of whether the gas is treated as ideal or

non-ideal. At large St, in this case St¼ 100, the filling process is

approaching an isothermal condition. Independent of the value

of the Stanton number, the tank temperatures calculated using

the ideal-gas assumption are always lower than those obtained

using the non-ideal approach.

The temporal variation of the dimensionless tank pressure

under several diathermal filling conditions is shown in Fig. 11.

For all the conditions considered, the ideal-gas calculations

under predict the tank pressures. For a given target tank P, the

refilling time is the shortest under adiabatic condition (St¼ 0)

and is the longest under isothermal condition (St¼ 100) with the

tank being maintained at the initial tank temperature. Irre-

spective of ideality or non-ideality, the adiabatic and isothermal

conditions can be viewed, respectively, as the lower and upper

bounds of the refilling time for a given final target tank pressure.

4. Conclusions

A thermodynamic and heat transfer analysis of the refueling

process of a gaseous hydrogen fuel tank for onboard vehicular

applications has been performed. During the refilling process,

the tank is treated as adiabatic, isothermal, or diathermal.

Ideal and non-ideal behaviors of hydrogen are considered in

the analysis. Non-ideality is treated using the newly devel-

oped equation of state for normal hydrogen, which is based on

the reduced Helmholtz free energy formulation. With the

ideal-gas assumption, simple analytical expressions were

derived for the tank temperature and pressure during adia-

batic, isothermal, and diathermal refueling conditions.

Although a constant feed-rate is assumed in this study, the

analysis can be readily expanded to include variable feed-

rates, which may not result in closed-form expressions for the

tank temperature and pressure, even in the case of an ideal

gas. Comparing to the non-ideal analysis, lower tank

temperatures and pressures and longer filling times are

always predicted when the ideal-gas assumption is invoked in

the calculations irrespective of the refilling conditions.
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Fig. 10 – Temporal variation of dimensionless tank

temperature for a diathermal refilling process of hydrogen

treated as an ideal or a non-ideal gas.
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Fig. 11 – Temporal variation of dimensionless tank

pressure for a diathermal refilling process of hydrogen

treated as an ideal or a non-ideal gas.
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