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ABSTRACT 

The European Regulations on type-approval of hydrogen vehicles require thermally-activated pressure 

relief device (TPRD) to be installed on hydrogen onboard storage tanks to release its content in a fire 

event to prevent its catastrophic rupture. The aim of this study is to develop a model for design of an 

inherently safer system TPRD-storage tank. Parameters of tank materials and hydrogen, external heat 

flux from the fire to the tank wall, TPRD diameter, time to initiate TPRD are input parameters of the 

model. The energy conservation equation and real gas equation of state are employed to describe the 

dynamic behaviour of the system. The under-expanded jet theory developed previously for adiabatic 

release from a storage tank is applied here to non-adiabatic blowdown of a tank in a fire. Unsteady 

heat transfer equation is used to calculate heat conduction through the tank wall. It includes the 

decomposition of the wall material due to high heat flux. The convective heat transfer between tank 

wall and hydrogen is modelled through the dimensionless Nusselt number correlations. The model is 

validated against two types of experiments, i.e. realistic (non-adiabatic) blowdown of high-pressure 

storage tank and failure of a tank without TPRD in a fire. The model is confirmed to be time efficient 

for computations and accurately predicts the dynamic pressure and temperature of the gas inside the 

tank, temperature profile within the tank wall, time to tank rupture in a fire and the blowdown time. 

NOMENCLATURE 

Symbol Parameter  Unit 

Aint Internal surface of tank m2 

b Co-volume constant of gas in Abel-Noble equation m3/kg 

CD Discharge coefficient - 

cp,air Specific heat capacity of air J/kg/K 

cp,g Specific heat capacity of gas inside tank at constant pressure J/kg/K 

cpw Specific heat capacity of tank wall material 

(carbon fibre reinforced polymer (CFRP): cp wall (CFRP);  

liner: cp wall (liner)) 

J/kg/K 

Dext External diameter of tank m 

Dint Internal diameter of tank m 

D2 Diameter of orifice (real nozzle) m 

D3 Diameter of notional nozzle m 

g Acceleration of gravity m/s2 

Hd Latent heat due to the melting of resin J/kg 

hout Enthalpy going out of the tank J/kg 

kext Heat transfer coefficient at the external surface of wall  W/m2/K 

kint Heat transfer coefficient at the internal surface of wall W/m2/K 

ṁ Entrainment mass flow rate Kg/s 

m1 Mass of the gas in tank  kg 

m1
0 Initial mass of the gas in tank  kg 

n Control volume number - 

NuDin Nusselt number inside tank - 

Pamb Ambient pressure Pa 

P1 Pressure inside tank Pa 

P2 Pressure at orifice Pa 

P1
0 Initial pressure inside tank Pa 
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Prair Prandtl number of air - 

Q Heat into a system due from the surroundings J 

RaDin Rayleigh number of gas inside tank - 

Rg Hydrogen gas constant m2/s2/K 

S Source term J/m3/s 

Tamb Ambient temperature K 

T1 Temperature of gas inside tank K 

Tw(ext) Temperature of the external surface of tank K 

Tw(int) Temperature of the internal surface of tank K 

T2 Temperature of gas at orifice K 

T3 Temperature of gas at notional nozzle K 

T1
0 Initial temperature of gas inside tank K 

Tmelt1 Temperature of initiation of resin decomposition K 

Tmelt2 Temperature of termination of resin decomposition K 

Tw(n) Temperature of wall at the grid-point “n” K 

Tw Temperature of wall K 

Tw
0  Initial temperature of wall  K 

t Time s 

uair Velocity of surrounding air m/s 

u2 Velocity at orifice m/s 

u3 Velocity at notional nozzle m/s 

U Total internal energy of gas inside tank J 

V Volume of tank m3 

λg Thermal conductivity of gas W/m/K 

μg Dynamic viscosity of gas Pa.s 

μair Viscosity of air Pa.s 

λair Thermal conductivity of ambience W/m/K 

ρair Density of air kg/m3 

λw Thermal conductivity of tank wall  

(CFRP: λwall (CFRP); liner: λwall (liner)) 

W/m/K 

ρ1
0 Initial density of the gas inside the tank kg/m3 

ρ1 Density of gas inside tank kg/m3 

ρ2 Density of gas at orifice kg/m3 

ρ3 Density of gas at notional nozzle kg/m3 

ρw Density of tank wall  

(CFRP: ρwall (CFRP); liner: ρwall (liner)) 

kg/m3 

β Thermal expansion coefficient of gas inside tank K-1 

βd Decomposition fraction - 

γ Ratio of the specific heats  - 

 

