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. Summary

This document presents an analysis of hydrogen venting after a failure of the 21 L liquid hydrogen (LH2)
target vessel used in the NPDGamma project. Calculations are performed using relief line geometries for
the target installed in the shed at MPF-35 and for the target installed in ER-2. For each of these relief line
geometries, simulations are performed for a case when the 20 psig rupture disk opens and allows
hydrogen vapor to flow through the relief line, and for a case when the 20 psig rupture disk fails to open
and the 30 psig rupture disk must be used for venting. In all cases, the analyses show that the relief pipes
are sized large enough to prevent the generation of excessive pressure levels in the vacuum vessel.

I1. Introduction

The formulation and results of a transient numerical analysis of hydrogen discharge after a rupture of the
LH2 target vessel used in the NPDGamma project are presented here. The analysis assumes that, after a
target vessel rupture, 21 L of LH2 spill into the vacuum space surrounding the target vessel. The
hydrogen is then subjected to a heat load from the ambient, resulting in a pressure rise in the vacuum
vessel. The pressure of the hydrogen in the vacuum vessel increases until the burst pressure of a rupture
disk is reached. After a rupture of the disk, hydrogen vapor flows through the relief piping and is
discharged to the atmosphere. Two distinct relief piping geometries are analyzed here. We consider the
cases when (1) the LH2 target is installed in the shed at MPF-35, and (2) the LH2 target is installed in
ER-2. In each case, simulations are performed for a rupture of the primary (20 psig) rupture disk and for
a case when the primary rupture disk fails to open and we must rely on the secondary (30 psig) rupture
disk for venting. The system geometry and operating conditions are given in Section I1l. In Section IV,
assumptions used in the model are presented. Section V outlines the governing equations used to model
the hydrogen discharge. Results of the hydrogen discharge simulations are then given in Section VI,
followed by conclusions in Section VII.

I11.  Geometry and Operating Conditions

The equations used in the analysis are applied to the system illustrated in Figure 1. Hydrogen
temperature, pressure, density, and velocity are calculated at discrete points or nodes in the system. The
vacuum vessel is treated as one node in the model, while five nodes are included in the relief pipe.
Detailed drawings of the target vessel, vacuum vessel, and relief piping can be found in the NPDGamma
Liquid Hydrogen Target Engineering Document.® The relief pipe geometry listed in Table 1 has been
determined after reviewing the drawings in the engineering document for the system installed in MPF-35

and in ER-2. Listed in the table are lengths (Ax), hydraulic diameters (D, ), and elevation changes (Az)
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for sections of the relief pipe between each node modeled in the system. In addition, the table lists valves
and fittings that are used in each section of the relief pipe. The flow resistance through valves and fittings

are modeled using either loss coefficients (K) or equivalent lengths of straight pipe (Le/D) . The values

used for loss coefficients and equivalent lengths for elbows, tees, the square-edged entrance, and the
check valve are obtained from the text of Fox and McDonald.? The rupture disks used in the system are
Fike model SR-H rupture disks with a reported K =1.88.3 Here, however, we use a more conservative
value suggested by the ASME boiler and pressure vessel code of K =2.4.*

We assume that before the target vessel ruptures, it is filled with 21 L of saturated liquid hydrogen at a
pressure of 1 atm. The vacuum vessel has a total volume of 170 L and a surface area (exposed to ambient
air) of 2 m% After the target vessel rupture, we assume that the hydrogen in the vacuum vessel and the

relief pipe are absorbing a heat flux (q") from the ambient.

IV.  Assumptions

The target vessel rupture and hydrogen venting is a three-step process. First, after the vessel ruptures, the
21 L of LH2 expands to fill the 170 L vacuum space. Second, with the rupture disks closed, the hydrogen
absorbs heat from the wall of the vacuum vessel, resulting in a pressure rise in the constant volume
vacuum space. Third, the rupture disk ruptures, resulting in a flow of hydrogen out of the relief line. The
assumptions used to model each of these processes are:

1. Expansion from the target vessel to the vacuum space.
a. The expansion process is isentropic.

2. Constant volume heat addition.
a. The entire inner surface of the vacuum vessel is covered with liquid and maintained at
ambient temperature. A film boiling heat flux for hydrogen is used.

