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ASSESSMENT OF HYDROGEN DETONATION LOADS
IN THE COLD SOURCE BEAM TUBE OF THE
HIGH FLUX ISOTOPE REACTOR

Seokho H. Kim

ABSTRACT

The High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) isa
versatile 85-MW isotope production and test reactor with the capabilities for performing awide
variety of irradiation experiments. Several beam tubes penetrate through the reflector, one of
which isto include a cold source. The HFIR cold sourceis to utilize supercritical hydrogen as a
moderator for production of cold neutrons. Significant efforts have been introduced in the design
effort to keep the likelihood of hydrogen-air detonations within the vacuum tube region to an
extremely low value (<10-8/year). A study was initiated to eval uate the consequences of a
hydrogen detonation and to demonstrate system robustness. This report presents a perspective
overview of the modeling work as well as results of hydrogen detonation assessments for
evaluating the safety margins associated with hydrogen detonation eventsin the proposed cold
source of the HFIR. Four cases of different detonation locationsin the front- and back-end
portions of the beam tube were studied. Initial conditions were assumed for a stoichiometric
air/hydrogen mixture at 92 K and 0.1 MPafor the detonations in the front-end tube and 300 K
and 0.1 MPain the back-end tube, respectively. A point detonation in the front-end tube yields
the peak pressure (due to geometrical focusing) to be about 18 ~ 25 M Pa aong the centerline of
the tube. An initial detonation wave propagates with about 5-M Pa amplitude and is followed by
pressure waves that show a significant dissipation to about 2 MPa. Detonations in the back-end
tubeyield initial pressure peaks of about 1.2 MPathat are amplified later to about 3 ~ 4 MPa.
The pressure wave is substantially dissipated while traveling through the collimator and becomes
about 1 MPawhen it arrives at the bottom window. The gas mixture temperatures have been
predicted to as high as about 3,000 K. However, to use the gas temperature for safety
implications, it is suggested to multiply the safety factor (based on the difference between CET89
and CTH predictions) to the CTH-predicted temperature because the C-J temperature predicted
using CTH turns out to be lower than the CET89 prediction.

1. INTRODUCTION

The High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) isa
versatile 85-MW isotope production and test reactor with the capabilities for performing awide
variety of irradiation experiments. The reactor core is surrounded with a beryllium reflector that
several beam tubes penetrate through. As part of an effort to upgrade HFIR' s capabilities, a cold
source is being introduced into one of the beam tubes. The HFIR cold source will utilize
supercritical hydrogen as a moderator for production of cold neutrons. Significant efforts have
been introduced in the design effort to keep the likelihood of hydrogen-air detonations within the
vacuum tube region to an extremely low value (<10 %/year) to ensure that overall risk of such
hypothetical eventsis acceptable. A defense-in-depth philosophy has been adopted by HFIR



management. Therefore, despite the low initiating event frequencies associated with detonation
events, a study was initiated to evaluate the consequences of a hydrogen detonation and to
demonstrate system robustness. This report presents a brief description of the modeling work as
well asresults of hydrogen detonation assessments for evaluating the safety margins associated
with hydrogen detonation events in a vacuum / beam tube of the proposed cold source of the
HFIR.

A schematic representation of the front section of the pertinent HFIR cold-source structures
isdepicted in Fig. 1. Asseen, it consists of a moderator vessel enclosed in avacuum tube, which
is further surrounded by several other structural members (including awater gap, etc.). A study
was performed previously with a series of conservative assumptions to attain a state wherein air
in-leakage takes place within the vacuum tube volume located within the beryllium reflector.!
The primary focus of the previous study was to eval uate the detonation pressure profile incident
on the front beam window for its structural integrity evaluation. The current study extends the
previous work by considering the rear portion of the beam tube outboard of the vacuum tube.

Neutrons from Reactor Core

Fig. 1. Schematic representation of proposed HFIR cold source.l (Note:
Aluminum wool layer does not exist in the current design.)



Included is the effect of the presence of the collimator. The detonation pressure profile along the
inner surface of the outer neutron window is of primary importance.

Figures 2 and 3 show simplified geometry of the front- and back-ends of the beam tube,
assumed for the current hydrogen detonation analyses. The front-end vacuum tube, as seen in the
figure, is assumed to have atight fit at the front portion of the tube with its surrounding beam
tube of which the exterior contacts with water. The volume slightly expands at about one-third
section down toward the back-end, and the helium gap exists between the vacuum tube and the
beam tube from this point. Therefore, a thick aluminum layer (lumped a vacuum tube and beam
tube walls) is modeled for the front part with water boundary (~1.8 cm, 0.72in.). A thin vacuum
tube layer at the remaining lower section (0.56 cm, 0.22 in.), however, can be easily expand due
to pressure buildup inside, and such an expansion closes the gap that is very thin and filled with
helium between beam and vacuum tubes. For the current study, therefore, the side-wall at the
lower section was assumed as a single thick aluminum layer of 2.065 cm (0.813in.) asseenin
the figure. It is aso seen in the same figure that the front-end vacuum/beam tube expands its
volume [inner radius from 6.59 cm (2.59 in.) to 13.89 cm (5.47 in.)] at lower section. In the
figures, numbers in parentheses represent x- and y-dimensions from the origin that is assumed to
be at the bottom center. Other numeric numbers from 1 through 85 are history points at which
pressures and temperatures are monitored from hydrogen detonation simulations. The history
points, 85, 86, and 87 are for pressure monitoring in water surrounding the front hemispherical
region.

