Prptection

Engineering

CONSULTANTS

An Improved Method to Calculate the
Gas Pressure History from Partially
Confined Detonations

Chuck Oswald
Protection Engineering Consultants

NDIA Conference
August 8, 2018

Protecting people, systems and property through research and design.



Introduction

« Past studies have indicated large conservatism
In calculated gas pressures for rooms with large
vent areas

« Calculation methods have a number of
simplifying assumptions causing conservatism

« Conservatism is especially problematic for
existing DoD operations bays with large
covered vent areas

— EXisting gas pressure calculations result in very low
allowable charge weights in bays
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DDESB Project to Improve Gas
Pressure Prediction in Explosion Room

« Gather all available gas pressure test data
— Use data to assess and improve existing methods

* |dentify algorithms in existing methods to use
as part of improved method

« Develop a test plan to investigate parts of gas
pressure prediction that are not well understood
or represented by existing data

« Develop final improved fast-running
methodology
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DDESB Project Tasks

Task Description
1 | Gather all available gas pressure test data into a database

2 | Determine best parts of existing fast-running gas pressure models
and 1dentify gaps in these “best parts™

3 | Assemble best parts from existing models and use test data to
develop a new improved gas pressure model for DDESB

4 | Write computer program with improved methodology

5 | Use research and testing to address gaps in test data and improved
methodology

6 |Develop final methodology based on research and testing
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Overview of Gas Pressure

« Heat/Energy from internal explosion causes
overall pressure rise in explosion room (i.e. gas
pressure rise)

— This adds to pressures from shock wave

» (Gas pressure decays as pressurized gas in
room vents through all openings (i.e. venting)

— Venting through uncovered openings and openings
created by failed walls/roof components

« (as pressure often causes more structural
damage than shock pressure
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Physical Processes Causing Gas
Pressure

- Heat from internal detonation in confined volume
raises overall pressure in explosion room

— Heat released during detonation process

— Heat from afterburning of detonation products based
on available oxygen in explosion room

« Shock wave helps distributes heat from
detonation throughout explosion room

— Shock wave energy also gradually converted to heat

« Shock wave may help mix detonation products
with oxygen for afterburning
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Test Data

« Data on over 150 well documented tests with measured
gas pressure have been assembled in spreadsheet

— All tests have well defined charge weight and
geometry

— This includes over 100 measured pressure histories
* Five test series had multiple pressure gages per test

— Theoretically gas pressure is constant throughout
explosion room

— Significant variability in gas pressure measured at
multiple gages in these tests (COV = 12% on
average)
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Existing Gas Pressure Methods

« FRANG method (Version 2.0)
— As incorporated into ConBlast code from EXWC

— Empirical method to calculate peak gas pressure
from UFC 3-340-02

— Empirical method to calculate gas pressure decay
during venting

« BlastX (Version 6.4.2.2)
— Peak gas pressure from thermochemical equations

— Gas pressure decay during venting calculated as
Isentropic flow of ideal gas through a nozzle

« Both methods very conservative compared to gas
pressure test data with significant venting
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Peak Pressure Error vs. Uncovered Scaled Vent Area

Peak Gas Pressure for all W/V < 0.02 Ib/ft3
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This indicates venting of
detonation products is
reducing peak gas
pressure. Calculation
methods do not account
for this.

Large W/V tests do not
have any afterburning
so no such trend.
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Typical Comparison of Calculated Gas
Pressure Histories (¥4 Scale Test)
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Improved Methodology

e (Calculated gas pressure rises gradually to maximum
value over a rise time

— Maximum value is less than peak gas pressure
assuming full confinement if venting during rise time

« Calculated effects of mass loss and energy loss due to
venting during rise time reduce maximum gas pressure

« Movement of vent panels causes calculated increase in
room volume
— This reduces gas pressure in explosion room
— Room volume reverts to original volume with no change in
density after vent panel moves far enough from explosion room
« Empirical equation for discharge coefficient of venting
Jas
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Maximum Gas Pressure in Improved
Methodology

 Peak gas pressure calculated assuming full
confinement per UFC 3-340-02

— Same as current FRANG code
« Empircal equation for gas pressure rise time history

— This equation used to add peak calculated gas
pressure into explosion room during rise time

« Equations for effect of room volume change and mass
loss on gas pressure as vent panels blown outwards
— Theoretically based equations that reduce peak gas pressure

« Equation for energy loss from venting during rise time
— Empirical equation that reduces peak gas pressure

Prdtection

Engineering Protecting people, systems and property through research and design. 12

CONSULTANTS



Peak Gas Pressure for Full Confinement

W Hew - Hi |+ HE
W,:-” = t_'w iﬂ j"n H’,:-_w, Figure 2-152 Peak gas pressure produced by a TNT detonation
dHr.x'r - Hr_'rr + Hrr.r in a partially contained chamber
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H'nr = heat of detonation of TNT
H'exp = heat of detonation of explosion in question
Wewr = weight of explosive in question