1.0 INTRODUCTION 

Hydrogen is stored onboard in composite tanks at nominal working pressure of 35 MPa (buses) to 70 

MPa (cars). When exposed to a fire the external side of the tank wall starts to degrade and tank 

gradually loses its load bearing ability over the time. Due to heat transfer through the tank wall 

temperature and pressure inside the tank start to grow. Eventually, when the degradation temperature 

front reaches a certain thickness of the tank wall where it meets the load bearing thickness of the wall, 

tank rupture occurs. This is accompanied by catastrophic consequences, i.e. devastating blast wave, 

fireball and projectiles [1]. The fire resistance rating (FRR), i.e. time span from a fire start to tank 

rupture in the absence of thermally-activated pressure relief device (TPRD) mimicking its failure to 

operate or its blockage in an accident, of currently used tanks is about 6-12 min [2], [3]. The 



3 

quantitative risk assessment [4] demonstrated that composite hydrogen storage tanks with FRR=6-12 

min have a risk of human life loss in an road accident escalating to a fire and consequently the tank 

rupture of 3.14 ∙ 10−3 fatality/vehicle/year on London roads. This is two and half orders of magnitude 

above the acceptable level of risk of 10−5. The cost associated with loss of life in the accident in this 

case is 4.03M £/accident [4]. The European Regulations on type-approval of hydrogen vehicles 

require TPRD to be installed on hydrogen onboard tanks to release its content in a fire event and 

therefore prevent the catastrophic consequences of tank rupture. When a blowdown of hydrogen 

through TPRD is initiated, temperature inside the tank decreases due to gas expansion. The heat 

transfer through the tank wall and the wall degradation are affected by two competing processes: the 

increase of wall temperature due to heat flux from the fire, and the decrease of the wall temperature 

because of the drop of gas temperature inside the tank. Thus, the wall degradation front propagation 

slows down in conditions of blowdown compared to the case of closed vessel.   

Inherently safer design of a tank-TPRD system is a challenging task with various parameters and 

processes involved, including tank volume, storage pressure, TPRD release diameter, TPRD initiating 

time, conductive heat transfer through the wall, convective heat transfer from the fire to the wall and 

from the wall to the gas inside the tank, wall material degradation due to the fire, etc. Experimental 

parametric study of these phenomena is an expensive task if possible at all. Computational fluid 

dynamics (CFD) is an alternative contemporary method to essentially decrease or even avoid the 

expensive experiments. However, CFD simulations are not time efficient [5]. 

The present study aims at development of the physical model for the inherently safer design of a 

pressurised tank-TPRD system. The model accounts for the conductive heat transfer through the tank 

wall caused by the convective heat transfer at the external side of the wall (either ambient conditions 

or fire) and the conductive heat transfer at the internal side of the tank wall between the gas and the 

wall. The TPRD release orifice size and its activation time are taken into consideration. The model 

predicts accurately pressure and temperature dynamics inside the tank during blowdown and the 

blowdown time. It predicts accurately as well the fire resistance rating of the tank, i.e. time to rupture 

of the tank in a fire. 

2.0 PHYSICAL MODEL 

The described below non-adiabatic blowdown model calculates pressure and temperature dynamics 

inside a tank for different conditions. The under-expanded jet theory [6] is used to calculate the gas 

parameters at the TPRD exit and at the notional nozzle exit. Figure 1 shows schematically different 

parts of a tank used in this study. Conductive heat transfer through the tank wall is calculated by 

exploiting one dimensional unsteady heat transfer equation using the finite-difference method [7]. The 

decomposition of the composite tank wall material (resin degradation) when temperature exceeds the 

decomposition value is modelled as [8]–[12]. To calculate the heat transfer coefficient for the natural 

and forced convection, Nusselt number correlations are applied [13]. 



4 

 

Figure 1. Schematic diagram of a pressurised tank: (1) internal tank space with gas, (2) actual nozzle 

exit of TPRD, (3) notional nozzle exit. 

Hydrogen parameters are related through Abel-Noble real gas equation of state (EOS) [14] 

𝑃1 = 𝑍𝜌1𝑅𝐻2
𝑇1,                                                                                                                                                       (1) 

where 𝑍 = 1 (1 − 𝑏𝜌1)⁄  is the compressibility factor, 𝑃1, 𝜌1 and 𝑇1 are the pressure, the gas density 

and the gas temperature inside the tank respectively. 