A simplified sketch of the back-end vacuum tube is shown in Fig. 3. The section close to the
bottom-end contains three collimators made of steel that substantially reduce open volume inside
the vacuum tube. The collimator at the center has 56.8 cm? (8.8 in.?) of cross-sectional opening
that tapers down to 51 cm? (7.9 in.?) toward the end. The other two collimators at each side of the
one at the center have 56.8 cm? (8.8 in.%) and 53.4 cm? (8.2 in.?) of cross-sectional openings,
respectively. These areas taper to 49.7 cm?® (7.7 in.?) and 45.2 cm? (7.0 in.?), respectively. As seen
in the figure, three openings of the collimators (total average opening area of ~156 cm?) are
lumped into one with 14.1-cm (5.6-in.) diameter. Slightly curved top- and bottom-end windows
of this part of the beam tube are assumed to be flat, so that entire section is treated as a flat
cylindrical geometry with about 0.955-cm (0.376-in.) thick aluminum wall containing steel
collimator inside at its lower section. Aluminum wall is bounded with coolant water. Top and
bottom of the cylinder are 0.51-cm (0.2-in.) thick aluminum windows, each bounded by vacuum
at the top and air at the bottom.

The problem to be solved consists of determining the dynamic pressures as aresult of a
hydrogen detonation event within the vacuum/beam tube. The scenario to be resolved is one
wherein it is assumed that a mixture of hydrogen and air fills the entire volume and then is
conservatively assumed to spontaneously detonate. For the purpose of evaluating the structural
response, a detonation wave model isinitiated at set locations and then allowed to propagate
outward spherically. In the previous detonation study,! pressure profiles were analyzed with the
onset of detonation at various discrete locations as well as assuming volumetric detonation (viz.,
to model effects of distributed sparks). The case with the detonation onset at the center of the
front hemisphere turned out to yield the highest pressure response. As in the previous study,® it
was also assumed that atwo-dimensional (2-D) axisymmetric simulation of the shock wave
generation, transport, and interactions with surrounding structures is adequate for capturing the
principal effects of a detonation event in the HFIR cold source beam tube.

In general, the same approach used in the previous study was also used in the current study;
that is, the CET89 and CTH computer codes were used as primary tools. CET89 is a chemical
equilibrium code devel oped to calculate thermodynamic and transport properties of complex
chemical systems.2 CTH is a highly sophisticated tool used to mode! shock wave physics,
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fluid-structure interactions, and penetration dynamics for one-, two-, and three-dimensiona
multimaterial motion and response problems.3 For the best-estimate eval uation of hydrogen
detonation studies, CET89 was first used to determine detonation parameters (for a Chapman-
Jouguet or C-J detonation), such as postburn mixture density, specific heat ratio of preburn and
postburn mixture, detonation velocity, etc. It also provides estimates of static pressure and
temperature increase after the burn completes. These CET89 evaluations are used to obtain CTH
model input for simulating a high-explosive burning process. Thereafter, CTH can be used for
evaluating important effects related to fluid-structure interactions as well as to capture possible
effects of wave focusing.

Gaseous detonation can be modeled in CTH by specifying the appropriate gas mixture as a
“high explosive.” The high-explosive detonation option in CTH uses a programmed burn model.
In this model aburnissimulated by the release of internal energy in asmall region (two or three
computational cells), which moves through the mesh at a constant detonation velocity that is
specified by the user as an input parameter along with some other detonation parameters. The
energy release corresponds to the chemical energy released in a detonation. The location and
time of ignition must also be specified by the user. In this report, we present front-end
evaluations of the detonation process using the CET89 code, along with detonation wave
propagation, its interaction with structures, and dissipation using the CTH code.



2. FRONT-END EVALUATION OF DETONATION PROCESS

An extensive parametric study using the CET89 code was conducted before in a lumped
framework to evaluate levels of possible pressurization, detonation velocities, and temperatures
of burn mixtures.! The study! was conducted for three different concentrations ranging from the
lower detonation limit of 12 vol % to the upper limit of 58 vol % of hydrogen, including the
stoichiometric value of ~29 vol %. The results of the study indicate that the values of pressure
and temperature rise ratios are greatest, as might be expected, for stoichiometric mixtures of
hydrogen and air. Therefore, the current study has been performed only for the stoichiometric
mixture. Initial conditions and C-J conditions estimated using CET89 are summarized in Table 1.
Theinitia pressuresin the front-end vacuum tube and in the back-end tube are al 0.1 MPawhile
theinitial temperatures are 92 K and 300 K, respectively. As seenin the Table 1, pressure
magnitudes at the detonation front are expected to be ~5 MPa and ~1.5 MPain the front- and the
back-end beam tubes, respectively. Also it is seen that the detonation front moves at 2000 m/s
and 1970 m/s of the velocity in the front- and the back-end beam tube, respectively. Behind the
detonation front where the postburn gas mixture exists, the pressure waves are expected to travel
at 1092 m/s as seen in the table.

Table1l. Initial conditionsand detonation parametersestimated using CET89

Initial condition C-J conditions estimated using CET89
Temperature Pressure
(K) (MPa) v% Pciy/lPo T/To  ypre 7Ypost U M Cpre  Cpost
Front-tube 92 0.1 29 50.69 3193 140 118 2000 883 227 1092
Back-tube 300 0.1 29 15.50 982 140 116 1970 482 409 1092

Note: v% = hydrogen volume percent, PCyPg & T/Tg = C-J pressure and temperature ratio to initial values, y= cp/cy, u =
detonation velocity (m/s), M = mach number, ¢ = sonic velocity, and subscripts “pre’ and “post” denote preburn and postburn
mixture conditions, respectively.