3. Flow through the relief line.
a. The entire inner surface of the vacuum vessel is covered with liquid and maintained at
ambient temperature. A film boiling heat flux for hydrogen is used.
b. The fluid entering the relief pipe is saturated vapor.
c. The surface temperature of the piping is maintained at ambient temperature.
d. The flow in the relief piping is fully turbulent.

The assumptions listed here will result in a conservative (high) estimate of the maximum pressure
generated in the vacuum space after a failure of the target vessel. Modeling the expansion process as an
ideal isentropic process will maximize the amount of liquid present in the vacuum space. Any real
expansion process will involve heat transfer from the ambient to the hydrogen as well as frictional losses
as the hydrogen flows from the target vessel into the vacuum space. Both the friction and the heat transfer
will increase the entropy and the vapor fraction compared to the ideal process. Modeling the heat transfer
to the hydrogen in the vacuum vessel and relief piping as heat transfer with a boundary temperature equal
to the ambient ignores the effects of conduction through the walls of the vacuum vessel and relief piping,
convection through the surrounding air, and the thermal mass of the vacuum vessel and relief piping.
Ignoring these thermal resistances results in higher heat transfer rates than would actually be present in
the system. Additionally, in the vacuum vessel, we ignore the presence of vapor, and assume that the
entire surface of the vacuum vessel is absorbing the film boiling heat flux. Film boiling is a much more
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efficient heat transfer process than natural convection through vapor, resulting in an overestimate of the
heat flux to the vacuum vessel. Overestimating the heat transfer rates to various components in the
system will overestimate the pressure in the vacuum vessel by increasing the boil-off rate of hydrogen in
the vacuum vessel and by increasing the likelihood of thermal choking in the relief piping.

V. Governing Equations

A Isentropic Expansion

Before the isentropic expansion, the hydrogen is confined to the target vessel with a volume (V, )O =21L,
a pressure (Pl)0 =1 atm, and a quality (xl)0 = 0. The initial pressure and quality define the state of the
fluid, and an equation of state can be used to calculate the initial density (pl)O and the initial entropy

(sl)o. After the expansion process to V, =170 L, the entropy is equal to the initial entropy (isentropic

process), and the mass is equal to the initial mass. The entropy and density of the fluid after the isentropic
expansion are then calculated from
Isentropic process: s =(s) 1)
_ (plvl)o '
Vl
These two independent properties define the state of the hydrogen after the expansion process.

Mass balance: )

)
B. Constant Volume Heat Addition
With the rupture disk closed, the volume that the hydrogen occupies and the mass of hydrogen in the

vacuum vessel are constant. Therefore, the density of hydrogen in the vacuum vessel, during the constant
volume heat addition, does not change with time, or

Mass balance: % =0. (3)
In addition, an energy balance for the closed system is given as
o du

Energy balance: =0q/A,, 4)

a at
where U, is the internal energy of the hydrogen in the vacuum vessel, u, is the specific internal energy,
g, is the heat flux to the hydrogen in the vacuum vessel, and A, , is the surface area of the vacuum vessel.
Using 1% order backward differences to discretize Egs. (3) and (4), shows that
0
Mass balance: p=(p) (5)

Energy balance: A [ul —(ul)o} =qA AL, (6)

where At is the time step, and quantities with superscript 0 are evaluated at the previous time step. The
final fluid state from the expansion process [calculated from Egs. (1) and (2)] is used as an initial
condition to the constant volume heat addition process [Egs. (5) and (6)]. The mass and energy balance
equations in Egs. (5) and (6) allow for a determination of the state of the hydrogen at each time step
(internal energy and density are two independent properties).
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C. Flow from the Vacuum Vessel Through the Relief Piping: Differential Equations

The flow through the relief piping is modeled using the transient macroscopic mass, momentum, and
energy balances.” General forms of the balances used can be written as

dm
Mass: E =PViAG— PiaViaAia (7)
dm
Momentum: F = (:OiVi2 + P| ) Ax,i - (pi+1vi2+l + Pi+l) A&,m _%(pi Ax,i + pi+1A<,i+l)(Zi+l - ) g- Fb (8)
d(KE+U)

Energy: = PRV (% Vi +0z +h )

dt

—PiaPiaVia (%Vizu +07,+ hi+1)+ 001 Aisin ©)

where i is an upstream spatial location, and i+1 is a downstream spatial location. The new variables
appearing in Egs. (7) through (9) are:

A .. Surface area of the control volume from KE Kinetic energy (defined below)
i t0i+1. m Mass (defined below)
A Cross-sectional area at location i . M Momentum (defined below)
' P Pressure
F Boundary forces (defined below) Vv Velocity
g Acceleration due to gravity z Height measured from the vacuum
h Specific enthalpy vessel (positive upward)

The mass, momentum, kinetic and internal energy, and the boundary forces are defined as

m= _[pdV (10)

M = [ pvdv (11)

KE +U :j(%pvzﬂou)dv (12)

Fb = %pi+lvi2+lA<,i+1 { f { AX +%J * Ki_)”l} B P' (A<*i+1 B A(,i ) (13)

where X is the spatial coordinate in the flow direction, Ax is the length of piping between points i and
i+1, f isthe Darcy friction factor, D, is the hydraulic diameter, L,/D is an equivalent length used to

represent losses in valves and fittings, and K is a loss coefficient.
D. Discrete Equations

The differential equations written above are now discretized. To approximate the integrals in Egs. (10)
through (12), we assume that the upstream value of the mass, kinetic energy, and internal energy prevail
over the length of the control volume Ax. This upwind scheme has been suggested for compressible
flows by Karki and Patankar.® Additionally, the volume element dV , in Egs. (10) through (12), is
expressed as

V,  flow from vacuum vessel to relief pipe
dVv = (14)

A, AX flow in the relief pipe
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Using the upwind scheme and Eqg. (14), gives the integral approximations

pV,  flow from vacuum vessel to relief pipe 15
| o ALAX flow in the relief pipe (15)
oVV, =0 flow from vacuum vessel to relief pipe r
| pviAAX flow in the relief pipe (16)
(Vi + oy )V, = puV;  flow from vacuum vessel to relief pipe
KE+U = (17)
(10 + pu; ) A AX flow in the relief pipe
Now we use first-order backward differences to approximate the time derivatives, so that
dam [pl —(pl)o}vl/At flow from vacuum vessel to relief pipe )
dt [pi -(p )0} &]iAx/At flow in the relief pipe
dM 0 flow from vacuum vessel to relief pipe "
o [,oivi ~(pv, )O}A&]iAx/At flow in the relief pipe (19)
d(KE +U)
dt
[ P, —( ,olul)o}v1 /At flow from vacuum vessel to relief pipe
= (20)
|:%pi =3V )O +pou —(pu, )0} Awa/At flow in the relief pipe

For the flow from the vacuum vessel (node 1) into the relief pipe (node 2), the hydrogen in the vacuum
vessel is stagnant, so that v, =0. The discrete forms of the governing equations for the flow from the

vacuum vessel to the relief piping are given by

Mass: [Pl ~(p )OJ = =PV, ALALV, (21)
Momentum: P =(1+K_,/2)p,V; +P, (22)
Energy: |:p1u1 - (plul )OJ = [:01 - (pl )OJ(%VE +h, ) + ql,’AS,lAt/Vl (23)

where Eg. (21) has been used to simplify the energy equation, and the momentum equation has been
obtained by letting A, = A ,.

The discrete forms of the time derivatives can also be substituted into the governing differential equations
to obtain the discrete equations describing the flow in the relief pipe. After the substitutions are made we
have

Mass: |:pi _(pi )O}AX/A'[ =PVi~ PiaVia ( Dh,i+1/Dh,i )2 (24)
Momentum: [,oivi ~(pv; )O}Ax/At = pV2 ~(puV2a+ Py —P)(Dya/Dys )

_%[Pi * Pia ( Dh,i+1/Dh,i )2 J ( Zig— ) g _%pi+lvi2+1 ( Dh,i+1/Dh,i )2 [ f (AX/ Dhjaa + Le/D) + Kiei+1:' (25)
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Energy: |:%pi |2 _%(piviz )0 + piU; _(Piui )O}AX/A'[ = PV (%V.Z +0z, + hi)

_pi+lvi+l (% Vi2+1 + gzi+1 + hi+l)( Dh,i+l/Dh,i )2 + 4qi"—>i+l S_X ’ (26)

h,i
which are obtained after recognizing that for the round cross-section of relief pipe, A ; = 7Z'th’i/4 and

A isia = 7D, AX.