The first law of thermodynamic is used to bring together the rate of change of internal energy of 

hydrogen in the tank, the rate of heat transfer to/from hydrogen through the tank wall, composed of a 

composite polymer and a liner with different thermodynamic parameters, and the rate of enthalpy 

going out of the tank by hydrogen outflow 

𝑑𝑈

𝑑𝑡
=

𝑑𝑄

𝑑𝑡
− ℎ𝑜𝑢𝑡

𝑑𝑚

𝑑𝑡
,                                                                                                                                            (2) 

where the enthalpy of the gas going out of the tank is ℎ𝑜𝑢𝑡 = 𝑐𝑝,𝑔𝑇1 + 𝑏𝑃1. 

The internal energy of real gas is calculated as [16] 

𝑈 =
𝑃1(𝑉 − 𝑚1𝑏)

𝛾 − 1
,                                                                                                                                                 (3) 

The rate of heat transfer by convection through the internal tank surface wall is modelled as [17] 

d𝑄

d𝑡
= 𝑘𝑖𝑛𝑡𝐴𝑖𝑛𝑡(𝑇𝑤(𝑖𝑛𝑡) − 𝑇1).                                                                                                                              (4) 

The value of heat transfer coefficient at internal tank surface 𝑘𝑖𝑛𝑡 is calculated as a function of Nusselt 

number, internal tank diameter, and the gas thermal conductivity which is interpolated for different 

pressure and temperature from [18], respectively as 

1

Ttank

T
w (liner)

T
w (CFRP)

Tamb T
w (ext)

T
w (int)

External surface of the wall: convection (ambience-wall external surface)

Wall: conduction (tank wall, i.e. CFRP, liner)

Internal surface of the wall: convection (wall internal surface-inside gas)

kext

kint

2 3
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𝑘𝑖𝑛𝑡 =
𝜆𝑔 × 𝑁𝑢𝐷𝑖𝑛

𝐷𝑖𝑛𝑡
.                                                                                                                                                (5) 

Natural convection Nusselt number, 𝑁𝑢𝐷𝑖𝑛, is calculated by the empirical equation [13] 

 𝑁𝑢𝐷𝑖𝑛 = 0.104 × (
𝑔𝛽|𝑇1 − 𝑇𝑤(𝑖𝑛𝑡)|𝑐𝑝,𝑔(𝜌1)2𝐷𝑖𝑛𝑡

3

𝜇𝑔𝜆𝑔
)

0.352

.                                                                          (6) 

Differentiating Eq. (3) and considering the rate of heat transfer, defined by Eq. (4), the differential 

equation for calculation of hydrogen pressure in the tank, 𝑃1, can be obtained from Eq. (2) 

d𝑃1

d𝑡
=

𝑑𝑚
𝑑𝑡

∙ (
𝑃1

𝛾 − 1
− 𝑐𝑝,𝑔 ∙ 𝑇1) + 𝑘𝑖𝑛𝑡𝐴𝑖𝑛𝑡(𝑇𝑤(𝑖𝑛𝑡) − 𝑇1)

𝑉 − 𝑚1 ∙ 𝑏
𝛾 − 1

.                                                                          (7) 

The density is calculated as 𝜌1 =
𝑚1

𝑉
 and it is followed by using Eq. (24) [14] to calculate the 

temperature of the hydrogen inside the tank in the assumption of uniformity of hydrogen temperature 

throughout the tank (T1)                                                 

𝑇1 =
𝑃1(1 − 𝑏𝜌1)

𝜌1𝑅𝐻2

.                                                                                                                                                  (8) 

The under-expanded jet theory [6], [15] is used for the calculation of parameters at the actual nozzle 

exit and notional nozzle exit. To find the gas density at the actual (TPRD) nozzle exit, 𝜌2, the 

following transcendental equation of isentropic expansion [15] is included into the system of equations  

[
𝜌1

1 − 𝑏𝜌1
]

𝛾

= [
𝜌2

1 − 𝑏𝜌2
]

𝛾

∙ [1 + (
𝛾 − 1

2(1 − 𝑏𝜌2)2
)]

𝛾
𝛾−1⁄

.                                                                               (9) 

The temperature of the gas at the TPRD exit is calculated by using the energy conservation equation 

for gas inside the tank and at the actual nozzle exit in the form [15] 