3. EVALUATION OF DYNAMIC DETONATION PROCESS

CET89 code cal culations provide valuable information for first-cut assessments, but they do
not account for energy losses, thermal stresses, or focusing effects of shock waves. CET89
results, however, provide the necessary detonation parameters (e.g., burn mixture properties,
detonation velocity for flame-front, etc.) for initializing CTH shock wave calculations. A two-
dimensional cylindrical vacuum tube is modeled for CTH calculations as shown in Figs. 2 and 3.
The upper portion of the vacuum tube on the front-end has a tight-fit between the vacuum tube
wall and beam tube structure during operation because of thermal expansion. The lower section
of the front-end has a helium gap layer that separates the beam tube and the vacuum tube. The
helium gap, however, is expected to be closed following detonation due to the beam tube wall
expansion because of pressure buildup followed by the hydrogen detonation in the tube. In this
study, therefore, it was assumed that the vacuum tube with uniform thickness (e.g., 1.8 cm at the
upper section and 2.06 cm at the lower section) was directly surrounded by water as seenin
Fig. 2. The back-end of the beam tube has an aluminum wall (0.955-cm thick) also directly
bounded by water.

The front-end of the vacuum tube was assumed to be filled with a uniform stoichiometric
mixture (e.g., 29 vol.%) of air and hydrogen at 92 K and 0.1 M Pa before detonation started, while
the back-end section was assumed to have the mixture initially at 300 K and 0.1 MPa Transient
pressures and temperatures of the gas mixture are monitored at various history tracer points
depicted in Figs. 2 and 3.

The presence of internal structures inside the vacuum tube (as seenin Fig. 1) is not modeled
in the CTH analysis. The role of such structures (such as the moderator vessel and the transfer
lines) on delivered loadsis not clear. They may act to absorb combustion energy to mitigate the
loading delivered to the internal hemispherical surface of the vacuum tube. However, the
timescale for energy transfer/absorption is usually much longer compared to that associated with
shock transport and structural reaction. It is also possible, with the presence of these internal
structures, that a shock can be amplified near the vacuum tube surface. The role of such internal
structures to detonation propagation and pressure wave reflection is unclear without more
detailed modeling. The presence of such internal structures in the path of the hydrogen burn front
accel erates the deflagration burn front and possibly causes the deflagrati on-detonation-transition
(DDT). In the current study, however, we conservatively assume that DDT already occurs, and
the problem is assumed to start with detonation.

For all the CTH calculations, the water outside the vacuum/beam tubes is assumed at
0.1 MPa, the same as the gas mixture pressure inside the tubes. In reality, however, the water
surrounding the front-end tube is under a high pressure of ~3.45 MPa (500 psia). The rationale
for assuming 0.1 MPa of water pressure will be explained in the following section.

Four cases of CTH calculations were performed. Cases 1 and 2 involve detonation in the
front-end structure, while cases 3 and 4 involve detonation in the back-end structure. For case 1,
adetonation was initiated at the geometrical focal point (x = 0cm, andy = 177.27 cm) of the
hemispherical end (as seen in Fig. 2). Case 2 assumes detonation onset in the lower section of the
front-end vacuum tube structure (y = 57.27 cm). The detonation point for case 1 was selected
because the previous study indicated that the highest pressure focusing was predicted with the
detonation initiated at the center of the hemispherical nose section of the tube.! The detonation
point for case 2 was selected arbitrarily to represent detonation initiated in the middle section of
the tube. For cases 3 and 4 (see Fig. 3) in the back-end structure, point detonations were initiated
at the location of x =0, withy = 128.1 cm, and y = 75 cm, respectively. The detonation point for
case 4 was chosen to simul ate detonation initiated around the collimator, and the case 3 location
was chosen arbitrarily to represent detonation initiated in the upper portion of the beam tube.



3.1 CASE1RESULTS: POINT DETONATION AT (0, 177.27) IN FRONT-END
VACUUM TUBE

3.1.1 Detonation Wave Propagation and Following Pressure Profiles

Theresultsfor case 1 are shown in Figs. 4-24. Figures 4-8 show transient pressure profiles
at various history points. Figures 4 and 5 illustrate the transient pressure profile near the vacuum
tube wall at various locations. It is shown that the initial detonation pressure amplitude upon
arriving the wall varies around 6 ~ 8 MPa, followed by slow dissipation to arelatively steady
pressure of about 2 MPa. Pressure profiles in the middle region of the hemispherical section of
the tube are shown in Fig. 6. Initial amplitude of the detonation wave at time = 0 at the history
point-63 is not illustrated well in the figure because of alimited number of time history data
points captured and also immediate dispersion (or propagation) of the initial detonation wave at
the point-63 as seen in Fig. 6. The C-J pressure is expected to be 5.069 M Pa according to the
CET89 code calculations as seen in Table 1. Using the data from the CET89 calculations (i.e.,
initial density and pressure of the gas mixture, specific heat capacity and cp/c,-value of the
postburn mixture, and detonation velocity), CTH predicts 5.089 MPa (that is not seen in the
figures) and 2,346 K for the C-J pressure and temperature, respectively. CTH’s C-J pressureisin
good agreement with that of CET89; however, it turns out that CTH (asin Table 1) underpredicts
the C-J temperature (2,346 K from CTH vs 2,937 K from CET89 as seen in Table 1). It has been
decided not to investigate further to find causes of such a discrepancy in the C-J detonation
temperature.