The friction factor is calculated using the formula of Swamee and Jain,’
f =0.25[ log (5.74/Re!3) |, 27)

which is an asymptotic approximation to the Colebrook equation. The expression listed in Eq. (27)
assumes smooth tubes. The Reynolds number appearing in Eq. (27) is defined as

Rei+l = pi+lvi+th,i+1//ui+1 ' (28)
where g, is the dynamic viscosity of the fluid at location i+1.

The heat flux to the fluid flowing in the relief pipe is calculated from Newton’s law of cooling

07, =H (Ts,i»i+1 _Tb,iei+l)’ (29)
where H is the heat transfer coefficient, T, is the temperature of the inner surface of the relief pipe (taken
to be 300 K), and T, ,;,, =3 (T,,, +T;) is an average bulk temperature of the fluid flowing from i to i+1.

i+1
The heat transfer coefficient is estimated using the Dittus-Boulter equation for turbulent flow in tubes,®

H =X 0.23Re2® Pro* (30)

h,i
where k, and Pr, are the thermal conductivity and Prandtl number of the gas, respectively. Both

properties are evaluated at the bulk fluid temperature.
E. Programming

The system of algebraic equations outlined above were programmed in Engineering Equation Solver
(EES) software.” The built-in equation of state for hydrogen in EES was used to calculate all of the fluid
properties needed in the model.’>* EES uses Newton’s method to iteratively solve systems of non-linear
algebraic equations. Because of this capability in EES, linearization of the discrete equations is not
required before attempting a solution. The equations presented in Section V (A-D) are directly written
into and solved by the program.

VI. Results

The results of the isentropic expansion and constant volume heat addition processes are shown in Figures
2 through 4. Figure 2 is a temperature-entropy (T-S) diagram of these processes. As illustrated in the
figure, the process begins with saturated liquid in the target vessel. After the target vessel rupture, an
isentropic (constant entropy) expansion reduces the pressure and temperature of the hydrogen. The
expansion process is followed by the constant volume heat addition process (notice that the line on the
process diagram follows a line of constant specific volume). In Figure 3, the pressure in the vacuum
vessel is shown as a function of time. From the figure, we see that after 1.4 seconds, the 20 psig burst
pressure of the primary rupture disk is reached. If the 20 psig rupture disk fails to open, the burst pressure
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of the secondary (30 psig) rupture disk will be reached in 1.7 seconds. Figure 4 presents the volume
fraction of vapor (or ullage) in the vacuum vessel versus time. The isentropic expansion process produces
90 % vapor in the vacuum vessel. Additional vapor is then produced during the constant volume heat
addition process.

Figures 5 through 9 present the results for the target vessel installed in ER-2 after the 20 psig rupture disk
opens. In Figure 5, hydrogen pressure is plotted as a function of time for each of the six nodes in the
system. From the figure, notice that as soon as hydrogen starts flowing out of the relief line (after the
rupture disk opens at 1.4 seconds) the pressure in the vacuum vessel decreases. This is a significant
result, showing that the capacity of the relief line is adequate to handle the hydrogen discharge after a
failure of the target vessel. The hydrogen temperature at each node in the system is shown in Figure 6.
The figure shows the effect that the heat load to the un-insulated relief lines has on the hydrogen
temperature. In Figure 7, the Mach numbers at each node are plotted. The small Mach numbers in the
system indicate that throughout the venting process, choking of the flow is not an issue in the relief
piping. Figure 8 shows mass flow rates at each point in the system. From the figure, the transient nature
of the venting process can be observed. At the beginning of the venting process, mass accumulates in the
relief pipe, leading to higher mass flow rates in the downstream sections. At later times, however, a mass
balance would indicate that the venting process is approaching a steady-state. Finally, Figure 9 shows the
vapor fraction and the mass of hydrogen in the vacuum vessel after the rupture disk opens. The figure
shows that 3 seconds after the target vessel rupture, roughly one-half of the hydrogen has been discharged
from the vacuum vessel.