𝑇1

𝑇2
= 1 +

𝛾 − 1

2(1 − 𝑏𝜌2)2
.                                                                                                                                       (10) 

Abel-Noble EOS [14] is used for the calculation of pressure at the actual nozzle exit 

𝑃2 =
𝜌2𝑅𝑔𝑇2

1 − 𝑏𝜌2
.                                                                                                                                                       (11) 

Considering the chocked flow at the orifice, the gas velocity is assumed to be equal to the local sound 

velocity [14], [15], hence the flow velocity from the actual nozzle (TPRD) exit is  

𝑢2 =
(𝛾𝑅𝑔𝑇2)

0.5

1 − 𝑏𝜌2
.                                                                                                                                                 (12) 

The gas velocity at the notional nozzle is assumed to be equal to the local sound velocity, hence the 

energy conservation equation in the form of [6], [15] is employed to calculate the temperature at the 

notional nozzle 

𝑇3 =
2𝑇2

𝛾 + 1
+

(𝛾 − 1)

(𝛾 + 1)
∙

𝑃2

𝜌2(1 − 𝑏𝜌2)𝑅𝑔
.                                                                                                        (13) 
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Considering the gas pressure at the notional nozzle to be equal to the ambient pressure (Pamb), Abel-

Noble EOS [14] is employed to calculate the gas density at the notional nozzle 

𝜌3 =
𝑃𝑎𝑚𝑏

𝑃𝑎𝑚𝑏𝑏 + 𝑅𝑔𝑇3
.                                                                                                                                           (14) 

The gas velocity at the notional nozzle is then calculated by the expression of local sound velocity [6], 

[15] 

𝑢3 =
(𝛾𝑅𝑔𝑇3)

0.5

1 − 𝑏𝜌3
.                                                                                                                                                 (15) 

The continuity equation between the actual and the notional nozzle is used to calculate the diameter of 

the notional nozzle followed by the equation for mass flow rate, �̇� =
𝑑𝑚

𝑑𝑡
,   

𝐷3 = 𝐷2√𝐶𝐷

𝜌2𝑢2

𝜌3𝑢3
,                                                                                                                                              (16) 

�̇� =
𝜌3𝑢3𝜋(𝐷3)2

4
,                                                                                                                                                (17) 

where D2 is the actual nozzle diameter, D3 is the notional nozzle diameter and CD is the discharge 

coefficient, which is introduced into the model for accounting for possible friction and minor losses in 

the TPRD. At each time step, ṁ is updated and is used as an input to Eq. (7). 

The model solves the unsteady heat conduction equation through the tank wall which can be found 

elsewhere [7]  

𝜌𝑤𝑐𝑝𝑤

𝑑𝑇𝑤

𝑑𝑡
=

𝑑

𝑑𝑥
(𝜆𝑤

𝑑𝑇𝑤

𝑑𝑥
) + 𝑆.                                                                                                                      (18) 

The heat of resin degradation, i.e. energy required to decompose the resin, is introduced in a form of 

the energy sink term, S. This heat is consumed within the range of resin decomposition temperatures 

known from literature [19]–[23]. The source term 𝑆 in Eq. (18) is implemented following [8]–[12] 

𝑆 = −𝜌𝑤𝛽𝑑

𝑑𝐻𝑑

𝑑𝑡
,                                                                                                                                                 (19) 

where 𝛽𝑑 is the decomposition fraction and 𝐻𝑑 is the latent heat due to the melting of resin. The value 

of fraction 𝛽𝑑 changes between 0 and 1 in each control volume of the wall, as governed by the 

following conditions 

{
βd = 0                   if Tw(n) < Tmelt1 or Tw(n) > Tmelt2   

βd = 1                                      if Tmelt1 ≤ Tw(n) ≤ Tmelt2
, 

where Tmelt1 and Tmelt2 are the initiation temperature and termination temperature for the 

decomposition of resin, respectively.  

The fraction βd turns 1 as the temperature of a control volume is in the range of Tmelt1 to Tmelt2. 

Therefore, the energy (latent heat) is sunk in this control volume. The rate of the latent heat change 

(
𝑑𝐻𝑑

𝑑𝑡
) over decomposition temperature range is presented in Fig. 2 and expressed in the following form 
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𝑑𝐻𝑑

𝑑𝑡
=

𝑑𝑇𝑤

𝑑𝑡
∙

𝐻𝑑

𝑇𝑚𝑒𝑙𝑡2 − 𝑇𝑚𝑒𝑙𝑡1
.                                                                                                                          (20) 

 

Figure 2. Schematic diagram of latent heat linearization over the decomposition temperature range. 