Pressure profiles in the lower section of the tube are shown in Figs. 7 and 8. Specifically,
Fig. 8 shows the detonation pressure magnitude impacting on the bottom window. As also seenin
the same figure, the detonation wave touches the bottom window at ~0.9 ms; that is, the
detonation event ends at around 0.9 ms. Detonation wave that isinitiated at y = 177.27 cm and
propagates at 2,000 m/s of velocity, is expected to take ~0.89 ms to reach the bottom window
(y = 0 cm). The detonation propagation behavior predicted by CTH isin good agreement. The
pressure wave is expected to propagate at the speed of sound in the postburn gas mixture once
the detonation front moves away. The speed of sound in the postburn gas mixtureis predicted to
be 1,092 m/s by CET89 as seen in Table 1. The pressure wave focusing at the centerline (x = 0)
upon being reflected at the tube side wall is expected to occur at every ~0.1 ms (i.e., the vacuum
tube diameter, 11.28 cm, divided by the sound speed, 1,092 m/s). It isclearly seenin Figs. 4 and
6 that CTH correctly predicts wave focusing with ~0.1-msinterval (pressure profiles at the
points-5 and -65 clearly indicate such focusing behavior). The pressure wave near the bottom
window is seen to go up as high as about 25 MPa (Fig. 8).

The detonation wave propagation and following pressure wave profiles are further displayed
in Figs. 9-14. In these figures, pressure profiles are plotted as a function of location, and thus
each curve represents a snapshot of pressure at various time moments. Figure 9 shows the
pressure profiles on the centerline (x = 0) along the y-axis from 0 to 0.97 ms, with each curve
representing 0.02-ms interval. The y-locations are depicted in Fig. 2. It is seen that the pressureis
amplified to be as high as ~17 MPa at the origin of the detonation (as also seen in Fig. 6) dueto
geometrical focusing. The previous study for a similar geometry indicated that the focused
pressure went up as high as 40 MPa. (Ref. 1). The main difference between the previous and
current studiesisin the boundary conditions. The previous study assumed that a helium flowing
gap existed between the vacuum tube and the beam tube. The current study assumes that atight
contact between these structures so that a part of wave energy can be directly transmitted to the
water surrounding the beam tube wall. Another difference isin the detonation velocity; the
previous study used 2,400 m/s, and the current study uses 2,000 m/s. In the previous study, gas
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Fig.9. Casel (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axisfrom 0 to 0.97 mswith 0.02-msinterval.
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Fig. 10. Casel (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axis from 0.89 msto 0.99 mswith 0.02-msinterval.
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Fig. 11. Case 1 (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axis from 0.89 msto 0.99 mswith 0.02-msinterval (expanded view).
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Fig. 12. Case 1 (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axis from 0.89 ms (solid line) and 0.91 ms (dotted line).
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Fig. 13. Casel (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axis from 0.93 ms (solid line) and 0.95 ms (dotted line).
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Fig. 14. Case 1 (detonation at upper region of the front-end tube)—pressure profile at
centerline along y-axis from 0.97 ms (solid line) and 0.99 ms (dotted line).
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Fig. 17. Case 1 (detonation at upper region of the front-end tube)—pressure profilesin the
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Fig. 18. Casel (detonation at upper region of the front-end tube)—pressure profilesin the
water around the hemispherical region for the case with 3.45 M Pa (500 psia) of the water pressure.
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Fig.19. Case 1 (detonation at upper region of the front-end tube)—pressure profilesin the
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profiles near the wall at the lower section of the vacuum tube.

28



TEMPERATURE L POINT 61

T T T T T T T T T
2 F
:)Q -
S
0 L L L L L L L L L
TEMPERATURE L POINT 63
4 T T T T T T T T T
3 ;]\/\J\/\_/\/\_/\/\/\/v\_
N L |
0 L L L L L L L L L
TEMPERATURE L POINT 65
T T T T T T T T T
2 F 4
g = _
2 it 1
0 L L L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0

TIME (ms)

Fig. 22. Casel (detonation at upper region of the front-end tube)—gas mixture temperature
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mixture properties were specified as the values averaged between the preburn and the postburn
gas mixture properties. To have CTH predict the C-J pressure consistent with the CET89
prediction, the detonation velocity in CTH was arbitrarily raised to 2,400 m/s. However, it has
been found that in CTH modeling, it is more appropriate to specify the properties of the postburn
mixture because the pressure wave propagates through the postburn gas mixture (the detonation
wave propagates through the preburn mixture, and its velocity is correctly specified as 2,000 m/s
as predicted by CET89). With the current CTH modeling, it was previously shown that CTH
correctly predicts the C-J pressure consistent with the value predicted by CET89. Furthermore,
the behavior of the pressure wave behind the detonation front (based on the sound speed) is also
correctly predicted with the current CTH model.

Figure 10 shows the pressure profiles for afew time moments before and after the wave
reaching the bottom window. The same pressure profiles are magnified in Fig. 11. To understand
the pressure wave behavior near the bottom window more clearly, two curves of the same
profiles are plotted in Figs. 12—-14. In Fig. 12, it is seen that the wave arrives at the window at
0.89 ms with amplitude of about 5.5 MPa. Upon being reflected, in the same figure, it becomes
magnified to about 7.5 MPa at 0.91 ms. The reflected wave disperses to about 5 MPa quickly at
0.93 ms (Fig. 13) and keeps moving with the same magnitude (at 0.95 msin Fig. 13). However,
the complex geometrical configuration around the bottom window allows the pressure wave to
overlap with the waves reflected from elsewhere, and the wave becomes as large as around
13 MPaat 0.97 ms (Fig. 14). It is also seen in the same figure that the pressure wave immediately
splitsinto two at 0.99 ms; one moving upward with around 5.5 MPa and another moving toward
the bottom window with around 10 M Pa of the amplitude. This wave when it arrives at the
bottom window is reflected, becoming as large as 25 MPaas aready seen in Fig. 8 (history point-
30 that isacentral location near the bottom window).