1000
700
500
300
200

100
70
50
30
20

Maximum Gas Pressure, Py (psi)

=]
=

=
i

2

THT Canvarslan Fm:ibr.¢.
[Ax]

1
0.0001 0.0005 0.002 0005 001 002 005 01 020305 A1 2 345
TNT Charge Weight to Free Volume Ratio, W/V; (lbs/ cu. ft))

=1
o

0.2

[¥]

a 0.02 0l .08 .05 a1 11
Charge Weight 1o Free Velime Ralio, W, [Balcu i) 13

Figure 4. TNT Conversion Factor from UFC 3-340-02 Protecting people, systems and property through research and design.




Gas Pressure Rise Time Calculation
for Improved Method

tr _ KT_ max {%) E
Cs [:t) ma:.\;.' r 1——
Ly
Based on very similar equations by Hager et al (2006)
where:
where: P:(t)= gas pressure during rise time (whent <t;)
t;= maximum gas pressure rise time (i.¢. in a fully confined volume) Pus; = maximum gas pressure at end of rise time
Lns; = maximum dimension of the confined volume t;= gas pressure rise time in a fully confined volume
C. = average shock velocity in confined volume K, = empirical factor for rise time history
K. =empirical factor for rise time t=timefort <t
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Gas Pressure Rise History with Improved
Method vs. Measured in Fully Confined Tests
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Calculate Peak Gas Pressures Caused by
Detonation and Afterburning

Py =Pg—Fy,
Equation 3
where:
P’, = peak gas pressure calculated using Wg, in Figure 2-152 of UFC 3-340-02
P*, 4= peak gas pressure caused only by the detonation process with no afterburning calculated
using Wey in Figure 2-152 of UFC 3-340-02
P’ ., = peak gas pressure caused only by the afterburning process

Use W4 with the volume in Figure 2-152 of UFC, to calculate P’ ;.

; Hy, ,
Wey=a———" 17— Werr
@5[H TNT H TNT I"“ H T

Equation 2

where:

Wg, = effective charge weight for gas pressure

H'mr = heat of combustion of TNT

H'exp = heat of combustion of explosive in question

@ = TNT conversion factor based on W/V ratio (see Figure 4)
H%; = heat of detonation of TNT
Hxp = heat of detonation of explosion in question
Wexe = weight of explosive in question ms and property through research and design.
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Equations for Rise Time of Gas
Pressure from Each Energy Source

Kol
Fy () = Pxﬁ_uf_[:ﬁ) (1 - L)

tr_d
_(Eat t
E‘E‘_ﬂh{t} = P H-itbe |: i } (1 _E)

Equation 12
where:
P, 4(t) = gas pressure history during rise time caused by conversion of shock energy
P’ 4= peak gas pressure calculated from We,, in Equation 2
L, g = gas pressure rise time from Equation 10 using K, = 3.0
K, = empirical factor for rise time history = 3.0
Py () = gas pressure history during rise time caused by afterburning
P’, . = peak gas pressure calculated from (W, - Wg,y) per Equation land Equation 2
t, = gas pressure rise time from Equation 10 using K, = 4.5
t=time fort <t

Use same form of rise time equation for both pressure rise time histories with
slightly different rise time coefficient. Based on very limited data, the pressure rise
from detonation energy is a little faster than when combined with afterburning.
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Pressure (bar)

-0.75

Calculated Gas Pressure Rise History from
Detonation vs. Fully Confined Test in Nitrogen
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Ap (bars)
M
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— Test in Air
— Test in Nitrogen

1 Note: Plots show moving

— average of measured
pressure over 7.5 ms
duration

t (ms)

-13.59
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50.41
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General Equation for Gas Pressure
H IStO ry Increase in gas pressure

/ during time step

Effect of adiabatic B, (t)=Flc—1 _fr::,(a:{ + [AF; (1) + AR, (E)]fG (2) a.*'u-rr, < t,
mass and volume Fa(t) = Bt — 1)Kq(t) \TW L=t
change during time \ : (o Y (M (V-1 ] Reduction factor due to
step Ki(t)= |u”“ —1) } B |a (1) ] l-""”" —1y | | energy lost thru venting
Equation 6
where: TP, (t) = total gas pressure at fime step t

t; = gas pressure rise iime (see Equation 3)

AP, J(t) = increase in the gas pressure caused by the detonation with no venting during time step
(see Equation 5)

AP, g (t) = Increase in gas pressure caused by atterburmning with no venting during time step
(sec Equation 5)

Kall) = gas pressure reduction factor due 1o density change during time step based on Equation ¥

pit) = density of gas in explosion room at fime t

Mit) = mass of gas in explosion room at time t (see Equation 9)

Vi) = effective volume of explosion room at time 1 (see Equation 14)

¥ = ratio of specific heats for air= 1.4
K t) = energy reduction factor accounting for energy loss due to venting during time step t
(see Equation 7)
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Empirical Equation for Energy Loss
Due to Venting During Rise Time

K.«(t) approaches 1.0 (i.e. no reduction) as the gas pressure
approaches atmospheric pressure or the vent area is very small.