The conservation of energy requires the equality of the convective heat flux between gas and the wall 

to the conductive heat flux at the wall boundary. Thus, boundary conditions at internal and external 

surfaces of the tank are defined by Eq. (21) and Eq. (22) respectively 

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
"    (𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) = 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

" − 𝜆𝑤

𝑑𝑇𝑤 (𝑛)

𝑑𝑥
|
𝑛=𝑖𝑛𝑡

= 𝑘𝑖𝑛𝑡(𝑇1 − 𝑇𝑤 (𝑖𝑛𝑡)),                             (21) 

 𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
"    (𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) = 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

" ⇒ −𝜆𝑤

𝑑𝑇𝑤 (𝑛)

𝑑𝑥
|

𝑛=𝑒𝑥𝑡
= 𝑘𝑒𝑥𝑡(𝑇𝑤 (𝑒𝑥𝑡) − 𝑇𝑎𝑚𝑏).                (22) 

It was observed previously and published elsewhere [7,21] that the external convective heat transfer 

coefficient, 𝑘𝑒𝑥𝑡, does not have a significant effect on heat transfer. For the model validation of the 

blowdown phenomenon without a fire, the value of 𝑘𝑒𝑥𝑡 is then accepted to be 6 W/m2/K in our study 

following [21]. For the model validation of the case of tank rupture in a fire without blowdown (closed 

tank without activated TPRD), the heat flux dynamics on the dome part of the tank was extracted from 

the full 3D CFD simulation and it was implemented in the model as a function of time 

q" = −5 ∙ 10−10𝑡5 + 1 ∙ 10−6𝑡4 − 0.0013𝑡3 + 0.6489𝑡2 − 185.73𝑡 + 54166.                                 (23) 

For the case of tank rupture in a fire without blowdown problem, Eq. (22) is simplified in the form of  

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
"    (𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) = 𝑞𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

" ⇒     −𝜆𝑤

𝑑𝑇𝑤 (𝑛)

𝑑𝑥
|
𝑛=𝑒𝑥𝑡

= 𝑞".                                                  (24) 

The system of equations is solved iteratively. Before the start of calculations, the mass flow rate is 

�̇�0 =0 kg/s. Initial conditions (iteration number 𝑖 = 0) are 

𝜌1
0 =

𝑃1
0

𝑃1
0∙𝑏+𝑅g∙𝑇1

0, 

 𝑚1
0 = 𝑉 ∙ 𝜌1

0, 

dt

Tmelt 1

Tmelt 2

tmelt 1 tmelt 2

Time

T
em

p
er

at
u
re

dTw
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𝑁𝑢𝑖𝑛𝑡
0 = 0.104 × (

𝑔𝛽|𝑇1
0−𝑇𝑤(𝑖𝑛𝑡)

0 |𝑐𝑝,𝑔(𝜌1
0)

2
𝐷𝑖𝑛𝑡

3

𝜇𝑔𝜆𝑔
)

0.352

, 

𝑘𝑖𝑛𝑡 𝑛𝑎𝑡𝑢𝑟𝑎𝑙
0 =

𝜆𝑔∙𝑁𝑢𝑖𝑛𝑡 𝑛𝑎𝑡𝑢𝑟𝑎𝑙
0

𝐷𝑖𝑛𝑡
. 

The model input parameters are presented in Table 1. The model can predict the dynamics of gas 

temperature and pressure inside the tank, the temperature profile within the load bearing wall and the 

liner, the blowdown time or the fire resistance rating (time to tank rupture in a fire). 

Table 1. Input parameters, calculation procedure and output parameters. 