3.1.2 Water PressureProfiles

The side wall of the aluminum tube is surrounded by water that is at ~3.45 MPa (500 psia). Other
structures are located outside in the vicinity of the hemispherical section of the front-end beam
tube. To evaluate the safety implication of those structures to hydrogen/air detonation in the
vacuum tube, estimates are required for the pressure amplitude in water as a result of
transmission of mechanical energy of the detonation wave. The CTH model was executed
assuming with awater pressure of 3.45 MPa; however, the calculation failed when the shock
wave passed through the tube wall section at around the y = 128-cm location. Currently, asimple
constitutive material model is assumed for aluminum wall behavior subject to the shocks. The
model incorporates a simple von-Mises yield criterion with quasi-static structural properties,
which may not be appropriate for modeling the dynamic response of solid materials to shocks.
Instead of further investigating this CTH failure with high water pressure back, it was decided to
perform the CTH cal culations assuming that the water pressure isin equilibrium with the gas
mixture pressure inside the tube (0.1 MPa). To estimate the pressure amplitude outside the
hemispherical section of the tube, however, the pressure profiles have been obtained until the
moment that CTH failed. Also to measure the effects of high water pressure on detonation wave
propagation inside the tube, the pressure profiles of the gas mixtures were compared between two
cases with alow and a high water pressure. Figure 15 compares the gas mixture pressure near the
wall in the hemispherical section (history points of 1 and 3). In the figure, the two plots on top
represent the low water pressure case (0.1 MPa), and the bottom two plots are for a high water
pressure case (3.45 MPa). The detonation wave and following pressure profiles in the midsection
of the tube are also shown in Fig. 16 for both cases. As seen in the figures, the detonation wave
and pressure profiles for both cases are aimost identical. Therefore, it was concluded that high
water pressure effects on the detonation wave propagation inside the tube and the following

32



and the following pressure profiles are almost negligible. Figure 17 shows the pressure profilesin
the water around the hemispherical section of the tube for the low water pressure case, and

Fig. 18 shows similar profiles for the high water pressure case. The water pressure profiles for an
extended time period for the low pressure case are shown in Fig. 19. Asseen in Fig. 19, the water
pressure associated with the earlier time period represents the highest during the transient.
Therefore, the water pressure profilesin Fig. 18 could be conservatively used for the saf ety
evaluation of surrounding structures.

3.1.3 TemperatureProfiles

Transient temperature profiles in the gas mixture are shown in Figs. 20-24. Because the
postburn gas mixture is expected to behave closely to the ideal gas, temperature response is
shown closely to follow the pressure profile. Heat conduction (or thermal dissipation) through
the tube wall is not model ed because the timescal e associated with thermal conduction is much
longer than the timescal e with the detonation and shock wave transport. As mentioned above,
CTH predicts a C-J temperature lower than CET89; therefore, it is recommended to use the CTH
predicted temperatures multiplied by 1.25 (i.e., 2,937 K from CET89 divided by 2,346 K from
CTH) for any safety applications. In general, the gas temperatures are predicted to be around
2,500 K except for the middle location near the bottom window where the predicted temperature
can go above 3,000 K asseenin Fig. 24.

3.2 CASE2RESULTS: POINT DETONATION AT (0, 57.27) IN FRONT-END
VACUUM TUBE

For case 2, the detonation was assumed to start at the location y = 57.27 cm along the
centerline (r = 0), history point of 75. The calculation was performed for 0.64 ms of detonation
transient. Similar to case 1, the results show detonation wave propagation, amplification,
reflection, and focusing. Figures 25-28 show transient profiles of the detonation pressure wave at
various history points; detonation pressure wave behaviors when the wave arrives at the bottom
window areillustrated in Figs. 29-32. Figures 33-36 show gas mixture temperature variations at
the same history points as for the pressure profiles shown in Figs. 25-28.