The remaining cases that were considered are: the system in ER-2 with the 30 psig rupture disk, the
system in MPF-35 with the 20 psig rupture disk, and the system in MPF-35 with the 30 psig rupture disk.
The results for each of these cases are shown with a series of graphs. For each of the three remaining
simulations, we show hydrogen pressure and Mach number at each point in the system, as well as the
hydrogen mass and the vapor fraction in the vacuum vessel. The results for the system in ER-2 after the
30 psig rupture disk opens are shown in Figure 10. Figure 11 presents the results for the system installed
in MPF-35 after the 20 psig rupture disk opens. Finally, Figure 12 shows the results for the system
installed in MPF-35 after the 30 psig rupture disk opens. In each case, we find that the pressure in the
vacuum vessel decreases as soon as the burst pressure of the rupture disk is reached and hydrogen is
allowed to flow through the relief line. In addition, the hydrogen velocity in the relief piping is never
large enough to cause choking. These results would indicate, once again, that the relief piping is sized
large enough to accommodate the hydrogen discharge after a target vessel rupture.

VII. Conclusions

A transient numerical analysis of the hydrogen discharge from the vacuum space surrounding the
NPDGamma LH2 target vessel after a target vessel failure has been presented. In the analysis,
conservative assumptions that will overestimate the pressure in the vacuum vessel during the venting
process have been used. For example, surface temperatures and heat transfer coefficients in the vacuum
vessel and relief piping have been chosen to overestimate the heat transfer rate to the hydrogen. In
addition, rather than using the manufacturer’s reported value for the flow resistance through the rupture
disk, a more conservative value suggested by the ASME standard has been used. With these conservative
assumptions, the analysis shows that as soon as the burst pressure of the rupture disk is reached, the
pressure in the vacuum vessel decreases. This result indicates that the relief piping is properly sized to
prevent excessive pressure levels in the vacuum vessel after a failure of the LH2 target vessel.
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Table and Figure Captions

Table 1. Relief line geometry for the system installed in MPF-35 and for the system in ER-2.

Figure 1. Geometry used to model the hydrogen discharge. The vacuum vessel is treated as one node in
the model (node 1), while the relief pipe is modeled as five nodes (nodes 2 through 6).

Figure 2. Temperature-entropy diagram for hydrogen showing the isentropic expansion and constant
volume heat addition processes.

Figure 3. Pressure in the vacuum vessel versus time for the constant volume heat addition process. Lines
on the chart show the burst pressure of the rupture disks.

Figure 4. Vapor fraction in the vacuum vessel during the constant volume heat addition.

Figure 5. Hydrogen pressure at each node in the system installed at ER-2 after the 20 psig rupture disk
opens.

Figure 6. Hydrogen temperature at each node in the system installed at ER-2 after the 20 psig rupture
disk opens.

Figure 7. Mach numbers at each node in the system installed at ER-2 after the 20 psig rupture disk opens.

Figure 8. Mass flow rates at each node in the system installed at ER-2 after the 20 psig rupture disk
opens.

Figure 9. Vapor fraction and hydrogen mass in the vacuum vessel for the system installed at ER-2 after
the 20 psig rupture disk opens.

Figure 10. Results for the system installed at ER-2 after the 30 psig rupture disk opens. The figures
show: (a) pressure and (b) Mach number at each node, and (c) vapor fraction and hydrogen mass in the
vacuum vessel.

Figure 11. Results for the system installed at MPF-35 after the 20 psig rupture disk opens. The figures
show: (a) pressure and (b) Mach number at each node, and (c) vapor fraction and hydrogen mass in the
vacuum vessel.

Figure 12. Results for the system installed at MPF-35 after the 30 psig rupture disk opens. The figures
show: (a) pressure and (b) Mach number at each node, and (c) vapor fraction and hydrogen mass in the
vacuum vessel.
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Table 1. Relief line geometry for the system installed in MPF-35 and for the system

12/17/04

in ER-2.
MPF-35
Section | Ax(IY) Dn (in) Az (1Y) K Le/D  |Components in Section*
1to2 0 3.375 0 0.5 0 Square-edged entrance
2t03 2.1 3.375 2.1 0 0
3to4 0.9 4 0 2.4%* 60 Rupture disk and flow through tee
4105 2.5 6 0 0 600 Check valve
5t06 15.7 4 15.7 0 90 Flow through tee and one 90 deg. Bend
ER-2
Section | AX(IY) D (in) Az (it) K LD |Components in Section*
lto2 0 3.375 0 0.5 0 Square-edged entrance
2t03 2.1 3.375 2.1 0 0
3to4 0.9 4 0 2.4** 60 Rupture disk and flow through tee
4t05 30 6 0 0 630 Check valve and flow through 90 deg. bend
5106 79 6 55 0 120 Flow through tee and two 90 deg. bends
* Rupture disk K = 2.4**, Flow through tee L./D = 60, Square-edged entrance K = 0.5,
Flow through 90 deg. bend L./D = 30, Flow through check valve L./D = 600
** per ASME boiler and pressure vessel code