Input parameters 

𝑉, 𝑏, 𝛾, 𝑇𝑎𝑚𝑏,  𝑞", 𝑇1
0, 𝑇𝑤

0, 𝑃1
0, 𝐴𝑖𝑛𝑡, ∆𝑥, ∆𝑡, 𝑅𝑔, 𝜌𝑤(𝑛), 𝑐𝑝 𝑤(𝑛), 𝜆𝑤, 𝑘𝑒𝑥𝑡, 𝐷𝑖𝑛𝑡, 𝑔, 𝛽, 𝑇𝑤

0, 

𝑘𝑖𝑛𝑡
0 , 𝑐𝑝,𝑔, 𝜇𝑔, 𝜆𝑔, 𝜌1

0,  𝑚1
0  

Calculation procedures 

Step No. Output parameters 

1 Hydrogen mass in tank, (𝑚1
𝑖 = 𝑚1

𝑖−1 + (
𝑑𝑚

𝑑𝑡
) ∆𝑡) 

2 Hydrogen density in tank, 𝜌1 =
𝑚1

𝑉
 

3 Pressure change (ramp) in tank (
𝑑𝑃𝑡𝑎𝑛𝑘

𝑑𝑡
), Eq. (7)  

4 Hydrogen pressure in tank (𝑃1), 𝑃1
𝑖 = 𝑃1

𝑖−1 + (
𝑑𝑃1

𝑑𝑡
) ∆𝑡 

5 Hydrogen temperature in tank (𝑇1), Eq. (8) 

6 Hydrogen density at orifice (𝜌2), Eq. (9) 

7 Hydrogen temperature at orifice (𝑇2), Eq. (10) 

8 Hydrogen pressure at orifice (𝑃2), Eq. (11) 

9 Hydrogen velocity at orifice (𝑢2), Eq. (12) 

10 Hydrogen temperature at notional nozzle (𝑇3), Eq. (13) 

11 Hydrogen density at notional nozzle (𝜌3), Eq. (14) 

12 Hydrogen velocity at notional nozzle (𝑢3), Eq. (15) 

13 Diameter of notional nozzle (𝐷3), Eq. (16) 

14 Mass flow rate (�̇� =
𝑑𝑚

𝑑𝑡
), Eq. (17) 

16 Transient temperature within tank wall (𝑇𝑤), Eq. (18) 

17 Temperature at the wall internal surface (𝑇𝑤 (𝑖𝑛𝑡)), Eq. (21) 

18 Temperature at the wall external surface (𝑇𝑤 (𝑒𝑥𝑡)),  

Eq. (22) in the case of blowdown with no fire; 

Eq. (24) in the case of tank rupture in a fire 

20 Heat transfer coefficient at the internal surface of the wall (𝑘𝑖𝑛𝑡), Eq. (5) 

21 Repeating steps 1 to 20 if 𝑃1 𝑃𝑎𝑚𝑏⁄  > 1.9. else simulation is stopped. 

3.0 THE MODEL VALIDATION  

The model was validated against two experiments: blowdown of helium from 70 MPa storage tank 

without fire, and the failure of the hydrogen 70 MPa tank in a fire without blowdown.  

3.1 Blowdown test 

The validation experiment was carried out in the HYKA-HyJet research facility at Karlsruhe Institute 

of Technology (KIT). The impinging jet test platform was used with a high-pressure Type IV tank of 

volume 19 litres connected to a release nozzle with 1 mm diameter exit. The storage vessel was firstly 

filled in to 70 MPa by helium and then cooled down to a normal room temperature (293 K) before the 
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start of blowdown test. The tank characteristics are presented in Table 2. Temperature inside the tank 

was measured by a thermocouple installed in the middle of the tank. Pressure dynamics inside the tank 

was also measured during the blowdown test. 

Table 2. Dimensions and properties of tank used in blowdown experiment. 

Parameter Value Reference  

Type IV tank 

Internal volume, L 19 [24] 

Internal diameter, mm 180 [24] 

External diameter, mm 228 [24] 

External length, mm 0.904 [24] 

HDPE* liner 

Thickness, mm 7 [25] 

Thermal conductivity, W/m/K 0.385 [26] 

Specific heat capacity, J/kg/K 1584 [26] 

Density, kg/m3 945 [26] 

CFRP* structural layer 

Thickness, mm 17 [25] 

Thermal conductivity, mm 0.5 [27] 

Specific heat capacity, J/kg/K 1020 [27] 

Density, kg/m3 1360 [27] 

* HDPE: high density polyethylene; AA: aluminium alloy; CFRP: carbon fibre reinforced polymer. 

Table 3 shows input parameters used to perform the blowdown simulations for the described test using 

the model. 

Table 3. Input parameters for the blowdown of helium test (70 MPa, 19 litre Type IV cylinder). 