Asseenin Fig. 25, detonation initiated at history point-75 propagates upward (history point-
70) and downward (history point-80). Geometrical focusing amplifies the wave to as high as
9 MPaat history point-75, following reflection back from the nearby cylindrical walls. If we only
consider the reflection from the side wall, the wave focusing is expected to occur at every
0.12 ms (i.e., diameter of the tube, 13 cm, divided by the sound speed, 1,092 m/s). The pressure
profile of history point-75 clearly indicates that CTH predicts the wave transport behavior
correctly. In Fig. 25, it is seen that the history point-80 experiences about 18 MPa of the pressure
peak due to overlapping (or focusing) of the waves reflected from various surfaces including the
side wall and the bottom window. Figure 26 shows the pressure profiles of the history points-9,
-14, and -19 that are near the cylindrical tube wall. The detonation wave initiated at history point-
75 is expected to arrive to the bottom window at around 0.28 ms (distance, 57.27 cm, divided by
the detonation velocity, 2000 m/s). The detonation wave and following pressure profiles near the
bottom window wall are shown in Fig. 27. As seen in the figure, CTH predicts that the detonation
wave arrives at around 0.28 ms to the midlocation of the bottom window as indicated in the
pressure profile of the history point-30. Along the edges of the bottom window, the pressure
amplitude goes up as high as 10 ~ 14 MPa as seen from the history points-24 and -27; however,
the midlocation (history point-30) experiences as high as 21 MPa due to the wave reflected from
the surrounding tube walls. Figure 28 shows the pressure profiles at the history points-1, -3, and -
5, which are along the top hemispherical wall. In general, the wall experiences
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Fig. 25. Case 2 (detonation at lower region of the front-end tube)—pressure profilein lower
section at the centerline (x = 0) along the y-axis.
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Fig. 26. Case 2 (detonation at lower region of the front-end tube)—pressure profile near the
sidewall in lower section.
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Fig. 27. Case 2 (detonation at lower region of the front-end tube)—pressure profile near the
bottom window.
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Fig. 28. Case 2 (detonation at lower region of the front-end tube)—pressure profile near the
wall at the upper hemispherical region.
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Fig. 29. Case 2 (detonation at lower region of the front-end tube)—pressure profile at
centerline along y-axis from 0.27 msto 0.30 mswith 0.01-msinterval.
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Fig. 30. Case2 (detonation at lower region of the front-end tube)—pressure profile at
centerlinealong y-axis at 0.28 (before arriving at the bottom window) and 0.29 ms (after being
reflected).
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Fig. 31. Case2 (detonation at lower region of the front-end tube)—pressure profile at
centerline along y-axis from 0.6 msto 0.63 mswith 0.01-msinterval.
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Fig. 32. Case 2 (detonation at lower region of the front-end tube)—pressure profile at
centerlinealong y-axis at 0.62 (before arriving at the top hemispherical wall) and 0.64 ms (after being
reflected).
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Fig. 33. Case2 (detonation at lower region of the front-end tube)—temperature profilein
lower section at the centerline (x = 0) along the y-axis.
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Fig. 35. Case 2 (detonation at lower region of the front-end tube)—temper ature profile near
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the pressure wave, as high as ~8 ~ 13 MPa. The detonation wave arrives at the wall at around
0.63 ms|i.e, adistance, (182.91-57.27) cm, divided by the detonation velocity, 2,000 m/s]. CTH
predicts the arrival time correctly as seen in the pressure profile of the history point-1. Figures 29
and 30 show several snapshots of the pressure profile at the centerline (x = 0) along the y-axis
from 0.27 msto 0.30 ms. Thistime period corresponds to the time the detonation wave reaches
the bottom window and is reflected back. Similar plots are shown in Figs. 31 and 32 for the time
moments around when the detonation wave reaches the top hemispherical wall. These figures do
not plot the peak pressure near the wall. Therefore, it is suggested to use the pressure peak of

10 ~ 14 MPa at the bottom window edges and around 21 MPain the middle asindicated in

Fig. 27. Similarly, a peak of 10 ~ 13 MPa near the top hemispherical wall is suggested by Fig. 28.

Transient temperature profiles of the gas mixtures at various locations are shown in
Figs. 33-36. It is seen that the temperature can go up as high as 3,000 K.

3.3 CASE3RESULTS: POINT DETONATION AT (0O, 128.1) IN BACK-END BEAM
TUBE

The detonation of this case for the back-end vacuum tube was assumed to start at the
locationy = 128.1 cm along the centerline (x = 0), at history point of 13 (Fig. 3). The calculation
was performed for 1.5 msinto the transient. Figures 37—41 show transient variations of
detonation pressure at various history points. In Figs. 42—46, similar pressure profiles are
illustrated at various time moments along the centerline (i.e., x = 0). Transient profiles of the gas
mixture temperatures areillustrated in Figs. 47-51.

Initial conditions of the hydrogen/air gas mixture in the back-end beam tube are 300 K and
0.1 MPa. The C-J conditions predicted by CET89 are, asseen in Table 1, 1.55 MPaand 2,946 K
for the C-J pressure and temperature, respectively. Using the detonation velocity and the
transport property values predicted by CET89, CTH predicts 1.53 MPaand 2,033 K for the C-J
pressure and temperature, respectively. CTH's C-J pressure is in good agreement with that of
CET89; as also seen in the case 1, adifference is observed in the C-J temperature between the
values predicted by CTH and CET89. Therefore, it is suggested to use a safety factor of 1.45 to
be multiplied to the CTH predicted temperature values for any safety implications.

Detonation started at the history point-13 propagates through the gas mixture, and resulting
pressure waves are reflected from the surrounding tube walls as seen in Fig. 37. The gas pressure
goes up as high as 4 MPa at the history point-13. The top window experiences ~6 M Pa of
pressure as seen in the history point-1 that is near the top window. The pressure wave behind the
detonation front is expected to travel at 1,092 m/s as seen in Table 1. Therefore, the focusing due
to reflection from the side wall is expected to occur every 0.29 ms according to the CET89
predictions (i.e., tube diameter, 31.75 cm, divided by a sound speed, 1,092 m/s). Looking at the
pressure profiles at the history points-1, -13, and -14 in Fig. 37, CTH predicts such geometrical
focusing at about 0.27 ms. This means that CTH predicts the sound speed in the postburn gas
mixture about 7% higher than CET89. Figure 38 shows the pressure profiles of the gas mixture
inside the collimator along the centerline (x = 0). Ringing behavior inside the collimator has a
higher frequency because the diameter inside the collimator is smaller than the tube diameter.
Pressure focusing is expected to be every 0.13 ms according to CET89 (i.e., the collimator inside
diameter, 14.1 cm, divided by the sound speed, 1,092 m/s). Figure 38 shows that CTH predicts
geometrical focusing at about 0.11 ~ 0.13 ms.