Pt — 1340
-ﬁ-rr_.l'{r} = (%)
Ay(t)

if: =< 0.015 then K,=0 Else: K,=—0.18
v (t)3

Equation 7
where:  Klt) = gas pressure reduction factor to account for energy loss due to venting during time step
Ay (t) = vent area during time step calculated using Equation 11 and Equation 2
V(1) = explosion room volume during time step calculated using Equation 14
Pg(t-1) = total gas pressure al previous ume step
P, = atmospheric pressure
k., = gas pressure reduction coefficient
Note: Vent area and volume are constant in explosion rooms with only uncovered vent areas
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Mass Loss During Venting

Theoretical equation for isentropic flow through a nozzle is used.

dMir)

Mir)y=
(r) .:lre'

Ar+ M1 -1)

If ‘ Pit) | < (153, —{I}— Sq(0)AL(E) I}f( )J':J[-'.‘].F'{L] (this 1s choked low)
Pir) |

| Z I i
Else ﬂI.r £) = S4(t)A,(t) ||2F'{”F'[t}( )((ﬂ}F - {ﬂ} ' )

FalE)
\

dM/dt = mass flow rate out of vent area A,(t). This is a function
of the gas pressure P(t), atmospheric pressure, P, the ratio of
specific heats, y, and empirical discharge coefficient, S(t).
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Room Volume Change from Outward
Movement of Vent Panel
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Original Location ./Uncoverec’
Vent Cover (Area = HW)
Area = HW
Venting Perimeter = 2H+W
V(t) = (HW)L + (HW)d, V(t+1) = (HW)L
d. = HW/(2H+W) M(t+1) = M(t) - p(t)"(HW)d,
a) Explosion room including volume out b} Explosion room at time t+ 1 when d(1) = d.

ta vent cover at time t when dft) = d.

Note: V(t) = room volume at time t, M(t)= mass of gas in room at time t, p(t)=density of gas in room at time t
t+1 is the next time step

Protection

Engineering Protecting people, systems and property through research and design.

CONSULTANTS




Empirical Equation for Discharge
Coefficient S,(t) it

T |
=l § = L _‘TI
. _LJ_ 3 | 0.61-0.82
U = D >3 ]I’J.H.“

— T

. . RESERVOIR
\Venting around \ent Panel Perimeter —

| L>>0

(=061 S
rge Coefficient, Sq (from Blevins, 2003)

L We lh A,
if (vg:ﬂ) < 0.02 7e S4(t) = 0.8 (Ht}_)+na1 < 1.0

Fl".h" .III'HI:'-I'.I'I'|!".l'|!"|'.'.llI Vel greas)

. Weg
Else 54() = 0.76 Vit ]+ 0.74 =< 1.0

Equation 12

where:

Salt) = discharge coefficient for Equation |1 Equation | |

Ay, = uncovered vent area

V(t) = confined volume during time step caleulated using Equation 10

Wep = equivalent TNT charge weight to calculate peak gas pressure per UFC 3-340-02

dit) = displacement of vent cover at time t calculated with Equation 9

d. = critical displacement of vent cover when venting type changes to uncovered venting
Protection
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Typical Comparison of Calculated
Gas Pressure Histories

2007— Peak gas pressure, P, with FRANG or BlastX

180

Calculated with Existing Methods

wl N\ T Calculated with Improved Method Including Rise Time

140

Maximum gas pressure including energy loss
during rise time, P, With improved method
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100
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Generally similar venting as BlastX due to
mass loss through uncovered opening,
although BlastX has constant Sy = 1.0
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Comparisons of Gas Pressure Histories
Calculated W|th Improved Method vs. Data
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Explosion Accident from DDESB

Large vertical crack. w/

A / failed rebar A

« 8Ib. TNT 4t06in.def|./ |

- Venting plywood roof A g — 1 pae — 4
and clay tile wall \ | = b

- Venting through door T H f}‘/sma”de“'
and failed roof, wall I € I

. 3ft. high wall parapets 7~ =  FR T
above roof g =

« Heavy damage but no gz
Wa” fai | ure Figure 1. Plan view of cubicle for validation case V-1.
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Calculated Results

 Maximum deflection of wall with gas pressure from
Improved method was 8 inches vs. 70 inches with FRANG

— Difference is partially due to differing assumptions for boundary
conditions of wall
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Ba

[+1]

Improved method
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me | Time (msec)
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