Parameter Value Reference  

cp,g, J/kg/K Interpolated function [28] 

λg, W/m/K Interpolated function [28] 

β, 1/K Interpolated function [28] 

RHe, Nm/kg/K 2080 [28] 

γg 1.66 [28] 

b, m3/kg 2.67∙10-3 [29] 

Mg, g/mol 4.003 [28] 

g, m/s2 9.81 constant, model assumption 

Tamb, K 293 model assumption 

Pamb, Pa 1.01∙105 model assumption 

T1
0, K 293 KIT experiment 

P1
0, Pa 7.00∙107 KIT experiment 

ρ1
0, kg/m3 8.80∙101 Eq. (29) 

m1
0, kg/m3 1.67 Eq. (30) 

μair, Pa∙s 1.98∙10-5 [30] 

cp,air, J/kg/K 1.01∙103 [30] 

λair, W/m/K 2.57∙10-2 [30] 

ρair, kg/m3 1.21 [30] 

Figure 3 demonstrates the measured and calculated pressure (Fig. 3a) and temperature (Fig. 3b) for 

both the adiabatic blowdown model [6] and the non-adiabatic blowdown model of this study. During 

the simulation for either the adiabatic blowdown model [6] and non-adiabatic blowdown model (this 
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study), the discharge coefficient CD=0.9 is used here similar to [31], which corresponds to the best fit 

of calculated to experimental data. The simulated gas pressure with non-adiabatic blowdown model is 

in an excellent agreement with the experiment (Fig. 3a) and is more accurate compared to the 

adiabatic model. The non-adiabatic model performance for gas temperature inside the tank even more 

impressive (Fig. 3b), closely following the experimental temperature dynamics (within 6% deviation 

from measured values) which is quite opposite to monotonically decreasing temperature dynamics of 

the adiabatic blowdown model.  

 

Figure 3. Simulations versus experimental data for the adiabatic blowdown model [6] and the non-

adiabatic blowdown model (this study): (a) pressure inside the tank; (b) gas temperature inside the 

tank. 

3.2 Tank rupture in a fire test 

The fire test with hydrogen tank was performed at KIT (Germany) using the HYKA-A2 facility in the 

framework of European project H2FC (www.h2fc.eu). The test was performed using 36 litre Type IV 

tank. The length and diameter of the tank were 0.910 m and 0.325 m respectively. The tank was filled 

in with hydrogen to the nominal working pressure (NWP) of 70 MPa. The main purpose of the test 

was to define the fire resistance rating, i.e. time to tank rupture when exposed to a fire. The premixed 

methane-air burner was used inside the large closed facility. To exclude hydrogen combustion after 

the tank rupture the surrounding atmosphere in the facility was filled in with nitrogen. The heat release 

rate of the fire was 170 kW. The details of the fire test, the installation configuration and the 

instrumentations provided fulfilment of the GTR#13 requirements [32] and are explained in [33]. Two 

tests with the same condition were performed in which the tank rupture occurred at 8 min and 3 s in 

Test 1 and 9 min 42 s in Test 2. The tank parameters and thermal properties are shown in Table 4. 

Table 4. Dimensions and properties of tank used in tank failure in a fire experiment. 

Parameter Value Reference  

Type IV tank 

Internal volume, L 36 KIT experiment 

Internal diameter, mm 262 KIT experiment 

External diameter, mm 325 KIT experiment 

External area, m2 0.63 KIT experiment 

HDPE liner 

Thickness, mm 5.27 [23] 

Thermal conductivity, W/m/K 0.4 @ 293 K 

0.2 @ 423 K 

[34] 

Specific heat capacity, J/kg/K 2000 @ 293 K 

2600 @ 423 K 

[34] 

Density, kg/m3 940 [34] 
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Parameter Value Reference  

CFRP structural layer 

Thickness, mm 22.26 [23] 

Thermal conductivity, W/m/K Correlation  [25] 

Specific heat capacity, J/kg/K Correlation  [25] 

Density, kg/m3 1360 [27] 

Latent decomposition heat, 

J/kg 
3.50∙105 [35] 

Decomposition temperature, K  613-633 [19]–[23] 

The GTR#13 requirement to the minimal burst pressure for the CFRP overwrapped Type IV tank is 

2.25 times NWP, or greater (safety factor) whereas the design is maintained in a way it can withstand 

+/-10% of initial burst pressure [32]. Then the transient load bearing fraction of the tank wall thickness 

is Pcurrent (2.25 ∙ NWP)⁄ , where Pcurrent is the transient pressure inside the tank during the fire [33]. 