The gas mixture pressure profiles near the side wall, top window, and bottom window are
shown in Figs. 39-41. On the side wall, the gas pressure goes up to about 1.5 ~ 3 MPa,
depending on location. The detonation wave is expected to arrive at the top window at around
0.28 ms[i.e, adistance (182.71-128.1) cm, divided by the detonation velocity, 1,970 m/s|]. CTH
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Fig. 37. Case3(detonation at upper region of the back-end tube)—pressure profile at the
centerline (x = 0) along the y-axis.
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Fig. 38. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline (x = 0) in the collimator along the y-axis.
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Fig. 39. Case 3 (detonation at upper region of the back-end tube)—pressur e profile along the
sidewall.
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Fig. 40. Case 3 (detonation at upper region of the back-end tube)—pressure profile near the
top window.
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Fig. 41. Case 3 (detonation at upper region of the back-end tube)—pressure profile near the
bottom window.
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Fig. 42. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline along y-axis from 0.04 msto 0.54 mswith 0.05-msinterval.
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Fig. 43. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline along y-axis from 0.26 msto 0.3 mswith 0.01-msinterval when the detonation wave
reachesto the top window.
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Fig. 44. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline along y-axis at 0.27 ms (solid line, before the wave arrives at the top window) and 0.29 ms
(dotted ling, after the wave being reflected at the top window).
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Fig. 45. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline along y-axis from 0.63 msto 0.66 mswith 0.01-msinterval when the detonation wave
reachesto the bottom window.
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Fig. 46. Case 3 (detonation at upper region of the back-end tube)—pressure profile at the
centerline along y-axis at 0.64 ms(solid line, beforethe wave arrives at the bottom window) and 0.66
ms (dotted line, after the wave being reflected at the bottom window).
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Fig. 47. Case 3 (detonation at upper region of the back-end tube)—gas mixture temperature
profile at the centerline (x = 0) along the y-axis.
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Fig. 48. Case 3 (detonation at upper region of the back-end tube)—gas mixture temperature
profileat the centerline (x = 0) along the y-axisinside the collimator.
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Fig. 49. Case 3 (detonation at upper region of the back-end tube)—gas mixture temperature
profile near the tube wall.
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Fig. 50. Case 3 (detonation at upper region of the back-end tube)—gas mixture temperature
profile near the upper window.
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is shown to predict the arrival time correctly as seen in Fig. 40. The top window experiences the
gas pressure as high as 6 MPa at the center (history point-1) and about 2.5 MPa at the edge as
seen in the Fig. 40. Several snapshots of the pressure profiles at around the time when the
detonation wave reaches to the top window are shown in Figs. 43 and 44. As seen in the Fig. 44,
the initial wave incident on the top window is more than 1 MPathat is reflected at about
2.2 MPa. Also seen in the same figure, another wave approaches the top window with the
amplitude of about 3 MPa, which is expected to be reflected at about 6 MPa. Such behavior is
also seen in the second pressure peak of about 6 MPa at the history point-1in Fig. 40. The
detonation wave arrives at the bottom window at around 0.65 ms (i.e., adistance, 128.1 cm,
divided by the detonation velocity, 1,970 m/s). A correct arrival timeis predicted by CTH as seen
in Fig. 41. In the same figure, it is shown that the bottom window experiences a pressure as high
as about 3 MPa at history point 5. Figures 45 and 46 show several snapshots of the pressure
profiles around the time when the detonation wave arrives at the bottom window. In addition to
various snapshots of the pressure profiles when the detonation wave arrives at the top and bottom
windows, multiple pressure profiles at the centerline (x = Q) along the y-axis are also shown in
Fig. 42, from 0.04 msto 0.54 ms, in which the propagation and focusing of the detonation wave
and the following pressure waves are well seen.

Transient temperature profilesin the gas mixtures are shown in Figs. 47-51. It is seen in the
figures that the gas mixture temperatures go up as high as about 2,700 K.

34 CASE4RESULTS: POINT DETONATION AT (0O, 75) IN BACK-END BEAM TUBE

For the case 4, the detonation was assumed to start at the location y = 75 cm aong the
centerline (x = 0), the history point of 15. Thisisthe location around where the collimator is
placed in the tube. The calculation was performed for 1.5 ms of detonation transient. Figures 52—
56 show transient variations of detonation pressure at various history points. In Figs. 57-60,
similar pressure profiles areillustrated at various time moments along the centerline (i.e., x = 0).
Transient profiles of the gas mixture temperatures are illustrated in Figs. 61-65.

Asin other similar cases, the results show the detonation/pressure wave propagation and
amplification as the reflected wave is focused. Figures 52 and 53 show transient profiles of
detonation pressure wave at various history points at the centerline (x = 0) along the y-axis. The
detonation starts at the history point-15 in Fig. 53. As seen in the figures, the gas pressure goes
up to around 3.8 MPa at the history point-1 that is near the top window (Fig. 52). In the middle
region of the tube, the pressure gets amplified to as high as around 3 MPa, as seen in Fig. 52.
Similar ringing behaviors to those exhibited in case 3 due to reflections and focusing are also
seen in Fig. 53. The gas pressure goes up ~1.5 ~ 2 MPain the middle region of the collimator as
seen in Fig. 53 (the history points-16 and -17).