L/D, K Az, g"

(2)

Figure 1. Geometry used to model the hydrogen discharge. The vacuum vessel is
treated as one node in the model (node 1), while the relief pipe is modeled as five
nodes (nodes 2 through 6).
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Figure 2. Temperature-entropy diagram for hydrogen showing the
isentropic expansion and constant volume heat addition processes.

3.3x10°

—
30 psig rupture disk

3.0x10°

2.8x10°

2.5x10°

20 psig rupture disk

2.3x10°

2.0x10°

1.8x10°

Pressure [Pa]

1.5x10°

1.2x10°
1.0x10°
7.5x10%

1.35 seconds

1.71 seconds
A P O A

5.0x10%

2.5x10%

.

0

0.2

0.4

0.6 0.8 1

Time [seconds]

1.2

14

1.6

1.8
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Figure 5. Hydrogen pressure at each node in the system installed at
ER-2 after the 20 psig rupture disk opens.
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Figure 6. Hydrogen temperature at each node in the system installed
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Figure 8. Mass flow rates at each node in the system installed at ER-2
after the 20 psig rupture disk opens.
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Figure 9. Vapor fraction and hydrogen mass in the vacuum vessel for
the system installed at ER-2 after the 20 psig rupture disk opens.
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Figure 10. Results for the system installed at ER-2 after the 30 psig
rupture disk opens. The figures show: (a) pressure and (b) Mach

number at each node, and (c) vapor fraction and hydrogen mass in

the vacuum vessel.
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Figure 11. Results for the system installed at MPF-35 after the 20 psig
rupture disk opens. The figures show: (a) pressure and (b) Mach
number at each node, and (c) vapor fraction and hydrogen mass in

the vacuum vessel.



12/17/04

17

; ; ; ; ; M : [B6X] |9ssaA wnnoe ul sse uaboipAH
o o o B : N <o | 3 3333 423238585 8 3«
© ° | | | | g 383828 T T T T T T T T T
2 2 T -m -t o 8883873 , I I I I I I I I ®
T T | | | | ® c c c cc \\\”\\ A | | | | | | | |
I I I I + ﬂ + % 4 | | | I | I I I I ~
I I I I | (o i A e B [ 1o
4+ - —- -+ - I ! !
I I I I | I I
I I I I | I I
[ | [H /8 T N S [ i N e R A R/ N B ®
R - |
I I I |
| | — | -~ | ___N_d_____rvr__/_r___| [ee]
| n 3 o
L .m c —
| ) o a
I 9 3 Q2
@ L I S R i iy S =)
, 2 ) N5
L @
| @ 2 2
| m m \\\\\\\\\\\\\\\\\\\\\\\\\ Ae
I = = i o E
| | F
\
\\\\\\\\\\ )" N Y N
i I o
I e
I |8
\\\\\\ L __Ll____1 & ~
| g8
4 I 1| =
9]
| ] 1 I I 18 9
Q.
T I I I L L g 8|
I 20 I I I I I I I | = E |4
| | | | | © I I I I I X I I + %
LWL b L L L O L L WL b O« ! ! ! ! ! ! ! !
25%%8%5%%53%5%%58%% 3
X X X x X X X X x X X X 5 &8 &8 3 & 5 5 2 8 &7
89 & o 8% 845 & 0 3 89 S 5 5 6 6 o o ° & o
m o & & & & & +dF A A A o —~ m
[ed] ainssaud ) JaquinN Yyoepy = [8SSaA wnnoeA ul awn|oA Aq Jodep uonoeld

To: Seppo Penttila
ESA-AET memo: 05-28

(©)
Figure 12. Results for the system installed at MPF-35 after the 30 psig

rupture disk opens. The figures show: (a) pressure and (b) Mach
number at each node, and (c) vapor fraction and hydrogen mass in

the vacuum vessel.
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