For a tank with NWP 70 MPa, this means that 1/2.25=0.44 fraction of the tank wall thickness is 

sufficient to withstand the pressure of 70 MPa. In fire conditions, temperature inside the tank and 

consequently the pressure grow, hence the fraction of the wall thickness that can keep the tank intact 

increases. The tank wall thickness fraction that can handle the pressure load whilst the composite resin 

is decomposed without tank rupture is: 1 − [Pcurrent (2.25 ∙ NWP)⁄ ]. Thus, the model calculates the 

time to rupture as the time during which the decomposition temperature of the resin (613 K) front 

reaches depth of the wall equal to 1 − [Pcurrent (2.25 ∙ NWP)⁄ ]. For the tank used in the test the 

rupture is expected at the dome part of the tank where the tank wall is thinner compared to the 

cylindrical part of the wall (Fig. 4).  

  

Figure 4. Tank wall thickness at the cylindrical and the dome section. 

Table 5 presents the input parameter used in the model to reproduce experimental data.  

Table 5. The model input parameters for the tank rupture in a fire test (70 MPa, 36 litre Type IV tank). 

Parameter Value Reference  

cp,g, J/kg/K Interpolated function [18] 

λg, W/m/K Interpolated function [18] 

β, 1/K Interpolated function [18] 

RH2
, Nm/kg/K 4124.24 [18] 

γH2
 1.41 [18] 

b, m3/kg 7.69∙10-3 [29] 

MH2
, g/mol 2.016 [18] 

Tamb, K 308 Model assumption 

Pamb, Pa 1.01∙105 Model assumption 
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Parameter Value Reference  

T1
0, K 308 KIT experiment 

P1
0, Pa 7.01∙107 KIT experiment 

ρ1
0, kg/m3 3.87∙101 Eq. (29) 

m1
0, kg/m3 1.39 Eq. (30) 

 

 

Figure 5. Comparison of model calculations with experimental data: (a) - pressure dynamics inside the 

tank; (b) temperature dynamics inside the tank; (c) time to tank rupture. 

Figure 5 compares the simulated pressure dynamic inside the tank (Fig.5a), temperature dynamics 

inside the tank (Fig.5b) and the fire resistance rating, i.e. time to tank rupture in a fire (Fig. 5c). The 

calculated pressure and temperature are in an excellent agreement with the experimental 

measurements. Considering the described above tank rupture criteria in a fire the calculated by the 

model fire resistance rating (FRR) is 9 min 8 s. This is between two experimental values of FRR, i.e. 8 

min 3 s for Test 1, and 9 min 42 s for Test 2. The physical model is thus confirmed to predict the time 

to tank rupture in a fire with acceptable accuracy (Fig. 5c). 
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4.0 CONCLUSIONS 

The significance of this study is in the development of the non-adiabatic model that can be applied to 

different process involving high-pressure gas storage tanks, including but not limited to blowdown, 

tank rupture in a fire, combination of both, etc. The model accounts for all underlying physical 

phenomena and can be used for the inherently safer design of a system TPRD-storage tank or 

calculation of fire resistance rating of a tank with failed to operate or blocked during an accident 

TPRD. The model accurately predicts thermal behaviour of the gas and the tank wall during 

blowdown, in a fire conditions, etc.  

The rigour of this study is in the model validation against experimental data on: the blowdown of 19 

litres volume Type IV tank with the working pressure of 70 MPa filled in with helium and TPRD 

diameter of 1 mm; the fire test with 36 litres volume Type IV tank with the working pressure of 70 

MPa filled in by hydrogen and without TPRD to determine its fire resistance rating needed by first 

responders to develop their intervention strategies and tactics. The predicted dynamic pressure and 

temperature of gas inside a tank were in excellent agreement with the experiment for both validation 

tests. The calculated fire resistance rating of the tank in a fire is 9 min 8 s. This is in the middle 

between FRR=8 min 3 s in KIT fire Test 1, and 9 min 42 s in Test 2.  

The originality of this study is in: (1) the inclusion of convective and conductive heat and mass 

transfer to the non-adiabatic model of high-pressure composite vessel behaviour in different conditions 

of their use, including processes of blowdown and fire, and (2) the integration of the unique tank 

failure in a fire criterion into the physical model to accurately predict fire resistance rating.  

The model is used in safety engineering as a tool for cost effective and time efficient design of an 

inherently safer tank-TPRD system and calculation of fire resistance rating of high-pressure tank for 

storage of compressed gas. 
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