Figures 54-56 show the gas pressure profiles near the walls. The detonation wave arrives at
the top window at around 0.55 ms|[i.e., adistance, (128.71-75) cm, divided by the detonation
velocity, 1,970 m/s]. CTH predicts the arrival time correctly as seenin Fig. 55. A peak pressure
near the side tube wall is predicted to be about 2.5 MPa as seen in the history point-4 of Fig. 54.
The top window is predicted to experience about 4 MPa of a pressure peak at the central region
(at the history point-1) and less than 3 MPa at the edges (at the history points-2 and -3).
Snapshots of several pressure profiles when the detonation wave arrives at the top window are
shown in Figs. 57 and 58. The pressure profiles near the bottom window are shown in Figs. 56,
59, and 60. The detonation wave arrives at the bottom window at around 0.38 ms (i.e., a distance,
75 cm, divided by the detonation velocity, 1,970 m/s). CTH predicts the arrival time correctly as
seen in Fig. 56. The bottom window is predicted to experience about 3.5 MPa at its central region
(history point-5) and about 2.5 MPa at the edges (history points-6 and -7) asseen in
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Fig. 53. Case4 (detonation at lower region of the back-end tube)—pressure profile at the
centerline (x = 0) in the collimator along the y-axis.
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Fig. 54. Case4 (detonation at lower region of the back-end tube)—pressure profile along the
sidewall.
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Fig. 55. Case4 (detonation at lower region of the back-end tube)—pressure profile near the
top window.
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Fig. 56. Case4 (detonation at lower region of the back-end tube)—pressure profile near the

bottom window.
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Fig.57. Case4 (detonation at lower region of the back-end tube)—pressure profile at the
centerline along y-axis from 0.53 msto 0.57 mswith 0.01-msinterval when the detonation wave
reachesto thetop window.
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Fig. 58. Case4 (detonation at lower region of the back-end tube)—pressure profile at the
centerline along y-axis at 0.54 ms(solid line, beforethe wave arrives at the top window) and 0.56 ms
(dotted line, after the wave being reflected at the top window).
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Fig.59. Case4 (detonation at lower region of the back-end tube)—pressure profile at the
centerline along y-axis from 0.36 msto 0.41 mswith 0.01-msinterval when the detonation wave
reachesto the bottom window.
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Fig. 60. Case4 (detonation at lower region of the back-end tube)—pressure profile at the
centerline along y-axis at 0.37 ms(solid line, beforethe wave arrives at the bottom window) and 0.39
ms (dotted line, after the wave being reflected at the bottom window).
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Fig. 61. Case4 (detonation at lower region of the back-end tube)—gas mixtur e temperature
profile at the centerline (x = 0) along the y-axis.
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Fig. 62. Case4 (detonation at lower region of the back-end tube)—gas mixtur e temperature
profile at the centerline (x = 0) along the y-axisinside the collimator.
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Fig. 63. Case4 (detonation at lower region of the back-end tube)—gas mixtur e temperature
profile near the tube wall.
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Fig. 64. Case4 (detonation at lower region of the back-end tube)—gas mixtur e temperature
profile near the upper window.
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Fig. 65. Case4 (detonation at lower region of the back-end tube)—gas mixture temperature
profile near the bottom window.
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Fig. 56. Figures 59 and 60 also show the pressure profiles when the detonation wave reaches to
the bottom window.

Transient temperature profilesin the gas mixtures are shown in Figs. 61-65. It is seen in the
figures that the gas mixture temperatures go up as high as about 2,700 K.
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4. SUMMARY AND CONCLUSION

Various cases of different detonation locations in the front-end and back-end vacuum
tube structures were studied. Initial conditions were assumed for a stoichiometric air/hydrogen
mixture at 92 K and 0.1 MPafor the detonations in the front-end tube and 300 K and 0.1 MPain
the back-end tube, respectively. Case 1 assumes a point detonation initiated at x =0andy =
177.27 cm point. A point detonation initiated at the location closer to the bottom window (x = 0
and y = 57.27 cm) was assumed in case 2. Cases 3 and 4 also simulate a point detonation in the
back-end beam tube at y = 128.1 cm and 75 cm at the centerline (x = 0), respectively.

The detonation wave and following pressure wave profiles are presented in Sect. 3. The
peak pressures at various locations in each tube are summarized in Table 2.

Comparing the results from cases 1 and 2, note that case 1 has a slightly higher pressure
near the side wall and the bottom window. However, near the hemispherical region, case 2 yields
alittle higher pressure because in case 1, the detonation starts in the hemispherical region, and
thus immediate transfer of the energy to the surrounding water is expected. For the detonation in
the bottom beam tube, the peak pressures from cases 3 and 4 are very close. For the safety
implication of the peak pressuresto evaluate structural integrity of the corresponding walls, it is
recommended to use the maximum peak pressure at each location listed in Table 2.

Gas mixture temperatures are also calculated, and their transient profiles are introduced in
Sect. 3. Generally, CTH predicts that the gas temperatures vary between ~2,000 K and ~3,000 K.
For the safety implication of these temperatures, it is recommended to use the safety
multiplication factor of 1.25 for the front vacuum tube and 1.45 for the bottom beam tube
because CTH predicts the C-J temperatures lower than CET89.

Table2. Summary of peak pressures predicted by CTH for various cases

Front-vacuum tube Bottom-beam tube
Casel Case?2 Case 3 Case 4
Detonation y-locationat x =0  177.27 cm 57.27 cm 128.1cm 75¢cm

Pressure at the top window,
MPa

Pressure at the bottom ) ) ) .
window, MPa 11~25(Fig.8 10~21(Fig.27) 25~3(Fig.41) 2.5~3.5(Fig.56)

Pressure at the sidewall, MPa  ~7 (Fig. 5) 5~7(Fig. 26) 15~3(Fig.39) 15~25(Fig.54)

Water_pressgre near the ~4.5 (Fig. 18) Not monitored Not monitored ~ Not monitored
hemispherical region, MPa

45~6(Fig.4) 8~15(Fig.28) 2.5~6(Fig.40) 2.5~ 4 (Fig. 55)
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